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Abstract

We propose a new transaction-level bivariate log-price model, which yields fractional or standard
cointegration. The model provides a link between market microstructure and lower-frequency obser-
vations. The two ingredients of our model are a Long Memory Stochastic Duration process for the
waiting times {7x} between trades, and a pair of stationary noise processes ({ex} and {nx}) which de-
termine the jump sizes in the pure-jump log-price process. Our model includes feedback between the
disturbances of the two log-price series at the transaction level, which induces standard or fractional
cointegration for any fixed sampling interval At. We prove that the cointegrating parameter can be
consistently estimated by the ordinary least-squares estimator, and obtain a lower bound on the rate
of convergence. We propose transaction-level method-of-moments estimators of the other parameters
in our model and discuss the consistency of these estimators. We then use simulations to argue
that suitably-modified versions of our model are able to capture a variety of additional properties
and stylized facts, including leverage, and portfolio return autocorrelation due to nonsynchronous
trading. The ability of the model to capture these effects stems in most cases from the fact that the

model treats the (stochastic) intertrade durations in a fully endogenous way.
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I Introduction

In this paper, we propose a transaction-level, pure-jump model for a bivariate price series, in which the
intertrade durations are stochastic, and enter into the model in a fully endogenous way. The model
is flexible, and able to capture a variety of stylized facts, including standard or fractional cointegration,
persistence in durations, volatility clustering, leverage (i.e., a negative correlation between current returns
and future volatility), and nonsynchronous trading effects. In our model, all of these features observed at
equally-spaced intervals of time are derived from transaction-level properties. Thus, the model provides
a link between market microstructure and lower-frequency observations. This paper focuses on the

cointegration aspects of the model, presenting theoretical, simulation and empirical analysis.

Cointegration is a well-known phenomenon that has received considerable attention in Economics
and Econometrics. Under both standard and fractional cointegration, there is a contemporaneous linear
combination of two or more time series which is less persistent than the individual series. Under standard
cointegration, the memory parameter is reduced from 1 to 0, while under fractional cointegration the level
of reduction need not be an integer. Indeed, in the seminal paper of Engle and Granger (1987), both
standard and fractional cointegration were allowed for, although the literature has developed separately
for the two cases. Important contributions to the representation, estimation and testing of standard
cointegration models include Stock and Watson (1988), Johansen (1988, 1991), and Phillips (1991a).
Literature addressing the corresponding problems in fractional cointegration includes Dueker and Startz
(1998), Marinucci and Robinson (2001), Robinson and Marinucci (2001), Robinson and Yajima (2002),
Robinson and Hualde (2003), Velasco (2003), Velasco and Marmol (2004), Chen and Hurvich (2003a,

2003b, 2006).

A limitation of most existing models for cointegration is that they are based on a particular fixed
sampling interval At, e.g., one day, one month, etc. and therefore do not reflect the dynamics at all levels
of aggregation. Indeed, Engle and Granger (1987) assumed a fixed sampling interval. It is also possible to
build models for cointegration using diffusion-type continuous-time models such as ordinary or fractional

Brownian motion (see Phillips 1991b, Comte 1998, Comte and Renault 1996, 1998), but such models



would fail to capture the pure-jump nature of observed asset-price processes.

In this paper, we propose a pure-jump model for a bivariate log-price series such that any discretiza-
tion of the process to an equally-spaced sampling grid with sampling interval At produces fractional or
standard cointegration, i.e., there exists a contemporaneous linear combination of the two log-price series
which has a smaller memory parameter than the two individual series. A key ingredient in our model is
a microstructure noise contribution {7y} to the log prices. In the weak fractional cointegration case, this
noise series is assumed to have memory parameter d, € (—%,0)7 in the strong fractional cointegration
case d,, € (-1, —%) while in the standard cointegration case d,, = —1. In all three cases, the reduction
of the memory parameter is —d,,. Due to the presence of the microstructure noise term, the discretized
log-price series are not Martingales, and the corresponding return series are not linear in either an 4.7.d.
sequence, a Martingale-difference sequence, or a strong-mixing sequence. This is in sharp contrast to

existing discrete-time models for cointegration, most of which assume at least that the series has a linear

representation with respect to a strong-mixing sequence.

The discretely-sampled returns (i.e., the increments in the log-price series) in our model are not Mar-
tingale differences, due to the microstructure noise term. Instead, for small values of At they may exhibit
noticeable autocorrelations, as observed also in actual returns over short time intervals. Nevertheless,
the returns behave asymptotically like Martingale differences as the sampling interval At is increased, in
the sense that the lag-k autocorrelation tends to zero as At tends to oo for any fixed k. Again, this is

consistent with the near-uncorrelatedness observed in actual returns measured over long time intervals.

The memory parameter of the log prices in our model is 1, in the sense that the variance of the
log price increases linearly in t, asymptotically as ¢ — co. By contrast, the memory parameter of the
appropriate contemporaneous linear combination of the two log-price series is reduced to (1 +d,) < 1,

thereby establishing the existence of cointegration in our model.

In order to derive the results described above, we will make use of the general theory of point processes,
and we will also rely heavily on the theory developed in Deo, Hurvich, Soulier and Wang (2007) for the

counting process N (t) induced by a long-memory duration process.



In Section II, we exhibit our pure-jump model for the bivariate log-price series. Since the two series
need not have all of their transactions at the same time points (due to nonsynchronous trading), it is not
possible to induce cointegration in the traditional way, i.e., by directly imposing in clock time (calendar
time) an additive common component for the two series, with a memory parameter equal to 1. Instead,
the common component is induced indirectly, and incompletely, by means of a feedback mechanism in
transaction time between current log-price disturbances of one asset and past log-price disturbances of
the other. This feedback mechanism also induces certain end-effect terms, which we explicitly display
and handle in our theoretical derivations using the theory of point processes. Subsection IT A provides
economic justification of the model, as well as a transaction-level definition of the information share of
a market. The subsection also presents some preliminary data analysis results affirming the potential

usefulness of certain flexibilities in the model.

In Section III, we give conditions on the microstructure noise process for both fractional and standard
cointegration. These conditions are satisfied by a variety of standard time series models. In Section IV,
we present the properties of the log-price series implied by our model. In particular, we show that the
log price behaves asymptotically like a Martingale as ¢ is increased, and the discretely-sampled returns
behave asymptotically like Martingale differences as the sampling interval At is increased. In Section
V, we establish that our model possesses cointegration, by showing that the cointegrating error has
memory parameter (1 + d,). We present three separate theorems for the weak and strong fractional
cointegration and standard cointegration cases respectively. In Section VI, we show that the ordinary
least squares (OLS) estimator of the cointegrating parameter ¢ is consistent, and obtain a lower bound
on its rate of convergence. In Section VII, we propose an alternative cointegrating parameter estimator
based on the tick-level price series. In Section VIII, we propose a method-of-moments estimator for
the tick-level model parameters (except the cointegrating parameter #). The method is based on the
observed tick-level returns. In Section IX, we propose a specification test for the transaction-level price
model. In Section X, we present simulation results on the OLS estimator of 6, the tick-level cointegrating
parameter estimator 6, the method of moments estimator and the proposed specification test. In Section

XI, we present a data analysis of buy and sell prices of a single stock (Tiffany, TIF), providing evidence



of strong fractional cointegration. The cointegrating parameter is estimated by both OLS regression and
the alternative tick-level method proposed in Section VII. The proposed specification test is implemented
on the data. Interesting results are observed that are consistent with the existing literature about price
discovery process in a market-dealer market. We then consider the information content of buy trades
versus sell trades in different market environments. In Section XII, we demonstrate, largely through
simulations, that modified versions of our model can reproduce two additional important stylized facts:
leverage, and portfolio return autocorrelation due to nonsynchronous trading. We trace these clock-time
properties to their tick-time source. In Section XIII, we provide some remarks and discuss possible
further generalizations of our model and related future work. In Section XIV we present details on the
method-of-moments estimator, establish its consistency, and propose an alternative estimator. Section

XV presents proofs.

II A Pure-Jump Model For Log Prices

Before describing our model, we provide some background on transaction-level modeling. Currently, a
wealth of transaction-level price data is available, and for such data the (observed) price remains constant
between transactions. If there is a diffusion component underlying the price, it is not directly observable.
Pure-jump models for prices thus provide a potentially appealing alternative to diffusion-type models. The
compound Poisson process proposed in Press (1967) is a pure-jump model for the logarithmic price series,
under which innovations to the log price are i.i.d., and these innovations are introduced at random time
points, determined by a Poisson process. The model was generalized by Oomen (2006), who introduced

an additional innovation term to capture market microstructure.

An informative and directly-observable quantity in transaction-level data is the durations {7} between
transactions. A seminal paper focusing on durations and, to some extent, on the induced price process,
is Engle and Russell (1998). They documented a key empirical fact, i.e., that durations are strongly
autocorrelated, quite unlike the i.i.d. exponential duration process implied by a Poisson transaction

process, and they proposed the Autoregressive Conditional Duration (ACD) model, which is closely



related to the GARCH model of Bollerslev (1986). Deo, Hsieh and Hurvich (2006) presented empirical
evidence that durations, as well as transaction counts, squared returns and realized volatility have long
memory, and introduced the Long Memory Stochastic Duration (LMSD) model, which is closely related
to the Long Memory Stochastic Volatility model of Breidt, Crato and de Lima (1998) and Harvey (1998).
The LMSD model is 75, = e/ ¢, where {h;} is a Gaussian long-memory series with memory parameter
d. € (0,3), the {e;} are i.i.d. positive random variables with mean 1, and {hs}, {€;} are mutually

independent.

It was shown in Deo, Hurvich, Soulier and Wang (2007) that long memory in durations propagates
to long memory in the counting process N (t), where N(¢) counts the number of transactions in the time
interval (0,t]. In particular, if the durations are generated by an LMSD model with memory parameter
d. € (0, %), then N (t) is long-range count dependent with the same memory parameter, in the sense
that varN(t) ~ Ct?¥7+! as ¢t — co. This long-range count dependence then propagates to the realized

volatility, as studied in Deo, Hurvich, Soulier and Wang (2007).

We now describe the tick-time return interactions that yield cointegration in our model. Suppose that
there are two assets, 1 and 2, and that each log price is affected by two types of disturbances when a
transaction happens. These disturbances are the value shocks {e; 5} and the microstructure noise {n; x },
for Asset ¢ = 1,2. The subscript 4, k pertains to the k’th transaction of asset i. The value shocks are iid
and represent permanent contributions to the intrinsic log value of the assets which, in the absence of
feedback effects, is a Martingale with respect to full information, both public and private (see Amihud
and Mendelson 1987, Glosten 1987). The microstructure shocks represent the remaining contributions
to the observed log prices, along similar lines as the noise process considered by Amihud and Mendelson
(1987), reflecting transitory price fluctuations due, for example, to liquidity impact of orders. We assume
that the m-th tick-time return of Asset 1 incorporates not only its own current disturbances e; ,, and
M,m, but also weighted versions of all intervening disturbances of Asset 2 that were originally introduced
between the (m — 1)-th and m-th transactions of Asset 1. The weight for the value shocks, denoted by 8,
may be different from the weight for the microstructure noise, denoted by g1 (the impact from Asset 2

to Asset 1). We similarly define the m-th tick-time return of Asset 2, but the weight for the value shocks



from Asset 1 to Asset 2 is (1/6) and the corresponding weight for the microstructure noise is denoted
by g12. The choice of the second impact coefficient (1/6) is necessary for the two log-price series to be

cointegrated. In general, if the two series are not cointegrated, this constraint is not required.

Figure 1 illustrates the mechanism by which tick-time returns are generated in our model. All distur-
bances originating from Asset 1 are colored in blue while all disturbances originating from Asset 2 are
colored in red. When the first transaction of Asset 1 happens, a value shock e; 1 and a microstructure
disturbance 7;,; are introduced. The first transaction of Asset 2 follows in clock time and since the first
transaction of Asset 1 occurred before it, the return for this transaction is (e2,1 + 72,1 + %61’1 + g127m1.1)5
i.e., the sum of the first value shock of Asset 2, e3 1, the first microstructure disturbance of Asset 2, 12,1,
and a feedback term from the first transaction of Asset 1 whose disturbances are e; ; and 77 1, weighted
by the corresponding feedback impact coefficients % and g12. In the figure, both log-price processes evolve
until time ¢. Notice that the third return of Asset 1 contains no feedback term from Asset 2 since there is
no intervening transaction of Asset 2. The second return of Asset 2 includes its own current disturbances
(e2,2, m2,2) as well as six weighted disturbances (e 2, €13, €14, 71,2, M1,3 and 71 4) from Asset 1 since

there are three intervening transactions of Asset 1.

Figure 1: Changes in Log Prices
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At a given clock time ¢, most of the disturbances of Asset 1 are incorporated into the log price of
Asset 2 and vice-versa. However, there is an end effect. The problem can be easily seen in the figure:
since the fifth transaction of Asset 1 happened after the last transaction of Asset 2 before time ¢, the
most recent Asset 1 disturbances e; 5 and 7; 5 are not incorporated in the log price of Asset 2 at time
t. Eventually, at the next transaction of Asset 2, which will happen after time ¢, these two disturbances
will be incorporated. But this end effect may be present at any given time ¢. We will handle this end

effect explicitly in all derivations in the paper.

Our model for the log prices is then given for all non-negative real ¢ by

Ny (t) Na(ti,ny (1))
log Py = Z (e1,k +mk) + Z (Oeak + gaina,k) (1)
k=1 k=1
Na(t) Ni(t2,ny (1)) 1
log Poy = Z (e2,k + M2,k) + Z (561,k +g12m k)
k=1 k=1

where ¢; , is the clock time for the k-th transaction of Asset ¢, and N,(t) (¢ = 1,2) are counting processes
which count the total number of transactions of Asset ¢ up to time t. Below, we will impose specific
conditions on {e;x}, {mix} and N;(t). Note that (1) implies that log P, o = log Poy = 0, the same
standardization used in Stock and Watson (1988) and elsewhere. The quantity N2 (1 n, (+)) represents the
total number of transactions of Asset 2 occurring up to the time (¢, n, (+)) of the most recent transaction

of Asset 1. An analogous interpretation holds for the quantity Ni(t2 n,#))-

To exhibit the various components of our model, we rewrite (1) as

Ni(t) Na(t) Ny (t) Na(t) Na(t)

log Py ¢ = ( Z e, + Z 962k) + ( Z M,k + Z 921772k> Z (Pea i + garmak) (2)

k= Nz(tlle(t))Jrl

common component microstructure component end effect
Ni(t) 1 Na(t) Ni(t) Na(t) Ni(t) 1
log Py ¢ = ( E geLk + E 62,k) + ( E g12m1,k + E 7]2,k) - E (gel,k + g2 k) -
k=1 k=1 k=1 k=1 k:Nl(tgyNz(t))“rl
common component microstructure component end effect

The common component is a Martingale, and is therefore I(1). We will show that the microstructure
components are I(1 + d,), so these components are less persistent than the common component. The

end-effect terms are random sums over time periods that are Op(1) as t — oo, (see (39) to (41)), and



hence are negligible compared to all other terms. Since both log P, ; and log Py are I(1) (see Theorem
1) and the linear combination log Py + — 6 log P> ; is I(1+d,,) as defined in Section III, the log-price series

are cointegrated. (See Theorems 3, 4 and 5.)

Frijns and Schotman (2006) considered a mechanism for generating quotes in tick time which is similar
to the mechanism we describe in Figure 1. However, they condition on durations, whereas we endogenize
them in our model (1). Furthermore, their model implies standard cointegration, with cointegrating

parameter that is known to be 1, and a single value shock component.

Throughout the paper, unless otherwise noted, we will make the following assumptions for our theo-
retical results. The duration processes {7; .} of Asset ¢, (i = 1,2), are assumed to possess long memory
with memory parameters d,,,d., € (0, %), in order to reflect the empirically-observed persistence in dura-
tions and the resulting realized volatility. Specifically, the {7; ;} are assumed to satisfy the assumptions
in Theorem 1 of Deo, Hurvich, Soulier and Wang (2007), which are very general and would allow, for

example, the LMSD model of Deo, Hsieh and Hurvich (2006).

We assume that the {e; »} are mutually independent i.i.d. processes with mean zero and variance o7,
(1 =1,2). We also assume the {n; ;. } to be mutually independent, with zero mean and memory parameter
dy,. For notational convenience, we set d,, = d,, = d, in our theoretical results. All theorems will
continue to hold, however, when d,, and d,, are distinct, simply by replacing d,, with d; = max(dy,, dy,).
For Theorem 6, which establishes the consistency of the OLS estimator of 6, we further assume {e; .} to

be N(0,07,).

We assume that {7} and {72} are independent of all disturbance series {e1 s}, {e2x}, {m .}
and {72}, which are themselves assumed to be mutually independent. We do not require, however,
that Ni(-) and Nz(-) be mutually independent, nor do we require that {7 ;} and {7} be mutually
independent. This is in keeping with recent literature which suggests that there is feedback between
the counting processes. See, for example, Nijman, Spierdijk and Soest (2004), Bowsher (2007), and the

references therein.



A Economic Justification for the Model

Here, we provide some economic rationale for the transaction-level return interactions leading to Model
(1). This supplements our earlier discussion, around Figure 1, on the formal mechanism for price for-
mation. After a brief data analysis affirming the potential usefulness of certain flexibilities of the model,
we compare and contrast the model with a clock-time model proposed by Hasbrouck (1995), and then

propose a transaction-level generalization of Hasbrouck’s definition of the information share of a market.

The model (1) is potentially economically appropriate for pairs of measured prices which are both
affected by the same information shocks (i.e., value shocks), possibly in different ways. Examples include:
buy prices and sell prices of a single stock; prices of two classified stocks (with different voting rights)
from a given company; prices of two different stocks 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.

The fundamental (value) prices at time ¢ are an accumulation of information shocks. If we ignore
the end effects, these fundamental prices may be thought of as the common components in (2). More
precisely, the fundamental prices may be obtained by setting the microstructure shocks in (1) to zero.
For definiteness, consider the example of buy prices (Asset 1) and sell prices (Asset 2) of a single stock.
Information shocks may be generated on either the buy side or the sell side. According to the model,
each buy transaction generates its own information shock, as does each sell transaction. Furthermore,
these shocks spill over from the side of the market in which they originated to the other side. Clearly,
shocks originating from the sell side of the market cannot be impounded into the buy price until there
is a transaction on the buy side. Similarly, in the absence of information arrivals (transactions) on the
sell side, any string of intervening information shocks from the buy side will render the most recent sell
price stale, until the intervening buy-side shocks are actually impounded into the sell-side price at the

next sell transaction.

Shocks spilling over from the buy side to the sell side are weighted by 1/6, while those spilling from

10



the sell side to the buy side are weighted by 8. When 6 = 1, shocks spill over from one side to the other
in an identical way, and there is just a single fundamental price, shared by both the buy side and sell
side. In general, as can be seen from (1), the fundamental (log) price for the buy side is an accumulation
of information shocks from both the buy side and the sell side, with the sell-side shocks weighted by 6.
Ignoring end effects, as can be seen from (2), the common component on the buy side is proportional to

the common component on the sell side, and the constant of proportionality is 6.

Analogous interactions take place on the microstructure shocks, such that a microstructure shock orig-
inating on the buy side spills over to the sell side with weight ¢g15 and the opposite spillover occurs with
weight go1. Even in the absence of spillover of the microstructure shocks (gi12 = g21 = 0), the difference
between the buy price and 0 times the sell price is (except for end effects) an accumulation of microstruc-
ture shocks. It seems in accordance with the economic connotation of the term ”microstructure” that the
microstructure shocks be transitory, i.e., that the aggregate of microstructure shocks be stochastically of
smaller order than the aggregate of fundamental shocks, as ¢ — co. This will happen if and only if the
microstructure shocks have a smaller memory parameter than the fundamental shocks (d, < 0), as we
assume. Cointegration arises as a consequence of the spillover of the fundamental shocks, together with
the assumption d,, < 0. The spillover of the fundamental shocks induces the common component while
the assumption d,, < 0 ensures that the cointegrating error, arising from microstructure, is less persistent

than the common component.

Two questions that might be raised in the context of Model (1) are whether there are situations
where the two prices are affected by information in different ways, so that the cointegrating parameter
is not equal to 1, and whether it is helpful in practice to allow for fractional cointegration, as opposed
to standard cointegration. To address these questions, we briefly present some results of a preliminary
data analysis. We considered clock-time option best-available-bid prices and underlying best-available-
bid prices for IBM on the NYSE at 390 one-minute intervals from 9:30 AM to 4PM on May 31, 2007.
We originally analyzed 74 different options, but removed 5 from consideration since they had either at
least one zero bid price during the day or a constant bid price throughout the day. For the remaining 69

options, we regressed the log stock bid price on the log option bid price, and constructed a semiparametric
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GPH estimator (Geweke and Porter-Hudak, 1983) of the memory parameter of the residuals. The least-
squares regression slopes ranged from —0.21 to 0.39, with a mean of 0.04 and a standard deviation of
0.13. This suggests that information affected the two prices in different ways, for all 69 options. For the
GPH estimators, we used 390%° for the number of frequencies. This results in an approximate standard
error for the GPH estimator of 0.19. The GPH estimator for the log stock bid price was 1.02. The GPH
estimators for the residuals ranged from 0.05 to 1.14 with a mean of 0.55 and a standard deviation of
0.28. Of the 69 sets of residuals, 62 yielded a GPH estimator less than 1, 54 were less than 0.75, and
42 were less than 0.6. Furthermore, 18 were between 0.4 and 0.6. These results suggest the presence
of cointegration in most cases, and also that the cointegration in some of these cases may be fractional

instead of standard.

It is instructive to compare and contrast our model (1) with the clock-time model of Hasbrouck
(1995), in which a single security is traded on several markets and different market prices share an
identical random-walk component. Suppose, to facilitate comparisons with the bivariate model (1), that
there are two markets. Then for all non-negative integers j, the clock-time log stock prices at time j on

the two different markets are given by Hasbrouck’s model as

J
logP; = logPio+ Z('(/)lél,s +1)2€as) + U1 j (3)
s=1
j
log Pj = logPo+ Z(i/flém + P26a,5) + V2,
s=1

where log P; o and log P; ¢ are constants, (€1,s,€2,5)" is a zero-mean vector of serially uncorrelated dis-
turbances with covariance matrix Q, 1 = (¢1,12) are the weights for € 4, € 5, and {(vqj,v2;)'} is a
zero-mean stationary bivariate time series. The quantity é; s, (¢ = 1,2) may be regarded as the funda-
mental shock originating from the i-th market. Hasbrouck (1995) estimated the model on data using a

one-second sampling interval.

Both Models (1) and (3) induce a common component, and cointegration. Both have spillover of
the fundamental shocks from one market to the other. In Model (3) the spillover is the same in both
directions so the common components are identical and the cointegrating parameter is 1, in contrast to

Model (1) where the cointegrating parameter need not be equal to 1. In Model (3) the cointegrating error

12



is 1(0), while in Model (1) the cointegrating error is allowed to be I(1+d,) for any d,, with —1 < d,, < 0.

In Model (3) the contemporaneous correlation between the fundamental shocks originating from the
two markets is allowed to be nonzero, (i.e., 2 is allowed to be non-diagonal), whereas in Model (1) the two
fundamental shock series are assumed to be independent. Note, however, that in the transaction-level
model (1), the k*" transactions of the two assets will (almost surely) occur at different clock times, so any
correlation between the two fundamental shocks e ; and ey, would fail to be contemporaneous in clock
time. This provides one motivation for our assumption that {e; } and {e2 1} are mutually independent.
An economic motivation for this assumption stems from the following remarks of Hasbrouck (1995, p.
1183): ”In practice, market prices usually change sequentially: a new price is posted in one market, and
then the other markets respond. If the observation interval is so long that the sequencing cannot be
determined, however, the initial change and the response will appear to be contemporaneous. Therefore,
one obvious way of minimizing the correlation is to shorten the interval of observation.” Since Model (1)
is defined in continuous time, the interval of observation is effectively zero, so at least under the idealized
assumptions that there are no truly simultaneous transactions on the two markets and that the time
stamps for the transactions are exact, the assumption of mutual independence would be economically

reasonable.

In the remainder of this subsection, we discuss the information share, originally defined in Has-
brouck (1995) to measure how market information that drives stock prices is distributed across dif-
ferent exchanges. Hasbrouck (1995) defined the information share of market ¢ based on Model (3) as
Si = (¥?Qi;)/ ('), which is the proportional contribution from market i to the total fundamental
innovation variance. Only the random-walk component is used in constructing the information share
since this is the only permanent component. As discussed in Hasbrouck (1995), the fact that  may not
be diagonal has the consequence that only a bound for the information share can be estimated. Below,
we propose a transaction-level generalization of the concept of information share based on Model (1),
which is directly estimable due to our assumption of mutual independence of the transaction-level funda-
mental disturbance series. The information share proposed in Hasbrouck (1995) measures how the price

discovery of one security is fulfilled across difference exchanges. Our information share instead measures

13



how the price-driving information of a security is distributed between buy versus sell trades in a market.
The ideas are similar. Indeed, as mentioned in Hasbrouck (1995), his model can be extended to model
bid and ask prices dynamics. Nevertheless, as discussed above, our model ultimately is a tick-level model

which is different from existing clock-time models, including that in Hasbrouck (1995).

For Model (1), we define the information share as follows: for a given clock-time sampling interval
At, the information share of Asset ¢ is given by

var Ni(gat) e 2
k=N ((j—1)At)+1 “Lk Ala'lye

N1(jAt) Na(At) :)\ 5 R
var( E 11371 ((G—1)At)+1 €L,k + QZkQJ\]@‘((] A1 €2 k) 107 ¢ + 205,

S1,c =

2 2
S o= 9 )\202,6
2,C —
)\10’%76 +02>‘2U§,e ’

where ); is the intensity of the counting process N;(-) (see Daley and Vere-Jones 2003), and represents
the intensity of trading (level of market activity) of Asset i. The ultimate expressions for S; ¢ do not
depend on the sampling interval At. Note that only the common component in (2) is used to evaluate the
information share, as was also done by Hasbrouck (1995). As A1/A2 — o0, S1,¢ approaches one and Ss ¢
approaches zero. This is consistent with general intuition: an actively-traded security should reveal more
information than a thinly-traded one. Indeed, Hasbrouck (1995) found that, for the 30 Dow-Jones stocks,
the preponderance of the price discovery takes place at the NYSE and the majority of the transactions
occurred on the NYSE. The information share S; ¢ can be estimated using the transaction-level method
of moments as described in section VIII. We exhibit estimates of S; ¢ computed from transaction-level

data in Section XI.

IIT Conditions on the Microstructure Noise for Fractional and

Standard Cointegration

We consider three types of cointegration: weak fractional, strong fractional and standard cointegration.

In this section, we describe the conditions assumed for each of these three cases separately.
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The weak fractional cointegration case corresponds to d, € (—%, 0). In this case, we will require the

following condition, stated for a generic process {ny}.

Condition A Ford, € (—%, 0), {nk} is a weakly stationary zero-mean process with memory parameter

d,, in the sense that the spectral density f(\) satisfies
f) =620 221+ 0(\P)) as A — 0T
for some B with 0 < 3 < 2, where 5% > 0 and C* = (d,, + )I'(2d, + 1) sin((d,, + 3)7) /7 > 0.

Condition A, which was originally used in a semiparametric context by Robinson (1995), is very
general, since it only specifies the behavior of the spectral density in a neighborhood of zero frequency.
The condition is satisfied by all parametric long-memory models that we have seen in the literature,
including the ARFIMA (p, d,, ¢) model with p > 0, ¢ > 0 and d,, € (—%, 0). In the ARFIMA case, 3 = 2.
Condition A also allows the possibility for seasonal long memory, i.e., poles or zeros of f(\) at nonzero

frequencies.
The strong fractional cointegration case corresponds to d, € (—1, f%) For this case, we assume

Condition B Ford, € (-1, —%), M = Yk —Yk—1, k =1,2,... where oo = 0 and {pr}32, is a zero-mean
weakly-stationary long-memory process with memory parameter d, = dp, +1 € (0, %) in the sense that its
autocovariances satisfy

cov(pr, Prry) = Kj2% 1+ 0(2% %) | j>1 (5)

where K > 0.

By Theorem 1 of Lieberman and Phillips (2006), any stationary, invertible ARFIMA (p, d,, q) process
with d, € (0, ) has autocovariances satisfying (5), with K = 2f*(0)['(1 — 2d,,) sin(rd,,), where f*(0) is

the spectral density of the ARMA component of the model at zero frequency.
The standard cointegration case corresponds to d,, = —1. In this case we assume
Condition C Ifd, = —1, {ni};2, is given by ny = & — r—1 with § = 0. The process {&x}72, is
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weakly stationary with zero mean and has autocovariance sequence {ce » 12 where cer = E(Egpqrli) with

exponential decay, |ce.| < Ace K<™ for all r > 0, where A¢ and K¢ are positive constants.

The assumptions on {£} in Condition C above are satisfied by all stationary, invertible ARMA

models.

IV  Long-Term Martingale-Type Properties of the Log Prices

In this section, we present the properties of the log-price series generated by Model (1). Define \; =
1/E%(7; k), where E° denotes expectation under the Palm distribution (See Deo, Hurvich, Soulier and
Wang 2007 for discussions about the Palm probability measure), i.e., the distribution under which the
{Tik}, (i = 1,2) are stationary. The following two theorems show that the log-price series in Model
(1) have asymptotic variances that scale like ¢ as ¢ — oo, as would happen for a Martingale, and that
their discretized differences are asymptotically uncorrelated as the sampling interval increases, as would

happen for a Martingale difference series.

Theorem 1 For the log-price series in Model (1),
var(log P, ;) ~ Cit, 1=1,2
as t — oo, where Cy = (0f A1 + 6203 ,A2) and Cy = (03 Ao + 5507 A1).

For a given sampling interval (equally-spaced clock-time period) At, the returns (changes in log price)

for Asset 1 and 2 corresponding to Model (1) are

N (jAt) Na(t1,nq(jat))
ri; = Z (er,k +n1k) + Z (Bea r + g217m2,k) (6)
k=N1((j—1)At)+1 k=N2(t1, Ny (G-Dan)+1
Na(jAt) Ni(t2,ny(jat)) 1
T2 = Z (32,k + 7]2,k) + Z (561’]6 + 912771,]@) .
k=N2((j—1)At)+1 k=N1(t2, Ny ((5-1)at)+1
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Theorem 2 For any fized integer k > 0, the lag-k autocorrelation of {ri,j}?il, i = 1,2, tends to 0 as

At — oo.

V  Properties of the Cointegrating Error

We show that Model (1) implies a cointegrating relationship between the two series, treating the weak

and strong fractional as well as standard cointegration cases separately.

Theorem 3 Under Model (1) with d, € (—%,O), the memory parameter of the linear combination

(log Py — 0log Pyy) is (1 +dy) € (3,1), that is,
var(log Py ; — 0log Py ;) ~ C t?dnF1

as t — oo, where C' > 0. In this sense, log P ; and log P>, are weakly fractionally cointegrated.

Next, we investigate the standard cointegration case. It is important to note that, unlike in Theorem
3, where we measure the strength of cointegration using the asymptotic behavior of the variance of the
cointegrating errors var(log P, ; — @log P, ;), we need a different measure here since log Py ; — 0log P2,
is stationary and its variance is constant for all ¢. Instead, we consider the asymptotic covariance of the
cointegrating errors

cov(log Py — 0log P54, log Py 41 ; — 0log Pa 444)

as j — 0o. We take t and j here to be positive integers, i.e., we sample the log-price series using At = 1,

without loss of generality.

Theorem 4 Under Model (1) with d, € (—1,—%), the memory parameter of the cointegrating error

(log Pt — Olog P t) is (1+dy) € (0, %), that is, for any fixed t > 0,
cov(log Py, —0logPoy, log Py —6log PQ,H_]‘) ~ j20Fd) =1 (0 Pr{N,(t) > 0} + Co Pr{Ny(t) > 0}]
as j — oo, where C1 > 0, Cy > 0. In this sense, log P1 ; and log P»; are strongly fractionally cointegrated.

17



We say that a sequence {a;} has nearly-ezponential decay if a;/j~% — 0 as j — oo for all @ > 0. We

say that a time series has short memory if its autocovariances have nearly-exponential decay.

Theorem 5 Under Model (1), with d,, = —1, the cointegrating error (log Py — 0log P»4) has short

memory. In this sense, log P, and log P»; are cointegrated.

VI Least-Squares Estimation of the Cointegrating Parameter

Assume that the log-price series are observed at integer multiples of At. The proposed model (1) becomes

(with a minor abuse of notation)

Ni(jAt) Na(t1, Ny (i)
logPi; = Y (ere+mu)+ >, (fez +g27m2k) (7)
k=1 k=1
Ny (jAt) Ni(tz,ny(jat)) 1
log P ; = Z (€2,k + M2,k) + Z (561,1@ + g12m k) -
k=1 k=1

We show that the cointegrating parameter 6 can be consistently estimated by OLS regression.

Theorem 6 For the discretely-sampled log-price series in (7) with normally distributed value shocks
{e1 1}, {ear}, the cointegrating parameter 6 can be consistently estimated by é, the ordinary least squares
estimator obtained by regressing {log P ;}_, on {log P» ;}}_, without intercept. For all§ >0, asn — oo,

we have

Case I: d, € (—3,0)
Case II: d, € (—1,—3)

2

Case III: d,, = —1
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In the weak fractional cointegration case d,, € (—3,0), the rate of convergence of 6 improves as dy

2
decreases. In the standard cointegration case where d,, = —1, the rate is arbitrarily close to n. The
n-consistency (super-consistency) of the OLS estimator of the cointegrating parameter in the standard
cointegration case has been shown for time series in discrete clock time that are linear with respect to
a strong-mixing or i.i.d. sequence by Phillips and Durlauf (1986) and Stock (1987). We are currently
unable to derive the asymptotic distribution of the OLS estimator of the cointegrating parameter in the
standard cointegration case for our model, as we cannot rely on the strong-mixing condition on returns.

This condition would not be expected to hold in the case of LMSD durations, since these are not strong-

mixing in tick time. In the strong fractional cointegration case d,, € (—1, —%)7 though we have established

1/2-6 —dy—5

a rate of n , simulations in Section X indicate that the actual rate is faster, at n , in keeping

with the rates obtained in the weak fractional and standard cointegration cases.

VII A Tick-level Cointegrating Parameter Estimator

We propose a transaction-level estimator, é, for the cointegrating parameter 6 in this section. It may be
argued that the OLS estimator 6 discussed in Section VI is not optimal since it is constructed based on
discretized log-prices, and therefore only uses partial information. Here we propose a tick-level estimator,

0, that utilizes the full tick-level price series, log Py 4, log Ps for t € [0,T].

Specifically, let N(T') = N1(T') + N2(T') be the pooled counting process of transactions for both Asset

1 and Asset 2 in the time interval (0,T], and denote by {t} ’va:(”ir) the transaction times for the pooled

process. The proposed estimator is

i fOT log Py ¢ - log Py 4dt @®)
fOT log P227tdt
S0 [log Prvs) 108 Pavay| - (80 = 15) + [ 108 Prvir) 108 Pavacr) | - (T = i)
S og P2 - 1 g1 +log P2y oy - (T = to o)

where the numerator is a summation over all transactions, adding up the product of the most recent

log prices of Asset 1 and Asset 2 weighted by the corresponding duration for the pooled process. The
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denominator of @ has the same structure except that the product is now of Asset 2 log-prices with

themselves.

We do not derive asymptotic properties of the estimator 0. Nevertheless, the simulation study in
Section X indicates that the tick-level estimator 6 may outperform the OLS estimator é, having smaller
bias, variance and Root-Mean-Squared-Error (RMSE), particularly if the sampling interval At for g is

large.

VIII Method of Moments Parameter Estimation

In Section XIV, we will propose a transaction-level parameter estimation procedure for model (1) using
the method of moments, based on log P; ¢, log P, for t € [0,T]. We will make specific assumptions for
the sake of definiteness, though most of these assumptions could be relaxed. Specifically, we will assume
Gaussian white noise for the value shocks, a Gaussian ARFIMA(1,d,,,0) process for the microstructure
noise when d,, € (—%, 0), while we will assume that the microstructure noise is the difference of a Gaussian
ARFIMA(1,d, + 1,0) process with the initial value set to zero when d,, € (—=1,—3). In the standard

cointegration case d, = —1, we will assume that the microstructure noise is the difference of a Gaussian

AR(1) process with initial value set to zero.

The method-of-moments estimator © = (&ie,&gﬁe,&%m,a—;n,gm,gm,dm,J,,27d1,d2) is obtained as
the solution to a system of ten equations, as described in Section XIV, where we will also establish the

following theorem on consistency of the estimator.

Theorem 7 The method-of-moments estimator O is consistent, i.e.
SN O, asT — o0

— (42 2 2 2
where © = (0-17(3; 02.es 0-177]» 0_277]a 921, 912, dT]1 ) dnza anq, 0[2).

Motivated by computational constraints that limit the size of the data set we will be analyzing, we
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propose an alternative ad hoc estimator © in Section XIV. We evaluate the performance of © in a

simulation study in Section X.

IX Model Specification Test

In this section, we propose a specification test for our model (1), based on Theorem 6. The idea is that,
according to Theorem 6, if the model (1) is correctly specified, then the OLS estimator is consistent for
any particular sampling interval At. Suppose we choose two sampling intervals, At; and Ats, and denote
the corresponding OLS estimators by 624 and A2 Since both estimators are consistent, their difference
must converge in probability to zero. Thus, we propose a specification test to test whether this difference
is significantly different from zero. The test is semiparametric, in that model (1) makes no parametric

assumptions on either the durations or the microstructure noise.

To implement the test, we divide the entire time span, say one year, into K nonoverlapping subperiods,
e.g., divide the data set into months. Within subperiod k, (k =1, ..., K), we sample every At; to obtain
a bivariate log-price series {log Pf}}lk, log F’fj’lk}7 where log PlA’jt’lk is the j-th sampled Asset 1 log-price in
the subperiod k using sampling interval At; and similarly for log PZAJtlk Based on these, we obtain an OLS
cointegrating parameter estimate ékAtl, and similarly we sample every Ats to obtain {log Pf}f}w log PZA;"}C}
pat

and then obtain . Repeating the procedure through all K subperiods, we obtain sequences {ékAtl },If:l

and {ékAtQ}szl. The test statistic is proposed to be

sample mean of {512,k}

d12 =
\/% - sample variance of {012}

where 312,1@ = ékAtz - ékAtl, (k=1,...,K). The distribution of the test statistic under the null hypothesis
that all model assumptions are correctly specified is unknown. However, the critical value for the test
as well as the corresponding distribution of the test statistic can be simulated under the null hypothesis,

based on the estimated parameter values.
The power of the proposed specification test is unknown, since the precise alternative hypothesis is not
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specified. Similarly as discussed in Hausman (1978), one sufficient requirement is that the two estimators,
62t and éAtQ, have different probability limits under the alternative, in order for the specification test

to be consistent.

In Section X, we first investigate the simulation-based distributions of the test statistics for empirically-
relevant parameter values, then compute critical values for the specification test on the empirical example,

Tiffany (TIF), which are later used in the data analysis in section XI.

X Simulations

A The Estimation of the Cointegrating Parameter: 6 and 0

We study the performance of 6 as well as 6 in a simulation study carried out as follows.

First, we simulate two mutually independent duration process {7; 1} for Asset i = 1,2. Note that for
simplicity we take the two duration processes to be mutually independent, although this is not required
by our theoretical results. Each duration process follows the Long Memory Stochastic Duration (LMSD)
model,

T = €,

where the {¢; 1} are i.7.d. positive random variables with all moments finite, and the {h; ; } are a Gaussian
long-memory series with zero mean and common memory parameter d,. Based on empirical work in
Deo, Hsieh and Hurvich (2006), we choose d,, = d., = 0.45. Here, we assume that the {¢; .} follow an
exponential distribution with unit mean. We simulated the {h;} from a Gaussian ARFIMA(O, d., 0)
model, with innovation variances chosen so that the mean of the log durations matches those observed
in the Tiffany series used in Section XI. Using the simulated durations {7 1}, ¢ = 1,2, we obtained the
corresponding counting processes {N;(t)}, using ¢; 1 = Uniform|0, 7; 1]. This ensures that the counting

processes are stationary.
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Next, we generate mutually independent disturbance series {e1 1}, {e2x}, {m.x} and {m x}. Here,
{eix},i = 1,2, are i.i.d. Gaussian with zero means. For simplicity, the memory parameters of the
microstructure noise series are assumed to be the same: d,, = d,;, = d,;,. When d, € (—%,0), the
{nir} are given by ARFIMA(1, d,,, 0). When d,, € (—1,—1), {n; 1} are simulated as the differences of
ARFIMA(1, d,, + 1, 0); and when d,, = —1, {n; x} are simulated as the differences of two independent
zero-mean Gaussian AR(1) series {¢;;}. The disturbance variances were var(e;r) = 4 x 107 and
var(n; k) = 1 x 1076 for i = 1,2. Also, we set go1 = g12 = 1. We selected these particular values as they

are close to the corresponding parameter estimates based on several stocks that we analyzed empirically.

We then constructed the log-price series {log P; ; }}_;,7 = 1,2 from (1), using a fixed sampling interval
At. We calculated the estimated cointegrating parameter 6 by regressing {log Py jYi_q on {log Py} 4,
using ordinary least squares without intercept. The tick-level estimator, 6 is constructed according to (8)

using the entire tick-level price series.

In the study, we fixed the cointegrating parameter at 6 = 1. We considered various values of the
parameters At and the sample size n. We think of time as being measured in seconds, so that At = 300
corresponds to observing the price series every 5 minutes, and in this case n = 390 would correspond
to one week of data. (Each day, there are 6.5 trading hours so sampling every 5 minutes yields 78
observations per day). For each parameter configuration, we generated 1000 realizations of the log-price

series. The results are summarized in Table 1.

As the sample size n increases, the bias, the standard deviation and the Root-Mean-Squared Error
(RMSE) of 0 decrease, as seen in Block A. This is consistent with Theorem 6. We only report results for

d, = —0.75, however we found similar patterns for d,, = —0.25, —1.

In A2 together with Block B, we fix the total time span T = nAt, while varying the sampling interval
At and n. For this specific set of empirically-relevant parameter values, the impact of increasing At is
not obvious until At = 9000, which corresponds to the commonly-used sampling frequency of one day.
Both the standard deviation and the RMSE deteriorate as At grows. We found the same pattern for

d, = —0.25,—-0.75, —1, although only results for d,, = —0.75 were reported here. In addition, the bias of
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Table 1: Simulation Results on the Estimation of the Cointegrating Parameter

Block Case Simulation Parameters 0 6

nAt At (sec) dy n Mean SD RMSE | Mean SD RMSE

A Al 39,000 300 -0.75 130 0.9510 0.1192  0.1288 | 0.9511 0.1192  0.1288
A2 117,000 300 -0.75 390 0.9769  0.0576  0.0620 | 0.9768 0.0575  0.0620

A3 351,000 300 -0.75 1170 0.9875 0.0350 0.0371 | 0.9876 0.0349  0.0370

A4 1,053,000 300 -0.75 3510 0.9957 0.0142 0.0148 | 0.9957 0.0142 0.0148

B B1 117,000 10 -0.75 11,700 | 0.9768 0.0575 0.0620 | 0.9768 0.0575  0.0620
B2 117,000 60 -0.75 1,950 | 0.9768 0.0575 0.0620 | 0.9768 0.0575 0.0620

B3 117,000 1800 -0.75 65 0.9770 0.0592  0.0635 | 0.9768 0.0575  0.0620

B4 117,000 9000 -0.75 13 0.9780 0.0761 0.0792 | 0.9768 0.0575  0.0620

B5 117,000 23400 -0.75 5 0.9876  0.1148 0.1154 | 0.9768 0.0575  0.0620

0 decreases as the sampling interval At increases, possibly due to the fact that the end effect is not as
important when At is large. Finally, in terms of RMSE, 6 performs no worse than 6, and performs much

better than 6 when At is large.

We also performed simulations related to the convergence rate of 6. In Theorem 6, when d, €
(fl,f%), the convergence rate is shown to be arbitrarily close to \/n and does not depend on d,,.
However, simulations indicate a faster rate in this strong fractional cointegration case. For example,
when d,, = —0.75, we simulated the log price series in discrete clock-time using sample sizes n ranging
from 1,000 to 20,000 with an equally-spaced increment of 800. The variance of 6 for each value of n

078 obtained from

was obtained based on 1,000 realizations. The estimated convergence rate of 0 is n
the estimated slope in a log-log plot of these simulated variances versus the corresponding sample sizes.
We ran similar simulations for other values of d,. Based on these, we conjecture that the actual rate

—d,—6

of convergence for 0 is n , in keeping with the rates obtained in the weak fractional and standard

cointegration cases.
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B The performance of ©

We carried out a simulation study to evaluate the performance of the ad hoc estimator O of © discussed
in Section XIV. The parameter values were d,, = d,, = 0.45, d,;, = d,, = —0.25,-0.75,—-1.00, 0 = 1,
var(e; ) =4 x 1076 (i = 1,2), var(nix) = 1 x 107%, (1 = 1,2), g12 = g21 = 1, and oy = ag = —0.5. The

{hix} were simulated as in Section X.

We simulated log prices in model (1) for a clock-time span of nAt, with n = 1716 and At = 300
seconds (corresponding to a clock-time span of one month). The results, given in Table 2, are averages
based on the 1000 realizations, after excluding those realizations that give negative estimates for g3, or

g1, which happen about 15% of the time. The estimates for both o7, (i = 1,2) and o7, , (i = 1,2) are

Table 2: Parameter Estimation using S

dy  &1.(x107%) [SD] &3, (x107°) [SD] &%, (x107°) [SD] 43, (x107%) [SD]  d,, [SD] &1 [SD]
-0.25 4.01 [0.39] 3.98 [0.43] 0.98 [0.37] 1.00 [0.41] -0.26 [0.15]  -0.47 [0.20]
-0.75 3.78 [0.47] 3.81 [0.42] 1.20 [0.47) 1.19 [0.42] -0.79 [0.15]  -0.57 [0.19]
-1.00 3.56 [0.78] 3.56 [0.77] 1.44 [0.79) 1.43 [0.78] -0.85 [0.28]  -0.69 [0.33]

dy g21 [SD] G12 [SD] |21 [SD]  |gr2| [SD] %(ga1 > 0)  %(g12 >0)  dy, [SD] &z [SD]
-0.25 0.31 [1.05] 0.28 [1.05] 1.04 [0.36] 1.03 [0.36] 64.7% 64.2% -0.35 [0.15]  -0.48 [0.21]
-0.75 0.38 [1.06] 0.34 [1.06] 1.06 [0.38] 1.05 [0.35] 67.7% 67.6% -0.66 [0.15]  -0.58 [0.20]
-1.00  0.02 [1.23] 0.03 [1.12] 1.09 [0.56] 1.05 [0.40] 49.7% 51.4% -0.93 [0.29] -0.68 [0.34]

reasonably well-behaved. The magnitudes of go; and g12 are also well estimated, but the signs are not.
This is due to the fact that these signs are determined based on certain five-trade sequences (instead of
certain three-trade sequences to estimate the magnitudes) that occur relatively infrequently in the data
(see Section XIV in the Appendix for details). Histograms of go; or 12 show a bimodal distribution,

with peaks centered around +1 and -1, respectively.
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C Specification Test

We perform a simulation study on the specification test proposed in Section IX. Two sets of empirically-

relevant parameter values are used to investigate the simulation-based distribution of the test statistic

J.

We choose empirically-relevant parameter values to investigate the simulation-based distribution of
the test statistic d. Specifically, we selected four sampling intervals At; = 60, Aty = 300, Atz = 600 and
Aty = 1800 seconds, respectively. The entire time span is set to be 100 trading days, which is divided
into 25 subperiods with 4 trading days each. Other model parameter values are: d, = d,,, = d,, =

—0.25,-0.75, dr, = d,, = 0.45. Results are based on 1000 realizations.

Six test-statistic distributions are generated for each pair of sampling intervals. For example, for the

pair Aty, Aty, we obtain a test statistic

5 sample mean of {(‘)kAffL - 9?2}
12,m = : ’
" L . sample variance of {f22 — g1}
25 p k,m k,m

for realization m based on {#211}125 and {#5!2125 . Overall, we have {12, }10%, which form the

simulation-based empirical distribution of the test statistic 512. This distribution can be used to generate
critical values or compute empirical p-values. In Table 3, we summarize the quantiles of these empir-
ical distributions, where @), represents the g-th quantile. For each distribution, the null hypothesis of

normality is rejected at a nominal size of 1% based on the Kolmogorov-Smirnov Goodness-of-Fit Test.

XI Data Analysis

In this section, we focus on analyzing the buy prices {P; ;} and sell prices {P,,} of a single stock. The
stock we consider is Tiffany Co. (ticker: TIF). The data were obtained from the TAQ database of WRDS.
We considered daily transactions between 9:30 AM and 4:00 PM. Overnight durations and returns are

ignored, as was also done, for example, by Hasbrouck (1995). The data span the period from January
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Table 3: Summary Statistics of the Simulation-based Empirical Distributions

Case Test-stat | Qo.005 Qo.025 Qo.05 Qos Qoos Qo975  Qo.995 | Skewness Excess Kurtosis

dy = —0.25 812 -2.32 -1.80 -1.55 -0.04 1.47 1.64 2.12 0.05 -0.50
813 -2.26 -1.83 -1.54 0.02 1.48 1.70 1.96 0.11 -0.52

814 -2.12 -1.80 -1.51 0.00 1.39 1.66 2.16 0.02 -0.45

823 -2.43 -1.82 -1.60 0.03 1.57 1.80 2.25 0.08 -0.54

524 -2.09 -1.80 -1.50 0.03 1.39 1.65 2.22 0.03 -0.51

534 -2.17 -1.81 -1.54 -0.02 1.41 1.74 2.38 0.04 -0.48

dn = —0.75 312 -2.05 -1.66 -1.41 0.00 1.42 1.66 2.10 0.01 -0.72
313 -2.45 -1.69 -1.55 -0.02 1.41 1.59 2.02 0.10 -0.51

314 -2.14 -1.67 -1.34 -0.05 1.36 1.64 2.06 0.01 -0.17

523 -2.47 -1.77 -1.59 -0.02 1.40 1.62 217 0.07 -0.63

524 -2.15 -1.64 -1.37 -0.03 1.39 1.72 2.06 0.01 -0.24

534 -2.17 -1.73 -1.44 -0.01 1.41 1.66 2.11 0.02 -0.35

Standard normal Z -2.58 -1.96 -1.64 0.00 1.64 1.96 2.58 0.00 0.00

25, 2000 to July 20, 2000, comprising 124 trading days.

We follow Lee and Ready (1991) to classify individual trades. If the transaction price is higher than
the prior bid-ask midpoint, the current trade is labeled as a buy order. If the transaction price is lower,
it is labeled as a sell order. If the transaction price is exactly the same as the prior bid-ask midpoint,
the tick test (described in Lee and Ready 1991) is used to decide whether it should be classified as a buy
or sell order. Lee and Ready (1991) found that the accuracy of their method is at least 85%. Using this

method, we found 26,103 buy trades and 32,812 sell trades during the period of study.

We first verify that a strong cointegrating relationship exists between buy and sell prices of TIF. The
results are given in Table 4. We estimated the memory parameters of the log buy prices and log sell
prices as 1 plus the GPH estimator (see Geweke and Porter-Hudak, 1983) of the memory parameter of
the differences. We estimated the memory parameter of the cointegrating error using a GPH estimator

based on the levels of the residuals from an OLS regression of {log P; ;} on {log P, ;} for various choices
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of At. Note that the memory parameter of the cointegrating error is 1 + max(d,, ,dy,). The number of
frequencies used in the log periodogram regressions was n’?® As expected, the estimated cointegrating
parameter is close to 1. Evidence of strong cointegration is observed. Furthermore, there is some evidence

that the cointegration is fractional, not standard.

Table 4: Buy and Sell Prices of TIF

At (sec) n estimate of 6 cibuy_price [SE] dsell-price [SE] deoint-error [S E]

1800 1612 6 = 0.998040 1.0124 [0.0484] 1.0105 [0.0484] 0.2328 [0.0484]
600 4836 0

0.998046  1.0223 [0.0330]  1.0208 [0.0330]  0.1312 [0.0330]

300 9672 0

0.998042  0.9906 [0.0259] 0.9914 [0.0259] 0.1068 [0.0259]

- —  6=1.001678 - — -

Next, using the ad hoc estimator O, we estimated the model parameters for three clock-time subperi-
ods, as well as the entire period. Period one spans day 1 to day 25, during which the stock price declined
by roughly 25%. Period two spans day 41 to day 70, where the price was relatively stable. Period three
spans day 90 to day 124, during which the stock price raised by approximately 25%. The results are

given in Table 5. The tick-time stock prices are plotted in Figure 2.

Table 5: Method of Moments Parameter Estimates of TIF

Period Type # of trades &7.(x107%) &7,(x107°)
1: trading day 1 to 25 Buy 5,852 3.01 3.38
Sell 6,875 3.05 1.93
2: trading day 41 to 70 Buy 5,360 6.22 0.72
Sell 7,688 4.08 0.83
3: trading day 90 to 124  Buy 6,896 3.50 1.18
Sell 8,827 2.00 2.66
entire period Buy 26,103 4.67 1.26
Sell 32,812 3.35 1.66
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Figure 2: TIF Transaction-level Stock Price
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Based on the results in Table 5, we report the following findings:

1) The microstructure noise variance estimates (&fn)
,

are smaller for subperiod two (during which the
stock prices vary substantially but do not show a clear trend), than for subperiods one and three (during

which the price showed decreasing and increasing trends, respectively).

2

2) The value-shock variance estimates (5’i76) show an opposite pattern, i.e., larger in subperiod two

but smaller in subperiods one and three.

and 52 | the variability of the value shocks usually dominates exceeds that of the

o 52
3)Comparing &7 i

microstructure shocks. Indeed, 52-2’ is greater than &12_’,] for both buy and sell trades in the entire period.

e

As for the microstructure noise feedback coefficient estimates, go; and gio, their magnitudes are
generally around 1, but the signs vary in different subperiods. In some subperiods, the estimates of §3,
or g2, are negative, thus we set the corresponding o1 or 12 to be zero. In general, no systematic pattern
is observed for go; and gi2 and their values are not reported in Table 5. We stress, however, that the

simulation study in Section X showed that go; and g1 are harder to estimate than the other parameters.

The finding 1) is consistent with results from Amihud and Mendelson (1980, 1982), where a market-
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maker executes buy and sell orders that arrive randomly, with the arrival rate being determined by the
quoted bid and ask prices, so as to maximize his expected profit per unit time, under the constraint that
his inventory position will not exceed a long and a short positions — L and S respectively. (The analysis
applies to traders who act as market makers, that is, quote buying and selling prices and benefit from
trading at these prices, rather taking a long-run position in the stock, based on some information.) The
market maker sets the pair of bid-ask prices to adjust his inventory, and his policy results in having a
preferred inventory position towards which he reverts. The bid-ask spread is minimized at this preferred
position while it increases as the inventory diverges from the preferred level. This policy applies when
there is no change in information about the security’s value, in which case prices show no clear trend,
hovering within a range. Amihud and Mendelson (1982, pp. 56-58) analyze a situation of a change
in information about the security’s value, unknown to the market maker. At first, the market maker
maintains the schedule of bid and ask prices that applies to the old valuation, but given the value change,
his inventory will deviate from the preferred position and the bid-ask spread will widen. (For example,
if the value is lower, the market maker will accumulate a large long position, quoted prices will decline
and the bid-ask spread will widen.) After having realized that the value has changed, the market maker
shifts his schedule of quoted bid and ask prices and the bid-ask spread reverts to a normal, narrower
range. Applying this analysis to the data, subperiods 1 and 3 show a major shift in the security value,
reflected in the trend in price. By Amihud and Mendelson (1982), a period of shift in value is associated
with wider bid-ask spread. In subperiod 2, when prices vary but do not show a clear trend, the bid-ask

spread should be narrower.

A narrower bid-ask spread (a smaller spread magnitude) indicates a smaller microstructure noise

variance (see Amihud and Mendelson 1987, pp. 536, 547), i.e. smaller crfh-

?

in Model (1). Indeed, we
found that the estimated microstructure noise variances are smaller when price fluctuates without a clear
trend (subperiod 2) and larger otherwise (subperiods 1 and 3). Unfortunately, it is not possible to test
the significance of the change in microstructure noise variances across the three subperiods since the

estimates are not independent.

Another interesting question is the price discovery process, which is a popular topic in Finance.
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Specifically, here we focus on the price discovery of a single stock, e.g., TIF, during different market
environments. To estimate the information share, estimates for the trading intensities A1, Ao, and the

value-shock variances 0‘%’6, o3, are required. To estimate \;, (i = 1,2), we use the total number of

e
transactions divided by the total period of observation for asset i. We estimate O’%’e and 0576 by the
method of moments as discussed in section VIII. We compute the information share estimates for each

of three clock-time subperiods based on results in Table 5. Results are summarized in Table 6.

Table 6: Information Shares (S) of Buy and Sell Price of TIF

Period Shuy Ssetr (Shuy — Ssent)
1: Trading day 1 to 25  45.7% 54.3% -8.6%
2: Trading day 41 to 70  51.5%  48.5% 3.0%
3: Trading day 90 to 124 57.5%  42.3% 15.2%
Entire Period 52.6%  47.4% 5.2%

For period two, the information shares are approximately equally divided between buys and sells. For
period one when the stock price declines dramatically, the sell trades possess more information than buy
trades. By contrast, during period three when price is rising, the buy trades have more information.
Unfortunately, it is not possible to test the significance of the change in information share across the

three subperiods since the estimates are not independent.

As pointed out in Hasbrouck (1995), the information ratios are not related to the microstructure, e.g.
spreads, of the markets. This is clear since only the random-walk components of the price series are used
in the construction of the information ratios. Therefore, the various results we have presented so far in

this section reflect different aspects of the dynamics of the TIF price series.

Finally, we implement of the specification test described in Section IX to test whether model (1) is
misspecified. The entire 124 trading days are divided into K = 62 subperiods with 2 trading days in each

subperiod. We choose four sampling intervals At; = 1800, At = 600, Atz = 300 and Aty = 60 seconds .
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First, we simulation the corresponding empirical distributions of &’s, as in Section X. Results are

reported in Table 7.

Table 7: Summary Statistics of the Simulation-based Empirical Distributions for Stock Tiffany (TIF)

Case Test-stat | Qo.oo5 Qo.025 Qo.os Qo  Qoos  Qoors Qo995 | Skewness Kurtosis
Tiffany (TIF) 812 -2.05 -1.68 -1.41 -0.04 1.39 1.69 2.02 0.03 2.45
813 -1.98 -1.61 -1.41 -0.03 1.37 1.53 2.04 0.02 2.32
314 -2.07 -1.64 -1.43  -0.09 1.28 1.55 2.11 0.08 2.46
523 -2.00 -1.70 -1.47 0.00 1.45 1.73 2.27 0.07 2.38
524 -1.94 -1.61 -1.44 -0.10 1.34 1.65 2.12 0.13 2.41
534 -1.96 -1.68 -1.46  -0.12 1.38 1.69 2.08 0.13 2.39

Based on Table 7, the corresponding simulated test-statistic distributions are used to compute the

empirical p-values reported in Table 8 below. For two-sided hypothesis testing with nominal size of 5%,

Table 8: Specification Test for TIF

At pair under testing value of the test statistic [empirical p-value]
Aty vs. Atg 1.2356 [0.144]
Aty vs. Atg 0.0834 [0.920]
Aty vs. Aty —0.0190 [0.936]
Aty vs. Ats —0.7655 [0.474]
Atg vs. Aty —0.3412 [0.806]
Ats vs. Aty —0.0754 [0.958]

there is no significant evidence to indicate that model (1) is misspecified for the TIF data set, as the null

is not rejected in any of the six cases.
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XII Modifications of the Model to Capture More Stylized Facts

So far, we have seen that the model (1) yields cointegration, and also captures two stylized facts that
have been observed in actual data: volatility clustering, and persistence in durations. In this section,
we modify the basic model (1) to capture two additional key stylized facts: the leverage effect, and
portfolio autocorrelation due to nonsynchronous trading. Due to limitations in existing theory for point
processes, we are currently unable to develop explicit formulas for any of these effects in terms of the

model parameters, so we resort primarily to simulations based on the suitably-modified model.

A Portfolio Return Autocorrelation Due to Nonsynchronous Trading

The problem of nonsynchronous trading was first pointed out by Fisher (1966) and the issue has played
an important role in the subsequent finance literature. Nonsynchronous trading can adversely affect pa-
rameter estimation in the market model, (see, e.g., Scholes and Williams 1977), as well as the estimation
of the covariance matrix of the returns (Shanken 1987), and can partially explain the positive autocor-
relation of portfolio returns (see, e.g., Atchison, Butler and Simonds 1987, Lo and MacKinlay 1990 a,b,

Boudoukh, Richardson and Whitelaw 1994, Kadlec and Patterson 1999).

There are three main approaches to handling nonsynchronous trading in the literature. Scholes
and Williams (1977) assumed that, for a given set of equally-spaced time intervals, each asset trades
at least once within each time interval. Unfortunately, it is not possible to impose this assumption
endogenously, since trading is stochastic. Subsequently, Lo and MacKinlay (1990 a,b) allowed for the
possibility of time intervals with no trades, but assumed that the indicator variables for non-trading are
serially independent. However, as pointed out by Boudoukh, Whitelaw and Richardson (1994), this is also
an unrealistic assumption since the existence of very long durations should be expected to induce positive
dependence in the non-trading indicator. In spite of this, Boudoukh, Whitelaw and Richardson (1994)
reverted to the even stronger assumption of Scholes and Williams (1977) that there is no nontrading.

Nevertheless, in one important respect, the assumptions of Boudoukh, Whitelaw and Richardson (1994)
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are general, since they allow for cross-sectional dependence of the returns, unlike Lo and MacKinlay
(1990 a,b). Recently, Kadlec and Patterson (1999) used a simulation-based approach to assess portfolio
autocorrelation due to nonsynchronous trading, in which they use the event times as observed in actual
data. Still, Kadlec and Patterson (1999) do not fully endogenize the event times, since if one wanted to

run another simulation in their framework, they would have to use the same set of event times.

Up to now, the nontrading mechanism has not been modeled truly endogenously. In this paper, we
model the duration process of the price directly, thus endogenize the nontrading mechanism in the price

process.

To gain a better picture of the nonsynchronous trading effect implied by our model, we ignore tem-
porarily the microstructure noise. Also, since stock prices may not be cointegrated in general, we change
the value shock feedback coefficients in Model (1), 1/0 and 6, to 612 and 6a1, respectively. The resulting

return series become

N1(jAL) Na(ty Ny o))
r; = Z e1r + Z o162 9)
k=N1((j—1)At)+1 k=N2(t1,ny (j-1)an)+1
N2 (jAL) Ni(ta Ny (o))
o = Z ek + Z 0121 k.
k=N2((j—1)At)+1 k=N1(t2,ny((j-1)a0))+1

Lemma 0: Consider a portfolio consisting of s shares of Asset 1 and sy shares of Asset 2, where
the returns on the two assets are given by (9). Suppose that 612 > 0 and 631 > 0. Then the lag-1

autocorrelation of the portfolio return is O(At™1) as At — oo, and is positive for all values of At.

Table 9 presents simulated averages of the lag-1 autocorrelations of returns of Asset 1, Asset 2 and
a portfolio consisting of one share of each asset, i.e., s = s5 = 1, based on 5000 realizations. We also
present the minimum and maximum portfolio autocorrelations. The LMSD model implemented here is
Tik = 10ehire; g, (i = 1,2). We used n = 500, 015 = o1 = 1, d, = dr, = 0.45 but vary the sampling

interval At. Other parameter values are the same as described before, unless otherwise listed in the table.

Individual asset returns do not show strong autocorrelation. Nevertheless, the portfolio return has
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Table 9: Simulated Lag-1 Autocorrelations to Show Nonsynchronous Trading Effects

At 10 50 200
Asset 1 mean -0.0018 -0.0014* -0.0017*
Asset 2 mean —-0.0010 -0.0017* -0.0014*

Portfolio mean 0.1077***  0.0894***  0.0376™**
maximum 0.3039 0.3354 0.2369

minimum —0.0668 -0.1321 -0.1288

, ** and *** indicate two-tailed significance at level 5%, 1% and 0.1%, respectively.

significant positive autocorrelation for all sampling intervals At considered. The mean autocorrelations
range from 0.0376 to 0.1077. The maximum portfolio autocorrelation can be as high as 0.3354. As At

increases, the portfolio autocorrelation decreases, consistent with the theory described above.

In this paper, we only have two assets. With more assets, it may be possible to obtain far more
spurious autocorrelation in the portfolio due to nonsynchronous trading. Empirically, as discussed in
Perry (1985), the portfolio lag-1 autocorrelation increases as the number of securities in the portfolio
increases. The generalization of our model to the case of N > 3 assets is beyond the scope of the current

paper, but will be the subject of future research.

B The Leverage Effect

The leverage effect is a negative correlation between the current return and future volatility (say, absolute
return). We obtain a leverage effect in clock time by introducing a positive lagged cross-correlation
between the current value shock er and the next-transaction innovation (vgy1) to the log duration.
The moving average representation of the long-memory component h;j of 7; ; in the LMSD model for
durations can be written as h; , = Z;io ¥;v; k—; where {¢;} are constants with Z;io 7,/1]2. < oo and
{vik} is an i.i.d. Gaussian series with mean zero and variance o7, We will show using simulation that
a positive correlation between v; ;11 and e; ;, in transaction time induces a clock-time leverage effect for

the Asset 7 return.
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Specifically, we assume that e, = 0;.c(PiVig+1 + wik)/ gb?a?,i + 1, where ¢; (i = 1,2) are con-
stants, and the {w;} are i.i.d. standard normal, independent of {v;x}. Thus, corr(e; k,V; k+1) =
Piow,/ qzﬁfal%i + 1. We assume here that the Asset ¢ durations {7} follow an LMSD model, 7;; =
ehire; 1., where {h; 1} follow an ARFIMA(O, d,,, 0) model and {¢; 4}, independent of {h;}, are i.i.d.

exponential with unit mean. A simple calculation yields

$io, 1
T(1-2dr,)
\/¢20‘2 +1 \/2 2 i, _ ]

The intuition for why this should produce a leverage effect is that if the current return shock is

corr(e; k, Ti k+1)

negative, this induces a below-average shock vy41 to the log duration, which then persists in the duration
series to yield a sequence of below-average durations, i.e., frequent trading in clock time, and above-

average volatility.

We verify using simulations that the correlation introduced above yields a leverage effect. For sim-
plicity, we set the microstructure noise to zero. The resulting two-asset return model is given by (9).
We simulated n = 500 clock-time returns {7"2‘7,7‘}?:1 for each asset, i = 1,2, observed at sampling interval
At. Sample correlations corr(r; j, i j4+1), corr(|ri |, 7 j+1) and corr(|r; ;|,7;;—1) are calculated for each
realization, and the results are averaged, as also done in Andersen, Bollerslev, Frederiksen and Nielsen
(2006). We also compared the portfolio return autocorrelations to those simulated under independence

of €ik and Vi k+1-

Note that corr(r; ;,7; j+1) is the return lag-1 autocorrelation for Asset ¢ = 1,2, while corr(|r; ;|, 7 j+1)

and corr(|r; ;|,7; j—1) measure the risk-premium effect (RP) and leverage effect (Lev), respectively. Other
2

parameter values used in the simulation are 6 = 1, d;, = d,, = 045, 0, = 1, var(v; ) = % SO

that var(h; ;) = 1 for ¢ = 1,2. Results are based on 5000 realizations, and reported in Table 10.

A positive correlation between {e; x} and {v; y+1} induces a significant leverage effect (with the
predicted negative sign) for all values of At. The magnitude of the leverage effect can be as large as
10%. On the other hand, the magnitude of the simulated risk-premium effect is always much smaller

than that of the leverage effect: the corresponding ratio is no larger than 7%. Andersen, et. al. (2006)
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Table 10: Risk Premium, Leverage, and Portfolio Autocorrelation from Simulations

Asset 1 Asset 2 Portfolio

At ¢ corr(eik, Tik+1) RP Lev RP Lev Lag-1 Autocorr
10 0 0 —-0.0006 0.0008 —0.0005 —-0.0002 0.1077***
5 0.23 —0.0059***  —0.0924**  —0.0062"** —0.0916™** 0.1279***
50 0 0 -0.0005 0.0002 0.0002 -0.0004 0.0894***
5 0.23 0.0018"*  —0.1178"** 0.0011 -0.1169*** 0.1038"**
200 O 0 -0.0008 0.0000 —-0.0002 -0.0008 0.0376™**
5 0.23 0.0047***  -0.1097***  0.0043***  -0.1105"** 0.0432***

* ** and *** indicate two-tailed significance at level 5%, 1% and 0.1%, respectively.

concluded from an analysis of 30 blue-chip stocks, there is evidence of a leverage effect, but no convincing
evidence of a risk premium effect, so our model is consistent with their findings. The risk premium effect
produced by our model, though small, has the interesting property that it is negative for short horizons,

but becomes positive for long horizons.

The leverage effect has an impact on the portfolio return autocorrelation, for all sampling frequencies.
In each case, the two-sample ¢-test of equal means for the lag-1 return autocorrelation with and without
the leverage effect leads to rejection of the null hypothesis at the 0.1% level. The leverage effect can
increase the portfolio return autocorrelation by as much as 2%, as found for A = 10. In the Finance
literature, it has been concluded that nonsynchronous trading can explain at most part of the portfolio
return autocorrelation; see, for example, Lo and MacKinlay (1990 a,b). We feel that this question merits
re-investigation, in the light of the model we have proposed in which durations are fully endogenized, and
in the light of our current finding of interactions between the leverage effect and nonsynchronous trading

effects.
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XIITI Conclusions

Remark: There is an important caveat regarding the Martingale property in the special case of model
(1) in which the microstructure noise components {n; x} and {2} are absent. For each series, as long
as the conditioning set involves only returns of the given series up to time ¢, the log price series (observed
at discrete, equally spaced time intervals) is a Martingale. The Martingale property is lost, however,
if the conditioning set is augmented to include returns on both assets up to time t. Because of the
feedback effect in the model, and the nonsynchronous trading, recent information about Asset 1 can help
to predict the Asset 2 return, even though the Asset 2 return is unpredictable based on its own past.
Such a situation can occur in actual markets. For example, to predict the (real) return on the sale of a
given home, it helps to know the returns on sales of similar homes that have taken place recently, though
it may not help at all to know the past returns on sales of the given home, especially if it has not been

sold for a long time.

Next, we list a few possibilities for future work stemming from the current project.

It might be interesting to investigate the interplay between cointegration and option pricing, hedging,
asset allocation, pairs trading and index tracking in the current pure-jump context. So far, work has
been done for option pricing based on pure-jump processes (Prigent, 2001) and dynamic asset allocation
based on jump-diffusion processes (Liu, Longstaff and Pan, 2003), but these papers do not allow for
cointegration. Another strand of literature has shown that, in a diffusion context, cointegration may
have an impact on option pricing (Duan and Pliska, 2004), and on index tracking (Dunis and Ho, 2005;

Alexander and Dimitriu, 2005), but these papers do not allow for a pure-jump process.

Other estimators of the cointegrating parameter could be considered, besides OLS. Though many
such estimators have been proposed for both standard and fractional cointegration, none have yet been
justified under a transaction-level model such as (1). Semiparametric estimators could be considered,

since by the remark above the results of this paper do not require a parametric model for durations.
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A possible generalization of Model (1) to the case of W > 2 price series Py ¢, - - , Py is

N1(t) w o Ni(ti,ng 1)

log Pl,t = (617]6 + nl,k) + Z { Z (91'161‘7]6 + gilni,k)} (10)
k=1 i=2 k=1
Na(t) %% Ni(ta, Ny (1))

log Py = (e2,k +M2.k) + Z { Z (Bizeir + giQT]i’k)}
k=1 i=1,i#2 k=1
Nw (t) w1 Niltw,ny 1)

log PW,t = Z (eW,k + nW,k) + Z { Z (97W€77k —+ ngﬁz,k)}
k=1 i=1 k=1

where for i = 1,--- , W the {e; } are mutually independent zero-mean iid value shock series, the {n; 1}

are mutually independent microstructure shock series satisfying either Condition A, B or C with memory
parameters d,, € [—1,0), and for i # j the parameters 6;; and 7;; represent the impact of the value and

microstructure shocks from series ¢ on series j.

In the bivariate case W = 2, there are two feedback coefficients for the value shocks, #2; and 612. When
cointegration exists, one coefficient is constrained to be the reciprocal of the other, as in Model (1) where
021 = 6 and 612 = 1/6. In the multivariate model (10) there are W(W — 1) such feedback coefficients,
and there are at most (W — 1) cointegrating vectors, though we do not present here the constraints
on the coefficients ¢;; that would imply a specific cointegrating rank. It would also be of interest to
derive a common-components representation for (10) as was obtained for clock-time multivariate models
under standard cointegration by Stock and Watson (1998). Such a representation would generalize the
representation (2) to the multivariate case, and would presumably facilitate inference on the cointegrating
rank as it did in Stock and Watson (1998). Finally, it would be of interest to derive properties for the
OLS and other estimators of the cointegrating vectors in (10), as considered for example for OLS in

clock-time multivariate models under standard cointegration by Stock (1987).
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XIV Appendix: Details on the Method of Moments

A  The Method of Moments Estimator ©

Consider an example of a pooled sequence of twelve transactions (ordered according to the occurrence in
time):

111212221211

where 71”7 denotes an Asset 1 transaction and ”2” denotes an Asset 2 transaction. We recognize and

utilize eight patterns in the pooled transaction sequence in the method of moments.

Pattern 1 is a doublet of Asset 1 transactions: ”1 17, which occurs at the first-second, second-third
and eleventh-twelfth positions in the example pooled transaction sequence. The return of the second
”71” in the doublet has a simple structure, consisting of only the sum of the current Asset 1 value and
microstructure disturbances, since there was no intervening Asset 2 transaction between itself and its
previous Asset 1 transaction. In addition, the covariance of the returns of such a doublet is equal to the
lag-1 autocovariance of the microstructure noise series {7 1 }. This is because we assume {e; ;} to be
i.i.d., independent of series {m }, and all disturbances of Asset 1 to be independent of those of Asset
2. Similarly, we define Pattern 2 as a doublet of Asset 2 transactions: 72 2”. In the pooled transaction

sequence, the sixth-seventh and seventh-eighth doublets are of this type.

Pattern 8 is defined as a triplet of Asset 1 transactions: 71 1 1”7 (see the first-second-third positions
in the pooled transaction sequence as an example). As discussed for Pattern 1, the covariance of the
returns of the first and the third transactions in such a triplet is equal to the lag-2 autocovariance of
the microstructure noise series {n1,}. Similarly, we define Pattern 4 as a triplet of Asset 2 transactions:

72 2 27, which can be used to compute the lag-2 autocovariance of the microstructure noise series {1z x }.
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An example is the sixth-seventh-eighth positions in the pooled transaction sequence.

Next, we define Pattern 5. Consider the triplet 71 2 17 as the third-fourth-fifth positions in the pooled
transaction sequence example. The last 71”7 in the triplet contains exactly four disturbances: two value
shocks and two microstructure disturbances because there is exactly one intervening Asset 2 transaction.
Similarly, Pattern 6 is defined as a triplet of 72 1 2”7, which occurs, for instance, at the forth-fifth-sixth

positions in the pooled transaction sequence.

Finally, we define Pattern 7 as a five-transaction sequence of 71 2 1 2 2”7 and Pattern 8§ as 212117,
Examples of such patterns in the pooled transactions sequence start from the third and the eighth
positions, respectively. Consider the third and the fifth transactions in the 71 2 1 2 2” sequence. We
call them a go1 pair since the returns in a go; pair have covariance equal to the product of g7 and the
lag-2 autocovariance of the microstructure noise series {12 }. Similarly, we define a g12 pair as a pair of

transactions as the third and the fifth transactions in a 72 1 2 1 1” sequence.

In summary, we have defined eight sequence patterns as listed in the following table.

Pattern Transaction Sequence
1 11
2 22
3 111
4 222
5 121
6 212
7 12122
8 21211

Denote d,, and «; as the memory parameter and the AR coefficient of the ARFIMA(1,d, 0) process

for the microstructure noise of Asset ¢ = 1,2. The method-of-moments estimates

0= (6%767 65’8, &%m’ &%mg}zl, G12,dy, , dn,, &1, Gi2) are given as the solutions to the following system, con-

sisting of ten equations as in (11). Note that we use the tick-level cointegrating parameter estimator 0
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in the equations and treat it as if it is the true parameter 6.

var(second transaction of Pattern 1) = 67, + &in (11)
var(second transaction of Pattern 2) = 63, + 63,
cov(first and second transactions of Pattern 1) = 67,511
cov(first and second transactions of Pattern 2) = &Smf)gwl
cov(first and third transactions of Pattern 3) = 67, /12
cov(first and third transactions of Pattern 4) = 6377] P22
o : _ A2 a2 G242 | 22 A2
var(third transaction of Pattern 5) = 67 .+ 67, + 60765, + 92103,
. . s2 | 2 Lo | oo
var(third transaction of Pattern 6) = 65, + 65, + 9—201,e + 91201,
Cov(go1 pairs in Pattern 7) = gm&;nﬁm
cov(gi2 pairs in Pattern 8) = gm&inﬁm

where var and cov are the sample variance and covariance, p; ; is the lag-j autocorrelation of the mi-

crostructure disturbances {n; ,} for Asset i = 1,2, and p; ; is the resulting estimate of p; ;.

To solve the ten-equation system (11), we start by taking the ratio of the fourth and the ninth
equations which gives go1. Then using g1 together with the first, the second and the seventh equations,
we solve for &3, and &5,,,. Next, we obtain ps 1 and po o from the fourth and sixth equations given 5’%7,,,
both of which are functions of aan and &g. Finally, we solve for 0?772 and Go (if necessary) using for instance

nonlinear minimization method. All other parameters can be solved similarly starting from g;o.

B Proof of Theorem 7 on the Consistency of )

Let {R;} and {A;} be the pooled return series and the pooled asset label series (71”7 for Asset 1 and
72" for Asset 2), respectively. Note that, to construct {R;}, we first compute transaction-by-transaction

returns of Asset 1 and 2 separately, then pool them together according to the order of occurrence in time.
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We define eight groups of transactions, satisfying the following conditions,

G1 : Ag = Aj+1 =1
G2 : Aj = Aj+1 =2
Gg : Aj = Aj+1 = Aj+2 =1
Go: Aj=Aj = Ajye =2
G5 : Aj == 1,Aj+1 = 27Aj+2 =1
G@ . Aj = 2,Aj+1 = ].7Aj+2 =2
G7 : Aj = 1,Aj+1 = 2,Aj+2 = 1,Aj+3 = Aj+4 =2
Gs:  Aj=2A11=141,=2A3=A414=1
with L;, (i = 1,...,8) the number of values of j satisfying the condition for group 7. Then we have ten
moment conditions m,, (¢ = 1,...,10) based on G to Gg, corresponding to the ten equations in (11),
_ i R2 _ (A2 2
m= 7 hie1— (01 +0iy)
! J1€Gy
1
m2o= 7 |:RJ22+1 - (Ug,e + Ug,n)}
2 .
J2€G2
1 r 9 7
my = 7 Rj Rj,+1 — 01 ,p11
1 L i
Jj1€G1
1 r 9 7
my = 7 Rj, Rj, 11— 03 ,p21
2 j2€Ga )
1 r 9 ]
ms = - Rj,Rj, 12 — 07 p1,2
3 js€Gs )
1 r 9 ]
meg = L— Rj4Rj4+2 — 0'27np272
4 . L i
Jja€Gy
1 -
mr = f Rj25+2 - (U%,e + o—%,n + 020%,& + g%lo—g,n)}
5 js€Gs
_ 1 _RQ 2 2 1, 2 2
ms = L Jje+2 (02,6 + 02 + 92 O1,e + ngUl,n)
6 Jj6€Ges
1 2
mg = I {Rj7+2Rj7+4 - 92102,7,,02,2}
-
Jj7€Gr
1 2
Mmoo = {st+2RjB+4 - 9120'1,7701,2}
8

<.
0
m
Q
[
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To prove the consistency of GMM estimator 0, it is enough to show that all the moment equations
(my,...,myg) converge in probability to zero hence sample moments are consistent estimators of the

corresponding moments. To demonstrate, let us consider the first moment equation

1
=l Y [ (ool
! j1€G1

and show that m; = 0 as the total time span T — o0.

Consider a new counting process N*(t) that counts only the events that belong to G;. Denote the

corresponding intensity by A*. By the renewal theorem, /\L*—lT = 1\/(1(;) 21 as T — oo. Therefore, by
Slutsky’s Theorem, it is enough to show that
1 2 2 2 P
T [Rj1+1 - (0176 + 01777)} = 0.

Jj1€G1

Thus by Chebyschev’s inequality, it suffices to show that

var{ Z [R?H_l - (Uie + ain)] } = o(T?).

J1€G1

Denote
J J
Si(j) =D IH{Ar =1}, Sa(j) =D I{Ar =2}
k=1 k=1
where I(-) is an indicator function. Note that for j; € G1, we have Rj 11 = €1,5,(j14+1) + 1,5, (j1+1)>

hence by the total variance formula,

var{ Z [R?ﬁl - (UieJrUi")”

J1€Gy

= var{ E{ Z {RJQ-IH - (O’%e + ain)} ‘N*()} } + E{Var{ Z [R?IH - (oie + U%n)} ‘N*()}}

J1EGH 1€GH

0

= E{var{ Z |:Rj2,1+1 — (O—ie + ain)} ‘N*()}} = E{var( Z R?1+1‘N*(~)) }

J1€G1 J1€G1
= E{ Z Var(Rjz-IH)‘N*(-)} + E{ Z Z COV(R?lJth?{Jrl)‘N*(')}

J1€G1 J1€G1 j1€G1,j1#d1

= E(Ll)'Var(RJQ‘1+1)+E{ >y COV(nf,sl(jIH),nf,sl(ﬁﬂ))‘N*(')}
J1€G1 j1€G,j1 #51

—0(T)

= O(T)+ E{ Z Z {Cov<n1,31(j1+1)7nl,Sl(j{+1))}2‘N*(')}

J1€G1 j1€G1,5 #51
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where we use the independence of the series {e1 1} and the Isserlis (1918) formula for Gaussian {7 ;} in

the last step.

2
Consider E{ diec Zj{eGl,jﬁéjl [COV(nLSl(J‘lH)»771,Sl(j1+1))} ‘N*(-)}, we have
2
E{ > [COV(”LSl(le)v771,51(ﬁ+1>>} ‘N*(')}
J1€G1 j1€G1,j #51

< Blama 3 3 (s mson)| VO =00)

J1€G1 j1€G,j1#

summable since d,; € [-1, -HUu-3,0)

thus var{ > jec [R?H_l — (0% .+ 0%,17)}} =O(T) =0o(T?) and m; 2 0 as T — oc.

Similarly, it can be shown that

and therefore © 2 © as T — oo.

C An Alternative Ad Hoc Estimator ©

Although the method of moments estimator O is consistent, simulations not shown here indicate that a
very large number of trades must be observed in order for O to yield physically meaningful and accurate
estimates. The difficulty is mainly due to the final two equations in (11). They are based on subsequences
of five trades, which occur far less frequently than the two-trade or three-trade subsequences used in the
other equations. In practice, then, if the number of trades is not very large, go1 and g12 may be poorly
estimated by the method of moments, resulting in negative variance estimates in ©. For the same set
of parameter values and time spans used in the simulation study in Section X, more than 90% of the
realizations lead to negative variance estimates in 6. Furthermore, a dramatic increase in the time span

of the data set was not feasible for us due to computational constraints.

We therefore propose an alternative estimator © which, in part, avoids using the final two equations
in (11). The method is ad hoc, but simulations reported in Section X indicate that it gives reasonable

estimates.
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We start by taking the ratio of the third and the fifth equation in (11), which gives us a numerical
estimate of p1 1/p1,2, which we denote by p1,1/p1,2. Then, on a grid of values of (d,a), we computed
the corresponding ratio p1,1/p1,2 for the ARFIMA(1,d,0) model with parameters (d,«). We used the
algoritm of Bertelli and Caporin (2002) to compute p; 1 and p; 2, since there is no attractive closed form

for the autocovariances of an ARFIMA(1, d,0) process. The supports of (d, ) are (—1, f%) U (f%, 0) and

(—1,1), respectively. Next, we construct Jm and & such that gii — %:

is minimized, i.e.

(Jm ,(i1) = min

P1,1 _ 01,1‘
d,a ’

Pl2 P12

In addition, p;,; and py 2 are obtained. Similarly, we obtain (d,,&2), as well as po 1 and pa 2. We then
obtain the remaining parameter estimates in O from (11). Using p1,1 in the third equation of (11), we
get &%n which then is used in the first equation to get 5%6. Similarly, we obtain 5%777 and 5%,@ Next,
we obtain 2, and §3, based on the seventh and the eighth equations in (11). At this point, we have
obtained g3, and g2, as well as all entries of O except for jio and Jo; using only the first eight equations
of (11). Finally, we use the last two equations in (11) (which are inherently less accurate than the others

since they are based on five-trade sequences) to determine the signs of g1 and g12.

XV Appendix: Proofs

A Lemmas

From (2) it can be seen that the microstructure components of the log price are random sums of the
microstructure noise. Lemmas 1 and 3 below show for the weak and strong fractional cointegration
cases, respectively, that such random sums have memory parameter 1+ d,, < 1, where d,, is the memory

parameter of the microstructure noise.
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Lemma 1 Suppose that {n;} has memory parameter d,, € (—3,0), is independent of {7}, and satisfies
Condition A. Then
N ()
var(y_ i) v (F2NH g2
k=1

ast — o0.
The following lemma is used for proving Lemma 1

Lemma 2 For d, € (—%,0), suppose that {ny} satisfies Condition A. Then there exists a positive con-

stant C such that for all nonnegative integers s, var(Y} p_,nx) = 62s2T+1 + R(s), where |R(s)| <

Csmax(Zd,,Jrlfﬁ,O) .

Lemma 3 Ford, € (—1,—1), suppose that {n;,} satisfies Condition B, and is independent of N(-). Then

for any fixed t > 0,
N(@)  N(t+7)

COV(Z Nies Z nk) ~ C7* T Pr{N(t) > 0} (12)
k=1 k=1

as j — oo where C' > 0 is a constant not depending on t.
The following two lemmas are used in the proofs of Theorems 3, 4 and 5.

Lemma 4 If the durations {1} are generated by a Long Memory Stochastic Duration (LM SD) model

1

with memory parameter d. € (0,5) and all moments of the durations {7} are finite, then all moments

of the backward recurrence time (BRT}), as defined in (23), are also finite.

Lemma 5 For durations {1} satisfying the assumptions in Lemma 4, E[N(s)™] < K, (s™ + 1) for all

s >0, where K, <oco, m=1,2,---.
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B Proofs of Lemmas

Proof of Lemma 1: Since N(-) is independent of {}, conditioning on N(-), we obtain

N(t) N(t) N(t) N(t)

var Z k) E(Z: m)? = E{E((Z nk.)2|N(-))} = E[var( Z: nk|N())}
E{VIN(®)]},

where V (s) = var(3_;_, 7). In Lemma 2, we show that there exists a positive constant C' such that for

all nonnegative integers s, V(s) = 62521 4 R(s), where |R(s)| < Cs™@x(2dn+1-6.0)  Thys,

N(t)
(3 m) = EVING]) = FE{[NOP | + EIR(N ()], (13)

where
[EIRIN@)]| < BIRIN(1)] < CE{ [N (p)]mx@1-001 (14)

We evaluate E{[N(t)]Qd"“} in (13) as follows. Denote Z(t) = N(fz)‘t. As shown by Deo, Hurvich,
3 tdr

Soulier and Wang (2007, in the proof of Theorem 1) using Iglehart and Whitt (1971, Theorem 1),

Z(t) 2 CBy, 4 1(1) as t — oo, where L denotes converge in distribution and C is a positive constant.

: 1
Since d, < 5, as t — o0,

o4 Siz) B
N 20 =
2d,+1
and thus [%} 21
Next, we will prove that
N (t)72dq+1
1 15
[ Y ] - (15)
Ny 2dn 140 . .
by showing that lim sup, E[ } < oo for some positive §. Since d,, < 0, we choose § = 3—2d,, >

0. Using the fact that for all real =
1+2)* = [1+2)? < @2+22%)? =4(z* + 222 +1)
< At @@+ 1)+ 1] =8t +1)

we obtain that, for ¢ > 1

[M}Qd,ﬂrlJﬂi _ {

1, a4 1 8
— % < — <
N 1+ 5t 2Z(t)} _[1+‘>\Z(t)H 8+ 55241

53



By Lemma 2 in Deo, Hurvich, Soulier and Wang (2007), lim sup, E[Z%(t)] < oo. Therefore,

limsup, E [%p} e < oo and we obtain (15). Similarly,
E[%}max@dnﬁ-l—ﬁ,o) B
From (13) and (14), we obtain
SO MO [N :

Proof of Lemma 2: Without any loss of generality, we can approximate the behavior of the spectral

2

density of {7} around zero frequency by that of a fractional Gaussian noise with variance &4, and

Hurst exponent d,, + % If {n;:} obeys this fully-parametric model (see Samorodnitsky and Taqqu 1994,
pp. 332-339), then var(}_;_, n;) = 62s*¥ 1. Denoting the spectral density of {n;} by fran(}), then
fN)/fran(A) — 1 as A — 0+, and since A~241 / fpan(A) is twice-differentiable at zero, we can without

loss of generality write the spectral density of {n;} as

fA) = fran(A) 4+ g(N)

where g(A) = OA72"F) as A — 07 and ["_|g(A)|dA < oo, the latter bound following from weak

stationarity of {n}. We therefore have, for all non-negative integers s,
var(y ) = 2ms / Fu(\)F(V)dA = 522+ 4 R(s)
k=1 -

where R(0) =0 and for s > 1, R(s) = ["_F,(A\)g(\)dA, with

1 sin®(sA/2)
EN =350 sin?(\/2)

There exist positive constants ¢ € (0,7), C; and Cy such that |g(\)| < Ci|A|2%+8 for X € [0,¢] and

such that sFs(A) < Cs for A € [¢, 7). Thus,
IR(s)| gm/ FS()\)|g(/\)|d)\+47rs/ Fu()]g(A)]dA
0 €
3477301/ FS()\)|)\|_2d"+ﬁd)\+47ng/ lg(A\)|dA
0 €
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§47TsCl/ FS(/\)|)\\‘2d”+5d)\+47r02/ lg(\)|d.
0 0

The second term on the righthand side is a finite positive constant. The first term is Cyvar(>;_, 7k)
where {7} is an I(d, — 8/2) process. This variance is O(s**~F+1) if d,, — 3/2 € (—4,0), and is
O(1) if d, — 8/2 € (=3/2,—3%). Thus, overall, there exists a positive constant C' such that |R(s)| <

Csmax(Qd,,,Jrlfﬁ,O). O

Proof of Lemma 3: For j, k > 1, define Ko = var(py), and write cov(pg, prt;) = Kj24 =1 + R(j),

where |R(5)| < K,j%% =3, with K; > 0. We have

N(t)  N(t+j) N(t)  N(t+j)
cov(> mes Y nk):E{E{ Y ﬁk‘N(')H
k=1 k=1 k=1 k=1

= E[E{ww(t)w(m)I{N(t) > 0}’N(')}]

E [(KAszjj_l IH{AN; 14, > 0} + R(AN;44;) - I{AN; 445 > 0} + Ko - I{ANy 41 = O})I{N(t) >0}

where AN, ;4; = N(t+j) — N(t) and I is an indicator function.

As shown by (48), E[I{AN;+; = 0}] = P(AN,,+; = 0) has nearly-exponential decay (defined just

before Theorem 5) as j — oo. Furthermore, since

‘E[R(ANt’tH) I{AN, ;> 0} - I{N(t) > o}} ‘ < E{\R(ANt’tHﬂ I{AN 45 > 0}}

< B[KiANI? AN >0l

it is sufficient to show that

E[ANjf_ﬁj‘l I{AN; 4, > 0} - I{N(t) > 0}} ~ Cj2e=1PrIN(t) > 0} (16)
and
B[ANZE S H{AN 1 > 0} ~ €203 (17)

ANt,t+j
Y

First, we show (16). From the proof of Lemma 1, we know 2 1asj — oo. Since P{AN; 1, =

0} has nearly exponential decay, I[{AN; ;4+; > 0} 2.1 as j — co. Hence,

(ANt,tH

2d,—1 v
3 ) -I{AN4+; >0} > 1, as j — oo
J
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and (16) will follow from uniform integrability if it can be shown that

ANt iy

" )ﬂ I{ANgey; > o}} < 0

supE[(

Jj=4
where a = (1 —2d, + §) € (0,1) for some § > 0, with the convention oo -0 = 0. Since by Chung (1974)

Theorem 3.2.1, p. 42,

E[(A]\;\;ﬁ)_a I{ANy5 >0} <1+ iP[(M\fj”)_a I{ANy 45 > 0} 2 5]

s=1

it suffices to show that

supz:P[(AN;"t'H)7(l -I{AN1+; >0} > s] <00 . (18)

Next, we establish (18). As in the proof of Lemma 2 in Deo, Hurvich, Soulier and Wang (2007), we
set A = 1 without loss of generality. Furthermore, in view of the stationarity of the counting process, we

replace the integer variable j by the continuous variable ¢, replace ANy 4 ; by N(t), and prove

o0

supZP[(@)ia-I{N(t)>O}28} < 00. (19)

t24 s=1

1/«

Consider a fixed value of t > 4. As s — o0, s7/% — 0. Thus the infinite sum on s reduces to a finite

sum, up to the greatest integer such that ts~%/* > 1. Note that

N(t)\~ N(®)

[(T) “ CI{N(t) > 0}} >5 <s Ve and N(t)>0.

=
Thus, (19) becomes

[t*)
supZP[N(t) <tsH and N(t) >0] <00 .

t24 s=1

It suffices to show that

[t*]
sup Z P[N(t) < 2t571/a} <00 . (20)
t24 s=1

To prove (20), we split the sum into two parts,

Lt Ls* Lt
P|N(t) < 2ts71/*| < P|N(t) < 2ts~1/| 4 P|N(t) < 2ts~V/
Pl <us ] < Py <oy 3 pfvo <o)

G Go
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where s* = max ((%)Q,SO‘). The term G is finite since ZLS JP[N( ) < 2ts_1/a} < s*. Next, we

consider Go. Since for all real positive k, N(t) < k < ZUC1 u; > t, we have
[26s= [o(t,5)]

P[N(t)<2ts*1/“}:P[ Z ui>t]:P[ Z ui>t}

where v(t,s) = 2ts~«. For s in the range (|s*| 4 1) to [t*], (t —2ts~/® —1) > 0, hence by Chebyshev’s

inequality,

\
P
|

[v(t:5)] i
P[ ; P<W>t_“)(t’5ﬂ)gp<|W|>(t—2ts / _17)

[u(t, s)]zTdr 2ts—1/a 4 1)z Hd
(Qtsfl/a + 1)(%+d7—)(2+6)
(t — 2ts—1/a —1)(2+e)

< B(WPT)-

where € > 0 is a positive constant, d, € (0, 2) is the memory parameter of the durations and

= S i — [u(t, )]

[v(t, s)]5 74"

For s in the range (|s*] + 1) to [t*], the smallest value 2ts~'/ can achieve is min(t — 1,2), thus

ts71/*>1, and (1 —4s71/*) > L (since s > 8). We obtain

%] [v(t,s)] [t~] “1/a (L4d.)(249)
2 6 (2t8 +1) 2 ™
Z P{ Z u; >t] < Z E(W[**). (t —2ts—1/a — 1)2+9
s=[s*]+1 i=1 s=|s*|+1
S ~1/ar)(§+dr)(2+e)
(4t8 ) 2 ™
< B(WP*)-
24y p(24e)(—L+d-) I D)
= CE(W[*)-t 3 .s_g;m A
[t
< CE(|W|?te) . t@ta(=3+d) Z s~ E(3+do)(2+e)
s=|s*]+1
with
1(1+d)(2+ )< 1 (21)
a2 ¢
and (2 + €)(—% + d;) < 0. Thus,
[t*] [v(t,s)]
Z { Z Uj >t}
s=|s*|+1
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is uniformly bounded for ¢ > 4, provided that sup;s, ., E(|W[*"¢) < co. But this condition is already

proved in equation (25) of Deo, Hurvich, Soulier and Wang (2007).
Overall, we obtain that G2 < 0o, so that (20) and (16) are proved.

To establish (17), we follow the same steps as above, but using o = (3 — 2d, + 9) € (2,3). The proof

goes through without change, except that for (21) to hold, we need to select € > 4. O
Proof of Lemma 4: First, by exercise 3.4.1 on page 59 of Daley and Vere-Jones (2002),
d
BRT; = uy (22)

d
where = denotes equivalence in distribution and wu; is the time of occurrence of the first transaction
following time zero. Since 0 < u; < 71, and we have assumed that all moments of 7, are finite,

E(BRT™) = E(u") < E(1]") = C < oo for all m > 0. O

Proof of Lemma 5: By Proposition 1 in Deo, Hurvich, Soulier and Wang (2007), and the fact that
for a > 0,b > 0 and positive integer m, (a +b)™ < 2m~1(a™ + b™) (which can be shown using Jensen’s

inequality and the convexity of the function 2™,z > 0), we obtain that, for s > 0,

EIN()™ = E{[As+Z(s)s2** )™} < B{[As + |Z(s)[s> )™}

IN

27 NS 4 B|Z(5)| s ]| < Kon(s™ 1),

where K, is a finite constant, Z(s) = N(flj‘s and A as defined before. [J
52 T

C Proof of Theorem 1

We first consider the fractional cointegration case, d, € (—%, 0). We focus on log P, 4, since the proof for

log P, ; follows along similar lines.

The log price of Asset 1 is

Ni(t) Na(ti,ny (1))

logPri=Y (evk+mi)+ Y, (Bear+0ga1mn)
k=1 k=1
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Note that the two terms on the righthand side are uncorrelated. By Lemma 1, since d,, < 0, we obtain

Ni(t) Ny(t

)
var[ > (e1k + 1)) B[Ny ()] + var[ Y 4]
k=1 k=1

~ (02 AL (02, NP2 = (62 )+ o(t).

Next, consider E{Ny(t) — Ni(t2,n,(¢))}, which is the expected number of transactions of Asset 1 after
the most recent transaction of Asset 2 up to time ¢. Define the backward recurrence time for Asset 2 at
time ¢ as

BRT5; = inf{s > 0: Na(t) — Na(t — s) > 0}. (23)
Clearly, BRTy; = t—t3 n,(+)- By stationarity of Ny(-), and using (3.1.7), page 43 of Daley and Vere-Jones
(2003), we obtain E{Ny(t) — Ni(t2,n,1))} = E[-N1(=BRT )] = E[-N1(—BRTz0)]. In the righthand
equality, we used the fact that, since Na(-) is a stationary point process, BRT5; has the same distribution
as BRI, o, which does not depend on ¢. (See Daley and Vere-Jones (2002), page 58-59 for a detailed
discussion.) Thus

E{N1(t) — Ni(tz,nyn)} = Ch, (24)

a finite constant, independent of ¢. Similarly
E{N5(t) = Na(t1,5, 1))} = Co (25)

is also a finite constant, independent of ¢ as well.

Using (13),
No(t1 Ny (1))
var{ Z (Oea k. + 9217]2,14 = 92‘75@ E{Na(t1,n, 1))} +g§10'§777 E{[N2(t1,N1(t))]2d"+1 }
= —_—
k=1 x -
+9510% ) E{R(Na(t1 n, (1))} -
T3

By (25), the first term equals
Ty = E{Ny(t)} — Cy = Mot — Cy ~ ot,
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as t — oo.

As for the second term, since when 2 > 0 and 0 < p = (2d,) + 1) < 1, the function «? is concave, we
can apply Jensen’s inequality to obtain

2d,+1 ~
T = (at = Co)¥ L = o(1).

T, < {E[Nz(t1,N1(t))]}

Using (14) and arguing as above, we obtain

T3] < CE{[N2(tl,Nl(t))]max@d"ﬂfﬁ’o)} = o(t).

Therefore,
Na(t1,ny (1))
Var[ Z (fez,k +921772,k)} ~ (0705 Aot
k=1
as t — o0.
Overall,

var(log Py ¢] ~ (07 A1)t + (0°03 A2)t = Cit

where C1 = (07 A1 + 003 X2).

Similarly,

1
var[log Py 4] ~ (og,e)\g)t + (9—20%6)\1)75 = Cat

where Cy = (03 Ao + 4207 A1)

Next, for both the strong fractional cointegration case (d, € (—1, —%)) and the standard cointegration

case (d, = —1), the proof is identical to that for the weak fractional cointegration case, except that here

we have var( iv;’(f) nik), (1 = 1,2), equal to some finite constants, which does not increase with ¢. O

D Proof of Theorem 2

We first consider the fractional cointegration case, d, € (—%,0). We focus on the returns {ry ;} of Asset

1, which corresponds to the first equation in (6) since the proof for {rs ;} follows along similar lines.
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Consider the lag-1 autocorrelation of

Ni[jAt] Ni[jAt] Na(ti, Ny jan)) Na(t1, Ny (jat))
T = E e+ E M,k + E Oes 1 + E 921M2,k -
k=N1[(j—1)At]+1 k=N1[(j—1)At]+1 k=N2(t1, N, (G-1)an)+1 k=Na(t1, N, ((G-1)an))+1
T1 T2 T3 T4

Denote AN, ; = Ni(jAt) — Ni((j — 1)At) and AN3; = Na(jAt) — No((j — 1)At). We know that
E(ANLJ‘) = AlAt and E(ANQJ') = )\QAt Thus,

Ni(jAt) Ni(jAt)

I (N SIS B C (N SR 0!

k=N1((j—1)At)+1 k=Ni((j—1)At)+1
= o} E{N(jAt) — N1((j — DAL}

= o2 E(AN; ;) =02 MAL . 26
l,e 2] l,e

By Lemma 2, we have
var(Tz) = 03, E[{ANy ;1?7 + 03, E{R(ANy;)}.

Since the function P is concave when > 0 and 0 < p < 1, by Jensen’s inequality for d, € (—0.5,0),

the first part satisfies
05, E{AN, ;1?1 < 03 {E[ANy;]Y" ! = 03 { At} 5 = o(At), (27)
as At — oco. As for the second part,
E{R(ANM)}‘ < CE{(AN, ;)@ =00} < CB{(AN 5)*7*1} = o(At).

Hence, var(Tz) = o(At) as At — oo.

Next, by Lemma 2 and equations (24) and (25),

var(Ty) = 60°03 ,E{Na(t1,n,(jar) — Na(ti,n (G-1)an)}
= 0%03 E[Na2(jAL) — Na((j — 1)At)]

= 0%05 [E[ANy ;] = 6703 A At (28)
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and

var(Ty) = 93103,77]5{{]\72(151,1\'1(;&)) - Nz(tl,Nl((j—l)At))}Qd"ﬂ} +g§10’§,nE{R(J)}
J
2d,+1
< 9505, [E{Nz(tl,Nl(jAt)) - NQ(tl.,N1((j71)At))}} + 9§1U§,nE{R(J)}

2 2 2y +1 2 2
= 9210'2,7,{E[AN2J]} +92102,WE{R(J)}

= 03103, (A0 1 303 E{R(J) } = o(A).

2d,+1
since by Lemma 2, E{R(J)} < C{E[ANQJ]} = o(At).

As for the covariance terms, by the Cauchy-Schwartz inequality and Equations (26) to (29),

cov(Th, )| < var(Tvar(Ty) < 4/07 .03, (M AN +2 = o(At)
jeov(Th, Ty)| < var(Tr)var(Ty) < /93107 .03, (A e At)2r 1 = o(At)
lcov(Ty, Ts)| < /var(Ty)var(Ts) < \/9205,605,77(AzAt)(MAt)M"“ = o(At)
lcov(Ta, Ty)| < +/var(Ty)var(Ty) < \/gglag()\lAt)deH(/\QAt)an‘H = o(At)
lcov(Ts, T)| < vrvar(Ta)var(Ty) < 1/0263,03,.03, (Ao AA)2+2 = o( At)

since d,, < 0. Also,
cov(T1,T3) =0

since {e1 x} and {es 1} are mutually independent i.i.d. series.

Overall, by (26) to (35), we obtain var(ry ;) ~ (07 A1 + 0203 A2)At, as At — oo, i.e.

. var(ry
Altlgloo % - (J%@)‘l + 920576)‘2)'
Similarly, for
Ni((j+1)At) Na(t1, vy (G+1) A1)
(rig+rige) = > (e1,k +mk) + > (Oe2, + ga1m2,k)
k=N1((j—1)At)+1 k=N2(t1,ny((j-1)an)+1

we obtain

V&I‘(Tlﬁj + 7”'17j+1) ~ 2(0%,e>‘1 + 020578>\2)At
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i.e.

V&I‘(lej + Tl,j+1)

. _ 2 2 2
AL 27t = e+ Foreda)
Therefore,
corr(ry j,71 j41) = COV(TU—’TU‘H) _ %var(rlyj +7141) — var(ri ;) %Var(rl’j +rge) -1
L LI T T e () - var(ry,;) - var(ry,)
var(ryj+rij41)
_ 2A1
= Ty 1—0,
vor(rg)

as At — oo.

The fact that the lag-2 autocorrelation also converges to zero can be shown by recognizing that

var(ri,j + 11541 + 71,5+2)
var(ri ;)

1
corr(ry j,m,j42) = B [ — 3 — 4corr(r1 5, rl’j+1):|

and using the lag-1 autocorrelation results proved above as well as

lim VaI‘(TLj +7r14+1 + Tl,j_;,_g)
At—o0 3AL

= (UieAl + 020%,6/\2)'

The result follows for any fixed lag k& by induction.

Next, for both the strong fractional cointegration case (d,, € (—1, —3)) and the standard cointegration
case (d,, = —1), the proof is identical to that for the weak fractional cointegration case, except that here we
have var( fcv;'%é(afl)m)ﬂ nik), (1 =1,2) (‘as well as other similar terms) equal to some finite constants,

which does not increase with At. O
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E Proof of Theorem 3

Consider a linear combination of log P; ; and log P» ; using vector (1, —6),

log Py ¢+ — 0log Ps

Ni(t) Na(t)
= Z ek —0 Z €2k
k=N1 (t2, Ny (1)) +1 k=N2(t1 Ny (1)) +1
Ni(t) Ni(tz, Ny (1)) Na () Naz(t1,ny (1))
+ Z M,k — 0912 Z M —0 Z M2,k + 921 Z M2,k
k=1 k=1 k=1 k=1
Ni(t) Na(t) Ni(t)
= Z €1,k —0 Z €2k +(1 — 9912) Z M1,k (36)
k=N1 (t2, ny (1)) +1 k=Na(t1 ny (1)) +1 k=1
T Ty Ts
Ni(t) Na(t) N2 (t)
+0g12 Z M,k —(0 — g21) Z M2,k —921 Z 2,k
k=N (ts, ny (1)) +1 k=1 k=Na(t1 N, (1)) +1
Ty Ts Ts

Since all shock series are mutually independent and also independent of the counting processes Ni (t)

and Ny (t), we obtain

Var[log Py —0logPoy| = var(Th)+ 0%var(Tz) + (1 — 0g12)*var(T3) + 62 giyvar(Ty)
+29912(1 — 9912)COV(T3, Ty) + (60— ggl)Qvar(Tg)) + gglvar(T(;)

+2g21(0 — g21)cov(Ts, Tk). (37)

First, by Lemma 1

var(Ts) ~ (ain)\?d" + )tzd""”'1

var(Tz) ~ (03,250 h)e2dntt . (38)
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Using (24) and Lemma 2, we obtain

var(Ty) = U%,nE[{Nl(t) - Nl(t27N2(t))}2d7,+1} " U%,nE{R{Nl " (t2,N2(t))} }
T [E{Nl (t) — Ny (tQ’NQ(t))}} 2d,+1

(1+C)o, Crint (39)

IN

2 2d,+1
+ Ul,nC{E{Nl(t) - Nl(t2,N2(t))}]

where we apply Jensen’s inequality in the last inequality, noting that for z > 0and 0 < p = (2d,,+1) < 1,

the function zP is concave. Similarly,

var(Tg) < (1+C)o2, O3 (40)

Also, by (24) and (25)
var(Ty) = var(eyn)E{Ni(t) — Ni(tany0)} = aieé’l (41)
V&I‘(TQ) = V&I‘(@QJJE{NQ@) — NQ(tLNl (t))} = O'%eég, (42)

Next, we consider the covariance terms in (37) using Cauchy-Schwartz inequality. By (38) and (39)

|cov(T5, Ty)| < +/var(Ts)var(Ty) < \/(1 + C)U%mélzd"ﬂvar(ﬂ) = o(t?dnT1) (43)

and similarly by (38) and (40)

lcov(Ts,T)| < /var(Ts)var(Tg) < \/(1 + C’)ggméidn-s-lvar(ﬂ) = o(t2n 1), (44)

Overall, using (38) to (44) for (37), we obtain
Var(log Py, —0Olog ngt) ~ Ct2dnt1 (45)
2d,, +1

where €' = (1= g02)*(03 A" ) 4 (6 = 921)%(03,57 ).

The cointegrating vector is (1, —0) and the memory parameter decreases from 1 for both log prices to

1+d, O
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F  Proof of Theorem 4

The proof follows along the same lines as the proof of Theorem 3, except that we now use Lemma 3 to

obtain the asymptotic behavior of the autocovariances of the partial sums of the microstructure noise.

As in the proof of Theorem 3 we have

log Py + — 0log Ps 4

Ni(t) Na(t)
= Z err—0 Z €2,k
k=N (ts, ny (1)) +1 k=Ns(t1, N, (1)) +1
Ni(t) Ni(t2, Ny () Na(t) Na(t1,ny (1))
+ Z M,k — 0912 Z Mg — 0 Z N2,k + 921 Z M2,k
k=1 k=1 k=1 k=1
N1(t) Na(t) Ni(t)
= Z err—0 Z ear +(1 —0g12) Z M,k (46)
k=N (s, ny (1)) +1 k=N3(t1 n, (1)) +1 k=1
Ty To T3¢
Ni(t) Na(t) Na(t)
+0g12 Z Mk —(0 — ga1) Z M2,k —921 Z M2,k
k=N1 (t2, Ny (1)) +1 k=1 k=Na(t1 ny (1)) +1
Tt T5.e T6,t

The dominant term in cov(log P ; — 6 log P +,1og P1 14; — 0log P ;4 ;), based on Lemma 3, is
(1= 0912)*cov(Ts.¢, Ts 115) + (0 — ga1)*cov(Ts,1, Ts 14

~ CF2M (1 = 0g10)? Pr{N1(t) > 0} + (6 — g21)*Pr{Na(t) > 0}] .

It suffices to show that cov(Ty ¢, Tariy;) = o(j?¥+L) for LM € 1,---,6, with (L, M) # (3,3) and
(L, M) # (5,5). We will explicitly consider the cases with L < M, as the proofs for the remaining cases

are similar.

It will be shown in the proof of Theorem 5 that cov(Th , T1¢4;) and cov(Th ¢, Th14;) both have
nearly exponential decay. Independence assumptions made previously imply that cov(Ty i, Thri4;) =
0 for (L,M) = (1,M) with M # 1, for (L,M) = (2,M) with M # 2, and also for (L,M) =

(3,5),(3,6),(4,5),(4,6).
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Let Aryyj = Ni(t2,ny(t45)) — N1(t). Note that A1y is a possibly negative integer. First, we show

that for fixed ¢, At,tﬂ»/j P\ as j — oo. We have

_ Ni(t2,n, () _ Ni(ta2,n, () t2,n5(5) N2(j) »
J J J tan,y  Na(j) g

Aiiri D Ao 1
titi D 20 _ Al—A Aoy =X\
2

as j — 00, since ta n,(;) — 00 and NQ(t27N2(j)) = Na(j)-

We show next that Pr{AN;;,; < 0} has nearly exponential decay for fixed t as j — oo. Define
Z1(j) = %, and R(j) = Ni(t2,n,(j)) — N1(j). It was shown in Deo, Hurvich, Soulier and Wang
(2007) that E|Z1(j)|™ is bounded uniformly in j for all m. So is E|R(j)|™ by Lemmas 4 and 5. (See also
the proof of Theorem 5, part 2.ii). Thus, so is E|R(j)|™ where R(j) = R(j)/j'/**% . By stationarity of

(N1(-); Na(4)),

Pr{AN;,+; <0} = Pr{AN,; < 0} = Pr{Ni(ts,n,(j)) < 0} = Pr{N1(j) + R(j) < 0}

1a] o 2V EIZ G+ 2 ERG)™

. = _ -m(d.,.fl)
< P Z1(j) + R(G)| = Mg A=) =0(j 2).

Consider cov(Ty¢, Ty4;). Note that
Tae = 1,8, () - T{N1(t) > O} — 01,8y (19w (0)) - LN (B2, N, (1)) > O}
Thus, cov(Ty,¢, Tu¢4;) will consist of four terms. We will consider two of these in detail. The first term is
E [Elo1,n, @) - IH{IN1(t) > 0} 013, (t45) [ N1 ()] ~ C32 1 Pr{Ny(t) > 0}

as j — oo, where C' is the constant on the righthand side of (16) in the proof of Lemma 3. The next

term is

= |:E[9017N1(t) SI{N1() > 0} 01,8, (19 ny c140) - LAV (P2onat4)) > O} N1 (), Na ()] ] - (47)
As in the proof of Lemma 3, the inside conditional mean in (47) is
(KAszi;l I{AN,,+; > 0} + R(AN;44;) - I{AN; 14, > 0}) I{Ny(t) > O}I{ N1 (ta.ny045)) > O}
+ (K(_ANt,t+j)2d‘P71 I{ANp 145 < 0} + R(=AN;145) - I{AN; 145 < O}) H{N1(t) > OH{N1(ta2, N, (t45)) > 0}
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n (Ko I{AN,; = o}) I{N\(t) > O}{ Ny (ta.ny145)) > O}

Since Pr{ANt}tﬂ- < 0} has nearly exponential decay for fixed ¢ as j — oo, so do the expectations of the

second and third terms above. Arguing as in the proof of Lemma 3, we find that (47) is

—E | Elorn o) T{N1(1) > 0} 014, (12 wy 00 - LN (2 Nae)) > OHN1 (), Na ()] | ~ =C7>@ 1 Pr{Ny (1) > 0}

with the same constant C' as above, in view of the facts that I{AN; ;,; > 0} 2 1 and I{N; (t2, Ny (t45)) >

0} 2 1. By a similar argument, the other two terms in cov(Ty s, Ty s+ ;) also cancel each other, so that

overall, cov(Ty ¢, Ty +j) = o(j2%+1).

Similarly, cov(T6.¢, T6,1+5) = o(j24+1).
Next, consider cov(T5,, Ta,145) =

cov (@1,N1(t) I{N1(t) > 0}, @1 Ny (e+5) - TANT(E+5) > 0F = 91N, (1 wy o)) - TN (B2, Mo (5)) > 0]’) = o(j*M ™)

due to the cancelation of the two previously considered contributions to cov(T4,, T4,t+j).

Similarly, cov(T5.4, Tp.t+5) = o(j24n*1). O

G Proof of Theorem 5

As in the proof of Theorem 3, we denote

Ni(t) Na(t)
Sy =logP1; —Olog Py = Z e1,x —0 Z €2k
k=N1(t2, Ny (1)) +1 k=N2(t1 Ny (1)) +1
Sl,t S2.t
Ni(t) Ni(ta, Ny (1)) N (t) Na(ti,ny (1))
+ Y mr—b0g2 D> mk—0 > mrtgn Y, Tk
k=1 k=1 k=1 k=1
—— N——
Sa.t Sat Ss,t Se,t

= St =082+ 834 — 0912541 — 055+ + 91256t )

and evaluate the terms in cov(St, Si4;).
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1) Consider cov(S1,¢, S1,14+5) = E(S1,651,45). The term Sy, is a sum of shocks occurring in the time
interval between the last transaction of Asset 2 before time ¢ and time ¢. Similarly, S; +4; is a sum of shocks
occurring between the last transaction of Asset 2 before time ¢t 4+ j and time ¢ + j. Clearly, if at least one
transaction of Asset 2 occurs in (¢, £+ 7], we must have t5 n, ;1) > t so that E[S1 ;S144;|N1(-), No(-)] = 0
because {ej} is i.i.d.. Otherwise, to n,(14+j) = ta,na() and E[S1S145IN1(-), Na(-)] = o [N1(t) —

Ni(t2,ny(1))]- Therefore, by the Cauchy-Schwartz inequality,

cov(Sit, S1,t45) = E(Sl,tsl,tJrj):E{E[Sl,tsl,t+j|N1(')7N2(')]}

= B{o3INi(1) = Nilto,wy)] - H{Na(t + ) = Na(t) = 0} }

IN

03 AE[N1(t) — Nilta ny0)]2}2 - {P[Na(t + §) — Na(t) = 0]}2 .

By Lemma 5 and the stationarity of N;(-), we obtain

E{[N1(t) = N1(to,ny))?} = E{[N1(t — to v 0)]*} = E{[N1(BRT2,.)]*}

_ E(E{[Nl(BRTQ,t)P’Nl('),N2(’)})

IN

E {KQ(BRTQ% + 1)}
which is bounded uniformly in ¢ using Lemma 4.

Next, since Na(+) is stationary, for any positive integer m, we obtain

P[Ng(t ) = No(t) = 0} - P[Ng(j) <0

j _dT} < E|Zs(j)|

R — o)), (48)
Az =i

where Z5(j) = % This is true since it follows from the proof of Proposition 1 in Deo, Hurvich,
jatir

Soulier and Wang (2007) that E|Z2(j)|™ is bounded uniformly in j for all m. Therefore, P|Na(t +
Jj) — Na(t) = O} has nearly-exponential decay, because (48) holds for all m. Thus, cov(Si ¢, S1¢4;) has

nearly-exponential decay.
Similarly, cov(Ss¢,52,+;) has nearly-exponential decay.

2) Next, we consider cov(Ss ¢, 53 ¢45), COv(S3¢, Sa,t45), COV(Sa, S3,45) and cov(Sa s, Sayj)-
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2.i) First, we have

If Z,(j) =

cov(Ss,t, S3,t45)

= ‘C0V<€1 Mo I{NL(t) > 0}, &1 ny ey TN (E+5) > 0}>’

olgch” PINy(t+) = Ni(t) = 7. (49)

IN

W since E|Z1(j)|™ is bounded uniformly in j for all m, we get

72

3kl P e -0 =] £ Y PN <7
Z|C&,r|P[|Z1(j) —Tj_%_dT‘ > Alj%—dT}

Z e,

< jm(d —7)0 Ze—Kgl 1+Tm]nz( 53— .,.)] — O(jm(d —7))
r=0

IA

N
AT j im(5—dr)

IN

where C,,, are finite positive constants. Note that Minkowski’s inequality is used in the last inequality.

2.ii) Next, we consider cov(Ss3 ¢, S4,t4;). We have

IN

IN

IN

IN

IA

for any positive integer m. If we could show that both F

bounded, then by Minkowski’s inequality and the fact that |cg, | < Ag e

’COV(S3,tas4,t+j)’ = ’COV(fl,Nl(t)I{Nl(t) > 0}, &N, (b, i) AN (B2, Vo (145)) > 0})’

d

[ee]
ote Y lee,,| [Nl ta Ny (t4+5)) — Ni(t)

Uiﬁz‘cilr‘P[Nl to N2(t+]) Nl( )

<]
ote D lee | P{INA(t +5) = Na(0)] = [Na(t +5) = Nillamaqen)] < 7
- e
INi(t+7) = Ni(t)] — Mg Xij r -]
‘7152‘0517 { jitds B jitds B jitd = j%-ﬁ-dT}
(Mt +7) =M@ = Mg Xey
2 1 1 t.J —d
oted lee, | P{] . e R i
;0 ! ];+dT ];+dT J2+d
- Ni(t+7) = Ni@®)] —Mj Xa T ™ o m(de— L
Uifz‘cg“w‘ jE+ds B j%ﬂ]lf - j%+dr‘ A (50)
r=0

[N (t+7) =N ()] =g |™
j % +dr

and E|X; ;|™ are uniformly

~Ker for all r > 0, we could
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m
: o0 Ni(t+)=Ni(®)]=A1j  Xey .
obtain > 77 |ce, | E [N ( +J)1+d1( )=y Tl — summable in 7, hence |cov(Ss ¢, Su45)| =
= s j§ T j§ T j§ T

O(jm(dT*%)) for any positive integer m, i.e., cov(Ss3 ¢, Sa++;) has nearly-exponential decay.

Using the stationarity of Ny (-),

E

[Nl(t+j) — Nl(t)] — Alj‘m _ E‘N1<.7> - )\lj m _ E|Zl<j>|m,

j%-i—df j%‘f‘df

which is bounded uniformly in j, by the proof of Proposition 1 in Deo, Hurvich, Soulier and Wang (2007).

By Lemma 5, we obtain

BlXo,m = B{E[1X;"| M0} = B{E[(Ni(t+ 1) - Ni(taern) [N20)] }

KnE(BRIJ,,; +1),

IN

which is uniformly bounded in ¢ and j by Lemma 4. Thus, cov(Ss, S4+;) has nearly-exponential decay.

2.ii) Next, we consider cov(Sa¢, S3.¢4;). Since

cov(Sae, Sauai)| = [COVIELN, (tawye) LIV (E2, N2 (1) > O} 5 &1,y (e I{NL(E + j) > 0}
»Na (t)
< 2 Yl [P[Nilt+ ) = Nilto,wyy) = 7]
r=0
< oD lee P Nilt+ ) = Nu) = 7]

r=0

Thus, cov(Sy,, S3,4+;) has nearly-exponential decay, by the proof of (49).

Finally, since

COV(S4,t7S4,t+j)‘ = ‘COV(&,NI(tz,NW))I{Nl(tz,Nz(t)) > 0} &N, (o, i) AN (B2, Na 045)) > 0})’
< ot Z |C£1,T|P{N1(t2,Nz(t+j)) = Ni(to, Ny () = T}
r=0
< ot e, |P {Nl (B2, Vo (t45)) — N1(to,na (1) < 7"]
r=0

oo
< U%,{ Z |C§1,r
r=0

which as we have shown in (50) has nearly-exponential decay. The last inequality in (51) holds since

Ni(ta, Ny ) < Ni(t).

P Ni(to ) = Ni(t) 7] (51)
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2.iv) Similarly to the above proofs, we can show that cov(Ss ¢, Ss.¢+;), cOv(Ss5.¢,.56.t+5), cov(Se,t, S5,145)

and cov(Se ¢, S6.¢+;) have nearly-exponential decay.

3) So far, we have shown that the following terms have nearly-exponential decay as j — oo: cov(S1,¢, S1,¢45),
COV(SQvt, SQ,tJ,_j), COV(Sg7t, SS,t—Q—j), COV(Sgyt, S4,t+j)> COV(S47t, Sg,t_;,_j), COV(S47t, S4,t+j)a COV(S&t7 S5,t+j)7
cov(Ss.¢, 56,t4+5), cov(Set, S5,+;) and cov(Se ¢, Se.¢+5). Since {e1x}, {e2x}, {m x} and {n2 1} are mutu-

ally independent, the remaining covariances are all zero. O

H Proof of Theorem 6

We will treat the weak fractional cointegration case (Case 1), the standard cointegration case (Case 3)

and the strong fractional cointegration case (Case 2) separately.
Case 1: weak fractional cointegration, d,, € (—3,0).

The log prices given by (7) can be written as

Ni(jAt) Na(t1,ny(jat))
A = logPij= Y (eix+mu)+ D>, (fean+gaman)
k=1 k=1
Na(jAt) Ni(tz,ny(jat)) 1
B, = logh;= Z (e2,k + 12,k) + Z (561,k- + g12m1,k)
k=1 k=1
NQ(jAt) Nl(jAt) Nl(jAt)
= Z (2,6 + M2.k) + Z (561,k + g12m k) — Z (561,k + g12m,k)
k=1 k=1 k:Nl(t2,N2(jAt))+1
N2 (jAt) 1 N1(jAt) N2 (jAt) Ni(jAt)
= Z 2kt g Z e1k + Z N2,k T912 Z Mk
k=1 k=1 k=1 k=1
By Ba, Bs;
) N1(jA¢) N1 (jAL)
3 Z €1,k —912 Z M1,k
k=N1(t2, Ny(jae)+1 k=Ni(tz, Nyiae)+1
B47]‘ B5,j
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and

Ni(jAt) Na(jAt) Ni(jAt)
Tj = Aj — HBJ = E €1,k —0 E ek + ]. — 9912 E m,k
k=Ni(t2, ny(ian)+1 k=Na(t1 Ny Gan)+1
%,_/
T1,j=Ba,; Ty ; T3,;=Bs,;
Ni(jAt) N2(jAt) N2 (jAt)
+0g12 E N, —(0 — g21) E N2,k —921 E N2,k
k=N1(t2,Ny(jan)+1 k=N2(t1, Ny (Gan)+1
ﬁ,—/
T4,j=Bs,; T5.i=Bx2.j Ts,j

The OLS slope estimator § obtained from regressing {log Py j}i_y on {log Py}, is

Y ABy YL (0B, +T)B; 30 1B

é = o = 7 =0 + e
> -1 B3 21 B 21 B

(52)

First, we show that n=" Z?:l T,B; 2.0, where r = 2 + d, + 6 for V 6 > 0. By the Cauchy-Schwartz

inequality,

1 n 1 n 1 n
B, . - 2 \(— 2
EZTWB’W < (n2r72 ZTi’j)(nz ZB/M)
i=1 =1 =1

(53)

Tt is therefore sufficient to show that the righthand side of (53) converges in probability to zero, for

alli=1,...,6and k=1,...,5.

By (24), (25), Lemma 1, Lemma 2 and Jensen’s inequality E(X2411) < (EX)24+! for x > 0,
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dy € (—1,0), we obtain that, for any € > 0,

ZT1J>€

n2r 2

n2r 2 ZT2J>€
n2r 2 ZT3J>€
n2r 2 ZTM > €)
n2’ ) ZT51>6
n2r 2 ZTGJ > €)

as n — oo, since d, € (—

Therefore,

fori=1,...,6.

Next, since

1 n
2
Pl B>

Jj=1

and for any € > 0 and all n > 1, we can choose p >

<

IN

IN

—

—

E(Z?:1 T12,j) _ 2?21 var(Ty ;) B Z?:l 0’%601 - g%)eél
n2r—2¢ - n2r—2¢ - n2r—2¢ T p2r—3¢
E(Z?:1 T22’j) — Z;Lzl Var(Tij) _ Z?:l U%,eCQ N O'g,eéé
n2r726 - n2r726 - n27’726 - n2r736
EQCiT35) Xy var(Ts )
n2r726 - n27'72E
S L1+ C)o?  {AJALETL O(n2dnt2)
n2r—2¢ T T2, 0,

21 var(Tu,)

(1+C)at, E{[N1(jAt) -

— 0,

— 0,

Ni(ta,ny(jat))]

2dy+1}

n2r—2€ —

(1+C)at {EIN1(jAL)

— Ni(ta Ny (jat))]

n2r—26

J2dy+1

77/27”726

0  (similar as for

0  (similar as for

Iil
IN

E(Y),BY)

— 0

n2r—2€

1+ C)ain(é’l)m”“

)

n
2
ZT3]>6
j=1

n

ZT‘U > €)
j=1

1 n
2 P
n2r—2 § :Ti,j =0
P

2

n
j=1

1,0), (2r—2)=2d,+2+ 6 and (2r — 3) > 1.

(U§7e>\2jAt —+ G%O—ieAlet)

n2u

1
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1 & o
P[EZBM>
j=1

n2u

1
01 A1AL) (1 + )u

1(03 A2t + gz07 A AL), so that

u}<e



we obtain

1 n
= Bl =0,(1). (55)
j=1

Since By j = Ts 5, Bsj = T3 j, Baj =T1,; and Bs j =T, j, it follows from (54) that
Ly g2 2 56
) > B0, (56)
j=1
fori=2,...,5.

Applying (54), (55), (56) in (53), we obtain

where r =2+ d,, + 6 for any § > 0.

Next, we show that ﬁ is Op(1) by bounding it by a random variable that converges in
j=1

distribution.
Since n )y 7 af > (3°7_, a;)? for any sequence {a;}, we have,

1 1
< 7
w2y B T (i B

Note that
1 n 1 n 1 5 n 1 5 5 n n
E(Z Bj)* = E(Z Bi;)° t3 Z Bij)? + 3 Z {(Z Bi,j)(z Bs,j)] .
j=1 Jj=1 =2 j=1 =1 s#i,s=1 j=1 j=1
We will show that
n3/2 Z \/ 03 Mo At + 392 —ol  MALZ (58)
where Z is standard normal and
1 <« »
n3/2 Z Bij =0 (59)
j=1
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for i =2,...,5, so that

1 d ( 302 ) 1
- %) )
%(Z?:l Bj)2 (920'576/\2At + O'ieAlAt Z?
and
1
————— = 0,(1). (60)
To show (58), we write
1> 1 & N2 (jAt) 1 18 Ni(jAt)
0372 ZBIJ = 32 Z > et 7372 0 < dooenn
j=1 j=1 k=1 j=1 k=1
Gl G2
where G; and G are independent.
Since {eg } is serially independent,
1 NQ(At) N2(2At) NQ(nAt)
Gy = =7 (n Z e + (n — 1) Z e+ ...+ Z 627k)
n =1 k=N (At)+1 k=Na((n—1)At)+1

d O2e

= n;}z (n\/ANg,lZl + (TL — 1)\/ ANQ’QZQ + .ot/ ANQ’nZn>

d O9e

= n??}Q (\/TL2AN271 + (n - 1)2AN272 R ANQ;,L Z)

1 n
O.e ;EE:M—k+JYAN@kZ (61)

k=1

D

where = denotes equivalence in distribution, ANy ; = Na(jAt) — Nao((j — 1)At), {Zx}}_, are i.i.d.

standard normal and Z is a standard normal random variable.

Consider D defined in (61). Applying the summation by parts formula for two sequences {fx} and

{91},
Z Se(gr1 — gk) = (fas19n41 — fmgm) — Z G+t (fosr — fu)

k=m k=m
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we obtain

n n

D = Z(n — e+ 1?AN g = 3 (0 — ki + 1) [ Na(kAL) — Na((k — 1)AL)]

= k=1

- Z [ ((k +1)At) — Nz(mt)}
;\/—/ _\,_/ ———

k=

= (fugn — fogo) — Z No((k + 1)At) [(2n 2k~ 1)(=1)
k=0
= Ti(Qn — 2k —1)No((k+1)At)  (since f, =0 and gy = 0)
k=0

n

= > (2n— 2k + 1)Na(kAt)

k=1
thus
1 1 n A n
B(5D) = 53 (00— 2k + DEN(kAY)] = A28E S 00 9k 4 1)k
k=1 k=1
XAt n(n+1) nn+1)2n+1) n(n+1) 1
= 2 {Qn =2 - + 2 ] — ShaAt, (62)
and

1 1
var(ED) < ﬁz n—2j—|—1)(2%—284—1)‘COV(N2(jAt>7N2(SAt))‘

n
j=1s
n

HM:

—

< % Z Z (2n — 2§ +1)(2n — 25 + 1)\/var(Na (jAt))var(No (sAt))
< %( v/ var(No(jAt) )(Z Var(Ng(sAt))) =0n** 1) =0 (63)
s=1

Jj=1

as n — oo since d, € (0, 3) and by Theorem 1 of Deo, Hurvich, Soulier and Wang (2007),

var(Na(nAt)) ~ C(nAt)? 1 asn — oo

By (62) and (63), (%D — %AQAIf) converges in mean-square to zero, which implies that

1 1< ) p 1
—D=— z_:(n —k+1?ANy B doAt (64)

Using (64) in (61), by Slutsky’s theorem



and similarly

. 1
Gy % ”; | gMAL Zy (66)

where Z; and Z, are independent standard normals.
Overall, by (65), (66) and the independence between G and G, (58) is obtained.

To show (59), since for any € > 0, and i = 2,...,5, by Chebyshev’s inequality,

]. i Var(z?:l Bl’j)
P(’TZ}/QZBi’j >€) < ———m
j=1

n3e?

it is enough to show that,

var(325_ Bij)
_—

= 0, i=2,...,5. (67)
Since
var(Bz;) = 03,B[(N2(jA))*" "] + 03 E{R(N2(jA))}
< (14 0oz {B[N(j AL PSH = (14 C)oF , (AajAt) >t
< (14 C’)U%m()\2At)2d’7'*'1nzd’7'H (since j <n and 2d,, +1 > 0)
var(Bsz ;) < oin()\lAt)zd"HnQd"H (similar as for var(z By ;)
j=1
Val”(B4’j) = U%,eél
var(Bs ;) = o} ,E [(Nl (JAL) — Nl(tz,Nz(jAw))Qd"H} + UinE{R(Nl (JAL) — Nl(tzNz(jAt)))}
2d,+1 .
< 1+ C)ain{E{(Nl(jAt) - Nl(t27N2(jAt))} ! } =(1+ C)J%m(cl)zdnﬂ ’
we obtain
var ZB% ) < Z Z |cov(Ba,j, Bas)| < Z Z(l + C’)agm(x\znAt)ZdnJrl = O(n2®+3)  (68)
j=1s=1 j=1s=1
var Zng ) < Z Z lcov(Bs j, Bss)| = O(n*"*3)  (similar as above)
j=1s=1
var ZB4J <ZZ|COV B4],B4 g)| = ZZJieél :O(’ﬂ2)
j=1s=1 j=1s=1
var ZB5J ) < ZZ |cov(Bs j,Bs s)| = 22(1 + C)ain(é’l)zdnﬂ = 0(n?)
j=1s=1 j=1s=1
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This implies (67) and (59), since d,, < 0.

Overall, since (58), (59) are proved, we obtain (60). Thus, by (52), (57) and (60),

. LS T,B,;
n? - 0) = MY Fﬂj 25
n? Zj:l Bj

Case 3: standard cointegration, d, = —1.

When d, = =1, 1 = &6 — &1 —1 and N2 = §2.x — &2,6—1. Denote

Na(t1, Ny (jat)) Na(jAt) Ni(ta Ny (jat))

Z e+ Z €2k 4% Z €1,k

k=1 Na(t1 Ny (jae)+1 k=1
B},

B;

I BI
2,5 J
+ 912 &N (1o vy gae) LIV (B2, Mo (jar)) > 0} + &, Ny (jan I{N2(F AL) > 0}

M *
B4,j BS,J’

and

Nl(]At) N2(jAt)

Tj=A;-0B; = > err —0 > €2k

k=N1(t2,Ny(jan)+1 k=Na2(t1 Ny (jan)+1

7 Ts =B,
+ 51,N1(jAt)I{N1 (jAt) > 0} —0g12 “&1,N, (t2,N2(jAt))I{N1 (t2,N2(J’At)) > 0}
i, TRy

= 0-& Ny anI{N2(JAL) > 0} +g21 - Lo, Ny (1w, gar) L{IN1(JAL) > 0}

. “pw 4
T3 ;=Bs ; 1§ ;
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1) Consider Y Bf /T} ;. Since E(B} Ty ;) = E[E(B; ;T{ ;|N1(-), Na(-))] = 0, we obtain

var(

NIE

* *
By ;17 ;)
1

n

<.
I

n 2
B BT T - {E(Z BT, }

-

I
-

:E[

7 s=1

n

= S BB T +2Z Z E(B} ;B JI7,T7,,)
j=1 j=1s=j+1

= Y EIBE(B] Ty IN:() +2Z Z E[E(B{ ;Bi (17 ;17 [N1(-), Na())]
j Jj=1s=j+1

= > E[E(B] *[N:i(-), Na(-) - B(Ty ;*[N1 (), Na ()]
=1
+2% > E[B(B ;B INi(-), Na()) - B(TY;T1 | N1 (), Na())]
§=1s=j+1

= 07,05, E{Na(t1,n,(jan) - N1 (JAL) = Ni(ta n,an)]} (69)

j=1

O(n?), as shown in below

+ 202 03 ez Z {N2 v Gan) - [INLGAL) = Ni (o an)] - T{Na(sA) — Ny(jAL) = o}}
j=1s=j+1

By the Cauchy-Schwartz inequality,

E{Ns(t1,n,jar)) - INL(GAL) = Ni(ta,n,(jan)]}

< JE{Na(t v, gan)l2} BANUGAL) — Nlts nyGan))2} = O()

because by Lemma 4 and Lemma 5, E{[N1(jAt) — Ni(ts,n,(jar)]?} is bounded uniformly in j and by

Theorem 1 in Deo, Hurvich, Soulier and Wang (2007),
E{[Na(tr,n,Gan))*} < E{[N2(GAN)]* = {E[N2(GA)]}? + var[Na(jAL)] = (MajAt)* + 0> H) = O(%)

hence

010050 Y E{Na(tin,jar) - [N1(JAL) — Ni(ta vy jan)]} = O(n?),

Jj=1

as indicated in (69).
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Similarly, since

Z Z {Ng tl Ny jAt)) [Nl(jAt) Nl(tQ No ]At))} I{NQ(SAt) NQ(jAt) = O}}
j=1s=j+1
< > \/E{[Nz(tl,zvl(jm))P} AE[NL(jAL) = Nilta,n,an)] '}/ - {P[N2(sA) — Na(jAt) = 0]}/
j=1s=j+1
< VE{INmAPY- > Y {EINi(jAL) — Ni(tonyan)]* /" - {P[Na(sAt) — Na(jAL) = 0]}/*
O(n) j=1s=jt1 bounded uniformly in j < K(s— j)m(dr—%), Vm > 1

and by Lemma 4 and Lemma 5, E{[N1(jAt) — Ny (tZ,NZ(jAt))]4} is bounded uniformly in j, while by (48),

P[Ny(sAt) — Ny(jAt) = 0] < K(s — )™ =32) for all m > 1. We obtain that,

n n n
* * m _1
var( E B} ,T};) <O0(n*) + Kn g g (s — j)mldr=2)/4, (70)
j=1 J=1s=j+1

Consider 377 3701 (s — §)™d==2)/4 For any fixed integer 1 < j < n, we choose m > —5— so

that 7. (s — j)™(@-=3)/4 is summable in s, hence D1 e (8 — j)™@d-=2)/4 = O(n). Therefore,

vaur(z:?:1 By 17 ;) = O(n?) and by Chebyshev’s inequality, we obtain that for any & > 0,

1 n
* *x P
s 2 Bi T 50

j=1

2) Next, we consider > 7_, Bf ;T ;. Since E(B} ;T ;) = E[E(Bf ;T3 ;IN1(-), Na(-))] = 0, we have

n
var(y Bl T3;)
j=1
n n n 2
= B[ BB - {BQ BT
=1 s=1 J=1
n n n
* 2% 2 * * * *
= ZE(BLJ‘ 15 )"‘22 Z E(By ;B 15 ;T5 )
o .5
* 2k 2 * * * *
= ZE[E(BLJ' 15 ;7 IN1 (o), +22 Z E(By ; By 15 ;T5 J|N1(), N2(+))]
j j=1s=j+1

. cps * * * * : )
Since conditionally on Ni(-) and Na(+), By ;, Bi ;, T ; and T3 ; are zero-mean normals, using Isserlis
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Formula (Isserlis, 1918), we obtain

var( iBl 15 5)
> EIE(B] *[Ni(-), Na()) - E(T5 ;%I N1 (), Na ()]
j=1

#2370 30 B| BB, BN 0 Na0) - BTSN (), M)
Jj=1s=35+1

+ E(BY;T5,;IN1(), N2 () -E(B1 T34 [N1 (), N2 () + E(B7 ;T3 5 IN1(-), Na () -E(B1 T3, ;I N1 (), Na(-)) }

0 0

> E[E(B] *INi(), Na(-)) - E(T5,7|Ni (), Na ()]
i=1

+23° 3 BE(BBLING), Na () - B(T3 T3 N1 (), Na ()|

j=1s=j+1
4 - .
030 Y E{Na(t1 N, jar) - [N2(GAL) = Na(ts,n, jan)l}
Jj=1
+ 205, ) Z E{Ng(tl Nuan) - [Na(JAL) — No(ty nian)] - I{N1(sAt) — N1 (jAL) = o}}
j=1s=j+1

which is similar to (69). Following along similar lines as for (69), we obtain

1 n
5 > Bi T3, 50, V>0
j=1

3) Similarly to 1), for 327, By ;T35 ; = >0 By ;& 3y (jan{N1(jAt) > 0}, we have

IN

IN

IN

IN

var(} " Bi ;&1 jan I {N1(jAL) > 0})
j=1

030t e D BINa(tr i gan)] +203.08e 30 D0 D B Naltuman) - TN (s2A0) = Ny (A1) =} e, |
j_l 7j=1s=j+1r=0
n
03,07 5ZE Ny (jAL)] + 203 .07 52 Z ZE[A@ (JAt) - I{N1(sAt) — N1(jAt) = T}} leey |
j=1 j=1 s_j+1r 0
n(n+1)

o3 601 A At———F

5 + 203 60152 Z Z\/E{ [N2(jAL)]2} - PIN1(sAt) — N1(jAL) =] - g, , |

j=1s=74+1r=0

oot nat ™I a0z ot VENGAIPEL- Y. S S VPINGAD — NGAD 7] e |

i=1 s=54+1r=0
O(n) g s=j+1r
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Since

Z VPINi(sAt) — Ni(jAL) < 7] - [eg, , |

f: | E|Zi(s — j) —r(s — j) "2~ % |m
— S AT s—j)m(éfdf)

IN

IN

(5= 0) 0.0 S R[5 5 - )T A0

r=0
_ 0((3_]')%(%—%))

we can choose m sufficiently large so that Y70 372 \/P[N1(sAt) — N1(jAL) <1]-|ce, .| is summable

in s. Hence

n

Z P[Ni(sAt) — Ni(jAL) < 7]-|cg, .| = O(n?)
s=j r=0

\/ { N2 nAt i

O(n)

summable in s

Therefore, Var(Z:?:1 By ;61N an) = O(n?), and
1 . * * p
WzBl’jT&j 4’0, V5>0
using Chebyshev’s inequality.

By similar arguments for 2?21 B} ;T3 ;, we obtain that ¥V § > 0

4) The proof for 2?21 B3 /T;j, (i = 1,...,6) follows along similar lines as for 2?21 By T, (i =
1,...,6), since B3 ; and By ; are essentially the same since one is for Asset 1 and the other is for Asset
2. Thus, V6 >0

an B A i=1,...,6.

5) The remaining terms Y7, Bf /Ty ;, (i = 2,4,5) and (k = 1,...,6) are all Oy(n), as can easily be

shown by using the Cauchy-Schwartz inequality and Chebyshev’s inequality. For example:
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5.1) We have

n n

ZB;,jTl*,j < ZB;]? : ZTl*,jz = Op(n)
Jj=1 j=1

Jj=1

y
. . . e}
since by Chebyshev’s inequality, for any € > 0, we can choose M > L’: 2, so that

I s, 2 E(Y)_,B3,®) Y var(Bs;) 03,0y
P(nZ;BZj > M) <
=

nM oM M €
and similarly 77, Tl*,j2 = Op(n).
5.2) We have
n n
* * * 2
Bj T3 ;=) B3 ;" = Op(n).
j=1 j=1
Therefore, V § > 0
1 - * * P .
s 2 BT 50, i=245andk=1,...6.
j=1
6) Overall, when d,, = —1
1 < »
nl+o ZBjTj =0 (71)

j=1
for any § > 0.

Furthermore, the proof for (60) in the standard cointegration case is identical to that for the fractional
cointegration case, except that here we have var(zjkv;'(f) Nik) < 201,2,5, (¢ = 1,2), which does not increase
with ¢. (We still have the telescope sum even if §; is not i.i.d. and the variance of the partial sum is still

some constant.) This, together with (71), gives that

n*=°@6—6) % o0.

Case 2: strong fractional cointegration, d,, € (—1,—1).

Following along the same lines as the proof of Case 1, we can show that, the convergence rate of 0 is
arbitrarily close to v/n, using the fact that the variance of the partial sums of the microstructure noise is

a constant and not increasing with time. [
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