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Abstract

We consider estimation of the cointegrating relation in the weak fractional cointegration
model, where the strength of the cointegrating relation (difference in memory parameters) is less
than one-half. A special case is the stationary fractional cointegration model, which has found
important application recently, especially in financial economics. Previous research on this model
has considered a semiparametric narrow-band least squares (NBLS) estimator in the frequency
domain, but in the stationary case its asymptotic distribution has been derived only under a
condition of non-coherence between regressors and errors at the zero frequency. We show that
in the absence of this condition, the NBLS estimator is asymptotically biased, and also that the
bias can be consistently estimated. Consequently, we introduce a fully modified NBLS estimator
which eliminates the bias, and indeed enjoys a faster rate of convergence than NBLS in general.
We also show that local Whittle estimation of the integration order of the errors can be conducted
consistently based on NBLS residuals, but the estimator has the same asymptotic distribution as
if the errors were observed only under the condition of non-coherence. Furthermore, compared
to much previous research, the development of the asymptotic distribution theory is based on a
different spectral density representation, which is relevant for multivariate fractionally integrated
processes, and the use of this representation is shown to result in lower asymptotic bias and
variance of the narrow-band estimators. We present simulation evidence and a series of empirical
illustrations to demonstrate the feasibility and empirical relevance of our methodology.

Keywords: Fractional cointegration, frequency domain, fully modified estimation, long memory,
semiparametric.

JEL Classifications: C22.

1 Introduction
Recently, the concept of fractional cointegration has attracted increasing attention from both
theoretical and empirical researchers in economics and finance. In this theory, a p-vector time series
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2z is said to be cointegrated if each element of z; is integrated of order d, denoted I(d), but there

exists a linear combination that is I(d — 0) with § > 0. Originally, the concept of cointegration

does not restrict d and § to be integers, e.g. Granger (1981), but estimation methods have been

developed mostly for the so-called I(1) — I(0) cointegration, where it is assumed that d = § = 1.
For a precise statement, a covariance stationary time series x; € I (d), d < 1/2, if

(1 — L)d Tt = Vg, (1)

where v, € I(0), i.e. has continuous spectral density that is bounded and bounded away from
zero at all frequencies, and (1 — L)d is defined by its binomial expansion in the lag operator L
(Lzy = 24—1). The time series {z;} generated by (1) has spectral density

FO) ~gh2as )\ — 0T, (2)
where g € (0,00) is a constant and the symbol “~” means that the ratio of the left- and right-
hand sides tends to one in the limit. The parameter d determines the memory of the process: if
d € (0,1/2) the process is covariance stationary with long memory and if d = 0 the spectral density
is bounded at the origin and the process has only weak dependence. A well-known model satisfying
(2) is the fractional ARIMA model. For surveys see, e.g., Baillie (1996) and Robinson (2003).

We consider estimation of the single-equation cointegrating regression

yt:a+ﬁ/$t+uta t= 17"'7T7 (3)

where both the regressors and the errors have long memory but the errors have less memory than
the regressors, i.e. where x; € I (d;) and uy € I (dy) with d, > d,, > 0. This is the single-equation
fractional cointegration setup.

In particular, we consider semiparametric analysis of model (3) with stationary regressors,
d, < 1/2, termed stationary fractional cointegration by Robinson (1994) and Robinson & Marinucci
(2003) and subsequently considered by many authors. For example, Marinucci (2000), Robinson &
Yajima (2002), Chen & Hurvich (2003a, 2003b), Christensen & Nielsen (2006), Hualde & Robinson
(2006), and Robinson (2008) consider theoretical issues, whereas Lobato & Velasco (2000) and
Fleming & Kirby (2006) apply the model to stock market trading volume, Bandi & Perron (2006),
Christensen & Nielsen (2006), and Berger, Chaboud & Hjalmarsson (2009) to stock return volatility,
and Robinson & Yajima (2002) to spot prices for crude oil. Hence, this model has become an

1 Henry

important tool for the analysis of long-run relations, especially in financial economics.
& Zaffaroni (2003) survey empirical applications of fractional integration and long memory in
macroeconomics and financial economics.

To accommodate potential nonstationarity, we assume that (3) arises after taking fractional

differences of each variable. Thus, we consider?
Ay =a+ Az + AVuy, t=1,..,T, (4)

for some real number v > 0 to be specified later; clearly, an estimator based on (4) will be a
function of v. Now AVx, € I(d, — ) and AYu; € I(d, —7), and we continue to assume that

'For additional empirical examples, see the references in section 5 below.
2There is a slight abuse of notation since A”q is a constant which we also call a. However, because our estimators
are functions of the periodogram at non-zero frequencies only, this is irrelevant.



1/2 > d, —~ > dy —~ > 0. That way x; and possibly also u; may be nonstationary for appropriate
choice of 7. When v = d,, the condition d, — v < 1/2 is equivalent to d, — d,, < 1/2, termed weak
fractional cointegration by Hualde & Robinson (2007). It is thus seen that the weak fractional
cointegration model (4) is a transformation of the stationary fractional cointegration model (3). In
addition to v = d,, interesting special cases are obtained for v = 0, which is the stationary fractional
cointegration model, and for v = 1 in which case first differencing results in the stationary model.

After appropriate differencing our model is stationary, so a comparison with the standard time
series regression model with weakly dependent regressors is natural. It is well known that, in
the standard case, under a wide variety of regularity conditions, the ordinary least squares (OLS)
estimator of 8 in (3) is asymptotically normal, see e.g. Hannan (1979). The new complication is
that, as pointed out by Robinson (1994) and Robinson & Hidalgo (1997), when the regressors and
the errors both have long memory and are possibly non-orthogonal, the OLS estimator in (3) is in
general no longer consistent. To deal with this issue, Robinson (1994) proposed a semiparametric
narrow-band least squares (NBLS) estimator in the frequency domain (as opposed to a fixed band
estimator as considered by e.g. Phillips (1991) in a cointegration context). The NBLS estimator
assumes only a multivariate version of (2), and essentially performs OLS on a degenerating band
of frequencies around the origin. The consistency of the estimator in the stationary case was
proved by Robinson (1994). Christensen & Nielsen (2006) showed that its asymptotic distribution
is normal when the collective memory of the regressors and the error term is less than 1/2, i.e. when
dy+d, < 1/2, and under the condition that the regressors and the errors have zero coherence at the
origin. In contrast, Robinson & Marinucci (2001, 2003) consider several cases where the regressors
are nonstationary fractionally integrated and the limiting distributions for the NBLS estimator
involve fractional Brownian motion, and Chen & Hurvich (2003a) add deterministic trends.

The semiparametric approach followed here is characterized by assuming only a local model
such as (2) for the spectral density, and using a degenerating part of the periodogram around the
origin to estimate the model. This approach has the advantage of being invariant to any short-
term dynamics (as well as mean terms since the zero frequency is usually left out). Specifically, a
local Whittle estimator of the memory parameter d based on the maximization of a local Whittle
approximation to the likelihood based on (2) has been developed by Kiinsch (1987) and Robinson
(1995a). Of course, a fully parametric estimator would be more efficient, but is inconsistent if the
parametric model is misspecified.

The methods described above are combined by Marinucci & Robinson (200156) and Christensen
& Nielsen (2006), who suggest conducting a (stationary) fractional cointegration analysis in several
steps. First, the integration orders of the observed data are estimated by the local Whittle estimator.
Secondly, the NBLS estimator of the cointegrating vector is calculated, and finally the integration
order of the residuals is estimated assuming that the local Whittle approach is equally valid when
based on residuals. Hypothesis testing is then conducted on d,, as if u; were observed, and on 3 as
if d,, (which enters in the limiting distribution of the NBLS estimator) were known. Moreover, the
distribution theory for the NBLS estimator developed by Christensen & Nielsen (2006) assumes
that the long-run (zero frequency) coherence between the regressors and the errors is zero.

In this paper, we extend the stationary setting of Marinucci & Robinson (2001b) and Christensen
& Nielsen (2006) to that of weak fractional cointegration. We show that in the non-zero coherence
case a bias term appears in the mean of the asymptotic normal distribution of the NBLS estimator.
The bias term is proportional to the square-root of the bandwidth, with factor of proportionality
depending on the integration orders and the coherence at frequency zero. However, we show that



the bias can be estimated and hence removed by a fully modified type procedure in the spirit of
Phillips & Hansen (1990). The result is a fully modified NBLS (FMNBLS) estimator, which has
no asymptotic bias and the same asymptotic variance as the NBLS estimator. As a side remark,
our first result regarding the asymptotic distribution of the NBLS estimator in the general case
actually shows that the rate result proved by Robinson & Marinucci (2003) is sharp, as conjectured
in their paper. However, the FMNBLS estimator will have a better rate of convergence in general,
i.e. the same rate as the NBLS estimator under non-coherence as in Christensen & Nielsen (2006).

We also consider inference on the integration order of the error term in the cointegrating relation,
and show that in the case of stationary errors it can be consistently estimated by the local Whittle
estimator based on the residuals from a NBLS regression. However, the local Whittle estimator
converges at a slower rate than if the errors were observed except if there is no long-run coherence
between regressors and errors. In the latter case the asymptotic distribution theory for the local
Whittle estimator is unaffected by the fact that the estimator is based on residuals.

Extensions of the well known fully modified least squares procedure of Phillips & Hansen (1990)
to the case of nonstationary fractional cointegration have been examined by Dolado & Marmol
(1996), Kim & Phillips (2001), and Davidson (2004) in parametric frameworks. An alternative
fully modified procedure for the standard I(1) — I(0) model was suggested in a NBLS framework
by Marinucci & Robinson (2001a), who considered the estimator of Phillips & Hansen (1990) based
on NBLS residuals rather than OLS residuals. It was shown that because the NBLS estimator has
a smaller second-order asymptotic bias than OLS this yields improved inference in the I(1) — I(0)
model. The same approach was implemented by Robinson & Marinucci (2003) in simulations.

However, the approach taken in the present paper is more direct. We derive an expression for the
asymptotic bias term, which depends on the integration orders of the regressors and the errors and
also on the coherence matrix at the zero frequency. We show that under appropriate conditions on
the bandwidth parameters the bias term can be estimated consistently, e.g., by running an auxiliary
NBLS regression, and this can be used to modify the initial NBLS estimator to eliminate the bias.

Furthermore, we derive the distribution theory for the NBLS and FMNBLS estimators based
on the spectral representation of multivariate fractionally integrated models (see (5) and (6) below)
rather than a simplified version (see (7) below) applied in previous work on stationary fractional
cointegration including Robinson & Marinucci (2003) and Christensen & Nielsen (2006). The result-
ing normal distribution for NBLS in the stationary case is shown to have both smaller asymptotic
bias and variance than that derived by Christensen & Nielsen (2006) for the model based on (7).

In a simulation study we document the finite sample feasibility of the proposed FMNBLS
estimator. The simulations demonstrate the superiority in terms of bias of FMNBLS relative to
NBLS in the presence of non-zero long-run coherence between the regressor and the error, which
comes at the cost of an increased finite sample variance. In terms of RMSE, FMNBLS also clearly
outperforms NBLS in most cases with non-zero long-run coherence.

To demonstrate the empirical relevance of our proposed methodology, we include several brief
empirical illustrations. We first revisit the implied-realized volatility relation analyzed by, e.g.,
Bandi & Perron (2006), Christensen & Nielsen (2006), and Berger et al. (2009). We then consider a
stationary fractional cointegrating relation between the inflation rates of European Union countries,
exemplified by the harmonized consumer price indexes of France and Spain. Lastly, we investigate
the relationship between the volatilities of the General Electric stock and two stock indexes.

The remainder of the paper is laid out as follows. Next, we describe NBLS estimation of (3)
and (4) and derive the relevant asymptotic distribution theory. We also discuss inference using



the local Whittle estimator of the integration order of the errors when the errors are not observed
and residuals are used instead. In section 3 we consider the FMNBLS modification to the NBLS
estimator. Sections 4 and 5 present simulation evidence and empirical illustrations, respectively,
and section 6 offers some concluding remarks. All proofs are gathered in the appendices.

2 Narrow-Band Least Squares Estimation
We begin with some remarks about the spectral representation of multivariate long memory
models. Suppose the spectral density of the covariance stationary process wy = (AVx}, A'yut)’ is

FO)~ANTGAN) ! as A — 07, (5)

where the bar denotes complex conjugation, A (\) = diag(e~™1/2 % e=mdp/2)\%) and G is a
real, symmetric, positive definite matrix. The spectral density representation (5) is motivated by
the multivariate stationary fractionally integrated model with d, € (—1/2,1/2),a =1,...,p:

(1 — L)d1 0 Wit — Ewlt V1t
: [ ; ], t=1,..,T, (6)
0 (1 _ L)dp Wyt — Ewpt Upt
where v, = (vyy, ..., vpt)/ is a covariance stationary process with spectral density matrix that is finite
and bounded away from zero (in the sense of positive definite matrices) at all frequencies, i.e. vy
is I(0). When v; is an ARMA model, w; is a multivariate fractional ARIMA model. This class
of models is very popular in both theoretical and applied time series analysis. Since (1 — e**)?
Ae=md/2(1 + O())) as A — 0 the representation (5) follows by defining G' = limy_,q f, ().
A typical element of (5) is

fab (A) ~ GgpA~da=beimda=d)/2 a5 X 0% qb=1,...,p,

where d, and dj, appear in both in the power decay and in the phase shift. Note that fu, () differs
from the simpler representation

hab (A) ~ Gab)\_da_db as A - 0+7 a, b = 17 Ry 2 (7)

applied by, e.g., Robinson (1995b) and Lobato & Robinson (1998) for inference on the integration
orders and by Robinson & Marinucci (2003) and Christensen & Nielsen (2006) in the context
of stationary fractional cointegration. The most important difference is that f (A) has non-zero
complex part even at the origin unless d, = d for all a = 1, ..., p, and neglecting the complex part
is a source of misspecification. For a detailed comparison of f(A) and h ()), see Shimotsu (2007)
and Robinson (2008) who derive multivariate local Whittle estimators based on (5).

We remark here that the assumptions of Christensen & Nielsen (2006) (and hence also those of,
e.g., Lobato & Robinson (1998) and Lobato (1999)) and much subsequent research, unfortunately,
appear incompatible. The reason is that the real-valued cross-spectral density (7) imposed in their
Assumption A implies that the cross-autocorrelations are symmetric with respect to time, which
implies a two-sided moving average with equal lead and lag weights and not a one-sided moving
average as imposed in their Assumption B. The assumptions of Christensen & Nielsen (2006)
(and subsequent research on narrow-band estimation of stationary fractional cointegration) can be
made compatible, however, in light of their condition that G4, = G,q = 0, by assuming that the



integration orders of the regressors are all equal, i.e. that d, =d, fora=1,...,p—1 and d, > d,.
In that special case, the representations (5) and (7) are equivalent and their results correct.
To consider frequency domain least squares inference on f in the cointegrating relation (3) or

the pre-differenced regression (4), we define the cross-periodogram matrix between the observed
vectors {AVq;,t =1,...,T} and {AVry,t =1,...,T},

T T
1
Ly (7, 3) = 55 D ) (A0g)(A7rg)e N (8)

t=1 s=1

We then form the discretely averaged co-periodogram
- 2 :
r (kD) =5 ) Re(lgr (1,49)), 0<k<I<T -1, (9)
j=k

for A\; = 2mj/T. By setting k > 1 and thus excluding the zero frequency, the estimator becomes

invariant to non-zero means, i.e. invariant to « in (3) and (4). A continuously averaged version of

(9) could be considered as in Marinucci (2000), but it would not be invariant to mean terms.
With F' defined in (9) we consider the frequency domain least squares estimator

/\

Bn(7) = F (v, 1,m) Fyy (v,1,m) (10)

of 8 in the regression (4). Notice that, by this definition, 3;_;(0) is algebraically identical to the
usual OLS estimator of 8 in (3) with allowance for a non-zero mean. On the other hand, if
1 m
E+?—>0asT—>oo, (11)
then Bm('y) is a NBLS estimator using only a degenerating band of frequencies near the origin. We
need m to tend to infinity to gather information, but we also need to remain in a neighborhood of
zero where we have assumed knowledge about the spectral density, so m/T must tend to zero.

When ~ = 0, the NBLS estimator 3,,(0) in (10) is the estimator defined by Robinson (1994).
On the other hand, with v = d,, Bm(du) is a GLS-type estimator similar to the one discussed in
Nielsen (2005), who also shows that the latter in fact also corresponds to a local Whittle quasi-
maximum likelihood estimator of 8. Of course f3,,(d,) is infeasible, but a feasible version will be
discussed in the next section.

To prove our main results we assume, with obvious implications for A7y, the following con-
ditions on w; = (Avz}, A%u;s) and the bandwidth parameter. Here and throughout, the memory
parameters d,, dp, and d,, are used to refer to wg¢, wye, and wy, respectively. That is, the memory
parameters d,,a = 1,...,p, belong to the transformed regression (4) and are related to the original
memory parameters d; o, d,, and the pre-differencing parameter v by d, = dy o —7v,a =1,...,p—1,
and d, = dy, —

Assumption 1 The spectral density matriz of wy given in (5) with typical element fq (N), the
cross-spectral density between wqe and wy, satisfies

[fab (\) = GapA™ ™ Bl D(dam )2 — O(AO=da=h) g5 X — 0T, a,b

17"'apa (12)

for some ¢ € (0,2]. The matriz G is positive definite.



Assumption 2 The memory parameters satisfy 0 < dq, < 1/2 fora =1,...,p, dg +dp, < 1/2 for
a=1,...,p—1, and minlgagp_l dg — Clp = minlgagp_l d%a —dy = Omin > 0.

Assumption 3 wy is a linear process, wy = p + Z;’;O Ajei—j, with square summable coeffi-
cient matrices, Z;‘;O||Aj||2 < oo. The innovations satisfy, almost surely, F (ei Fi—1) = 0,
E ()| Fio1) = Ip, E(er @eel| Fio1) = pz, and E (€] @ erel| Fr1) = g, where ps and iy
are nonstochastic, finite, and do not depend on t, and F; = o ({e5,s < t}).

Assumption 4 Let A, (A) denote the a’th row of A(N) = > 22, A;er. Then, as A — 07,

9Aq ()

— -1 —
a)\ _O(A ||Aa (A)H)7 a = 17"'7p‘

Assumption 5 The bandwidth parameter mo = mg (T) satisfies

142 min(1,¢)
1
— 4+ %7 —0asT — oo.

mo T2min(1,9)

Our assumptions are a multivariate generalization of those in Robinson (1994, 1995a), see also
Lobato (1999) and Christensen & Nielsen (2006). Since our assumptions are semiparametric in
nature they naturally differ from those employed by e.g. Robinson & Hidalgo (1997) in their para-
metric setup, and are at least in some respects weaker than standard parametric assumptions. In
particular, we avoid standard assumptions (from stationary time series regression) of independence
or uncorrelatedness between z; and u; as well as complete and correct specification of f ().

The first part of Assumption 1 specializes (5) by imposing smoothness conditions on the spectral
density matrix of w; commonly employed in the literature. They are satisfied with ¢ = 2 if, for
instance, wy is a vector fractional ARIMA process. The more precise approximation offered by
Assumption 1 relative to (5) reflects the approximation (1 — ¢4 = |2sin (\/2) |47~ Vd/2 =
Me=im=Nd/2(1 1 O(X\?)) as A — 0, see Shimotsu (2007). The positive definiteness condition on G
is a no multicollinearity or no cointegration condition within the components of x;, which is typical
in single-equation cointegration models and in regression models.

The single-equation cointegrating regression model (3) is similar to the usual cointegrating
regression model in the I(1) — I(0) case, and the nature of the regression setup is subject to the
same advantages and disadvantages. Two important issues, given a set of more than two variables,
are to justify the single-equation regression and to justify the choice of the left-hand side variable.
For the latter issue, it is likely that economic theory can be used as guidance and in any case
this should be done on a case-by-case basis. For the former issue, since cointegration among the
regressors is ruled out by Assumption 1 (as is standard in cointegrating regression models), in
practice one would have to establish that only one cointegrating relationship exists among the
given set of variables. This could be done, e.g., by the approach of Robinson & Yajima (2002) as
in the empirical application in section 5.3 below.

Much of the previous literature on semiparametric frequency domain inference in the fractional
cointegration model distinguish (either explicitly or implicitly) between cases of coherence and
non-coherence between the regressors and the error process at the zero frequency, e.g. Robinson &
Marinucci (2001, 2003), Christensen & Nielsen (2006), and Robinson (2008). In the present notation
this condition is Ggp = Gpe = 0, for a = 1,...,p — 1. Indeed, in the stationary case, asymptotic
distribution theory for the NBLS estimator is only available in the case with non-coherence at



the zero frequency, see Christensen & Nielsen (2006). Our assumptions avoid the non-coherence
condition and thus allow correlation between the errors and regressors at any frequency.
The conditions on d, translate into conditions on v given d; , and d,. In particular, v satisfies

1
5(1;512;(_1 dpo+dy —1/2) <y < dy. (13)
For instance, we find that v = 0 is permitted only in the stationary case when also dg o + dy, <
1/2,a=1,...,p— 1. In the important GLS case with v = d,,, Assumption 2 reduces to

0 <Omin=_min dy,—d, < max dy,—d, <1/2, (14)
1<a<p—1 1<a<p—1
which is exactly the weak fractional cointegration assumption.

In view of the results from, e.g., Fox & Taqqu (1986, Prop. 1) and Lobato & Robinson (1996),
showing that quadratic forms of long memory processes with square-summable autocovariances
(2d < 1/2) are asymptotically Gaussian, we assume that d, + d, < 1/2 in Assumption 2. The
last condition of Assumption 2 is the essential assumption of cointegration, with i, denoting the
strength of the cointegrating relation.

Assumptions 3 and 4 follow Robinson (1995a) and Lobato (1999) in imposing a linear structure
on wy with square summable coefficients and martingale difference innovations with finite fourth
moments. The assumption of constant conditional variance for the innovations could presumably
be relaxed by assuming boundedness of higher moments as in Robinson & Henry (1999). Under
Assumption 3 we can write the spectral density matrix of w; as

FO) = 5o A0) A (), (15)

where the asterisk denotes transposed complex conjugation. Assumption 4 is a smoothness condi-
tion imposing differentiability of the spectral density near the origin, analogous to those imposed
on the spectral density at any frequency in parametric frameworks, see for example Fox & Taqqu
(1986). The condition is satisfied, e.g., by fractional ARIMA models.

The statements of Assumptions 1 and 4 are made in the frequency domain whereas the state-
ment of Assumption 3 is in the time domain, which follows the tradition in the literature on
semiparametric estimation in long memory models. Clearly, the assumptions are closely related,
and in particular the matrix G' in Assumption 1 is a function of the lag weights {A4;,j > 0} from
Assumption 3. The connection between the representations (5) and (7) (or Assumption 1) and
the lag weights in the linear process (Assumption 3) is explored in Theorems 1 and 2 of Robinson
(2008). In particular, it is shown there that our Assumptions 1 and 3 are compatible.?

Finally, Assumption 5 restricts the expansion rate of the bandwidth parameter my = mg (7).
The bandwidth is required to tend to infinity for consistency, but at a slower rate than 7T to remain
in a neighborhood of the origin, where we have assumed some knowledge of the form of the spectral
density. When ¢ is high, (12) is a better approximation to (15) as A — 0%, and hence (by the
second term of Assumption 5) a higher expansion rate of the bandwidth can be chosen. The weakest
constraint is implied by ¢ > 1, in which case the condition is mo = o(T?/3). A slightly weaker
bandwidth condition was employed by Christensen & Nielsen (2006) due to their assumption of

$Note that we could alternatively write our Assumptions 1-4 in terms of the model (6) and the errors v¢, as in e.g.
Shimotsu & Phillips (2005).



real-valued spectral density at the origin.

We next derive the distribution of the NBLS estimator in the fractional cointegration model
(3)-(4). This generalizes the consistency (with rates) result of Robinson & Marinucci (2003) (when
v = 0) and the asymptotic normality results of Nielsen (2005) and Christensen & Nielsen (2006)
(who assumed non-coherence at the origin and a different spectral density model).

Theorem 1 Let Assumptions 1-5 be satisfied. Then the NBLS estimator Bmo () in (10) satisfies
1. _ D _ _
Vi (M 8k By (1) = B) = K(4) P H(3)) 2 N (0, K() T ()K(3) ™) as T — 00, (16)

where Ay, = diag(A\%", .., X271 and, for a,b=1,....p— 1, K(v) = (Ka(7)), H(y) = (Ha(7)),
and J(v) = (Jap(y)) are given by

Kap(7) = 1= 2472 €05 (5 (dna — i)
Gap

Ha( m COS (g (dLa — du)) s

Jab

) =
GapG e
(f)/) = 2(1—dz’a—dpz’bb—p2du+4’y) COs (% (dit,a + dx,b - 2du)) + 2(1—d17a—dbzybp—deu+4'y) Cos (% (dxﬂ - dl’,b)) .

Proof. See appendix A.1. =

Theorem 1 refines the results of Nielsen (2005) and Christensen & Nielsen (2006) in three ways:
first, our result uses the representation (5) of the multivariate spectral density, secondly we allow
for non-zero coherence at the origin, and thirdly we generalize the result to the weak fractional
cointegration model. The cosine terms in the asymptotic distribution are a result of using the
representation (5) rather than the simpler (7), in which case these terms would not be present. In
the absence of any coherence between the regressors and the errors at the origin, the distribution
theory follows from the above results by setting G, = Gp, = 0 for a =1, ...,p — 1. Also note that
the theorem presents a simple and closed form expression for the asymptotic bias term K (v)~1H (v).
In the next section we show that K (v) 1H(v) can be estimated consistently with a sufficient rate
such that the bias can be removed and a centered distribution can be obtained.

To illustrate the distribution theory and the developments leading to the below FMNBLS esti-
mator, we consider briefly an illustrative example. Consider the two-variable stationary case, i.e.
the regression (3) or (4) with only one regressor. Denote the integration orders d, and d,, and the
spectral density matrix at the origin G = (Gyp) with a,b = x,u. In this case (16) reduces to

_ > D
VimoNgi " (B (1) = B) = (7)) = N (0,w(%)?) , (17)
where the asymptotic bias and variance terms are given by
Gy (1 —2d +2) T
") = G T —d—dut 2 <§ (da d“)> ’
s (1 —2d, + 27)? G G2, B
P = S0, —2dy 149 \ Gy T g2, ST (e —du)) ).

Note that, if the spectral representation (7) were used instead of (5), the cosine terms in both
n(7y) and w(vy) would be replaced by unity, their upper bound. The increased variance obtained
using (7) when the true model is (5) is a consequence of the misspecification of the spectral density
at the origin since the non-zero complex part in (5) is ignored in (7). Hence, using the correct



representation (5) results in a distribution theory that is more precise, both in terms of bias and
variance, as shown in Theorem 1.

Both the bias 7(y) and the variance w()? depend on v, and it is easily verified that n(y) is
increasing in v whereas w(7)? is decreasing in 7 for v € [0,d,]. Thus, as expected, the minimum
variance is attained for the GLS estimator. The fact that the bias is increasing in v will be
inconsequential since our FMNBLS estimator eliminates the bias term.

In addition to the bias, the absence of the zero coherence condition results in an additive variance

inflation of 2 2
2(1“Qdm——2du4-47)6%mCOS(W(dx—-duD > 0.

However, consistency of the estimator is not affected by the presence of non-zero coherence between

the regressors and the errors at the zero frequency, and the rate result established by Robinson
(1994) and Robinson & Marinucci (2003) (for v = 0) is, in fact, sharp in this case as conjectured
by Robinson & Marinucci (2003). This is easily seen from (17), where
de—dy
. - —1/2\dy—
Bina() = B = “Iim () Z + Ko () + op(mg X,
for Z ~ N (0,1). The consistency and rate of Bmo (v) follows immediately, and in particular,

)\fgofdﬂ” (Bmo (v) — B) il n(y). That is, when normalized as in Robinson (1994) and Robinson &
Marinucci (2003), the NBLS estimator converges to a degenerate distribution (a constant) in the
case of non-zero coherence between the regressors and the errors at the origin. However, in the
absence of coherence between the regressors and the errors at the origin and normalized by an
additional /mg, the NBLS estimator has an asymptotic normal distribution.

Given an estimate 7(7y) of n(y), we can consider the FMNBLS estimator,

Bmo (’Y) = Bmo (7) - )‘;i‘rfo_duﬁ(’y)v
P

which is asymptotically unbiased (i.e. mean zero in the asymptotic normal distribution) if 7(y) —

n(7y) at an appropriate rate. The correction is asymptotically negligible in the sense that )\Z;”O_d“f](’y) il
0. However, conditions are obviously needed to ensure consistency of 7)(y) and we need to be careful
in the choice of bandwidth parameter used to estimate 7(7y). In section 3 below we discuss these
issues and show how 7(7) can be estimated by a simple auxiliary NBLS regression.

To estimate the asymptotic bias term and to feasibly implement the GLS version of the FMNBLS
estimator Bmo (dy) we would need an estimate of the memory parameter d,, of the error term. To
that end we next consider the local Whittle estimator d, based on NBLS residuals with v = 0.
We will give the results for the stationary case where d,, < dg, < 1/2. Similar results have been
derived by Velasco (2003) for nonstationary fractional cointegration.

Thus, suppose d, is estimated by

d, = arg géiél]% (d), (18)
- A 2d <= R 1 &
R(d) = logG(d)—m—lz:log)\j, G (d) = Ezgdfﬁﬁ (0,)),
j=1 j=1

where A = [0,Ag],0 < Ay < 1/2, is the parameter space and

Laa (77 )‘J) = I (77 )‘]) + (6 - Bm(’}/))/ Re (Ixx (77 AJ)) (5 - Bm(q/)) =+ 2(5 - Bm(’}/))/ Re (Iwu (77 )‘]))
(19)
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is the periodogram of the differenced residual series AV, = Ay, — 3, (7) AVxy = AVuy + (8 —
Bm(fy))’ AYxs. The lower bound of the parameter space reflects prior information that d,, > 0, which
seems reasonable from a practical/empirical point of view. This condition could be relaxed at the
cost of a longer proof of the following theorem.

We introduce the following condition on the expansion rate of the bandwidth parameter m; =
m1 (T') used for the local Whittle estimator of d,,:

9 mo Omin g 142 (log m1)2
(log T (logmy) (m) + L T2 —0as T — oo, (20)
1

where my is the bandwidth parameter for B from Assumption 5 and ¢ is the smoothness parameter
from Assumption 1. The first part of (20) is essentially satisfied if m; diverges to infinity at a faster
rate than mg. The second part is the standard assumption on the bandwidth parameter for local
Whittle estimation, e.g. Robinson (1995a).

Theorem 2 Let Assumptions 1 and 3-5 be satisfied with v = 0 and suppose dy is given by (18)
using bandwidth my satisfying (20) and based on residuals Uy = yi — B,,,(0) z¢, where 3, (0) is
the NBLS estimator (10). Suppose d,, belongs to the interior of A and d, < mini<q<p—1dgq <

maxi<q<p—1dp,a < 1/2. Then, as T — oo,
d, —d, = Op ((log mi) (mg/m1)5m1“> Lo (21)
If, in addition, Gup = Gpe =0 fora=1,...,p—1 and (mg/ml)z‘smi"\/nTl/mg — 0, then
Jmi(dy —dy) 2 N (0,1/4) as T — oo.

Proof. See appendix A.2. m

The second part of Theorem 2 shows that, under an additional (weak) restriction on the band-
width, the local Whittle estimator of the integration order of the errors is unaffected by the fact
that it is based on NBLS residuals only in the absence of long-run coherence between regressors and
errors. In the general case the local Whittle estimator remains consistent, although it converges
at a slower rate. Moreover, the result in Theorem 2 shows that in fact the three step procedure
employed by Marinucci & Robinson (20016) and Christensen & Nielsen (2006) is valid only when
there is no long-run coherence, as assumed in Christensen & Nielsen (2006). That is, in their setup
inference on d, may be conducted based on our distributional result in Theorem 2 and is equiv-
alent to disregarding the fact that the estimator is based on residuals, as long as the bandwidth
parameter is chosen according to our assumptions.

To conclude this section we make the following assumption regarding estimation of d,,.

Assumption 6 The memory parameter d,, of the error term is estimated semiparametrically based
on NBLS residuals Uy = yi — B,,,(0)x¢ and using bandwidth parameter my satisfying (20). The
resulting estimator d,, satisfies (21).

By Theorem 2 it follows that Assumption 6 is satisfied in the weak fractional cointegration
model when d,, < 1/2 (since Theorem 2 allows maxi<q<p—1dye < 1). Similar results for the
nonstationary case are provided by, e.g., Velasco (2003).

Using a completely different approach, Robinson (2008) developed joint multiple local Whittle

11



(MLW) estimation of the memory parameters, the cointegration coefficient, and a phase parameter
in a two-dimensional stationary fractionally cointegrated system. The MLW estimator also has a
centered asymptotic distribution and the estimator of S converges at the same rate as our FMNBLS
estimator. The multivariate method enjoys the advantages of a systems approach such as possible
efficiency gains. However, it is based on numerical optimization of a multiparameter objective
function and is therefore computationally more demanding than our regression approach. Moreover,
the MLW objective function may have multiple local optima. The finite sample performance of the
MLW estimator of 5 and our FMNBLS estimator is compared in simulations in section 4.

3 Fully Modified NBLS Estimation

We next consider estimation of the bias in NBLS from Theorem 1, i.e. estimation of K (v)~'H (y).
From the definitions of K(y) and H () in Theorem 1 and its proof, we can equivalently write

K() = A A Fae (1, M) Ay H(Y) = A A P (7, A (22)

where Fy, (7,)) = fo)\ Re (fgr (7,60)) df and fqr (v,0) is the cross-spectral density between A%g,
and AVry. Thus, K(v) is the (scaled) integrated co-spectrum of AVz; and H () is the (scaled)
integrated co-spectrum between AVz; and AVuy. By rewriting K () and H () in this way, the bias
term K ()~ 1H(7) is recognized to be the (scaled) population equivalent to the coefficient estimator
in a regression of the errors from (4) on the regressors. This mimics the corresponding well-known
result from ordinary least squares when the errors and regressors are correlated. However, in our
weak fractional cointegration setup the bias term can be estimated and hence eliminated.
It follows that a natural estimator of the bias can be based on

FmQ (’7) = Fm_rl ('Ya 1a m2) FJEU ('Ya 1a m2) ’

using bandwidth parameter my = mg (T'). However, the estimator I',,(7) is infeasible since the
errors u; are unobserved. Instead, the residuals from an initial NBLS regression, i;, may be used.
Defining F,q (v,1,m) = Q%ZT:Z Re(I4(7,\;)) and noting that Fyg (v,1,m) = 0 from the first
order condition for Bmo (7), yields the feasible estimator

Ty (7) = EL (7, mo + 1,m2) Fuq (7, m0 + 1,m2) . (23)

Thus, estimation of K () 'H(7) can be based on simply calculating the coefficient estimator in
an auxiliary NBLS regression of the (differenced) residuals from the initial NBLS regression on the
same set of regressors, A7xy, i.e. on NBLS estimation of the auxiliary regression

A’yﬂt =K+ F/Afyl’ll‘t + Afy’l}t, t= ]., veuy T. (24)
The discussion of the representations (5), (7), and (12) suggest that

l
- 9 .
Fyr(y. k1) = 25 D Re(@N @20, (1,07), 0<k<i<T -1,
=k

should more precisely approximate the integrated co-spectrum Fy, (v, A), c.f. Assumption 1. Thus
we also consider the estimator

Ty (7) = Fo (7, mo + 1,ma) Epa (7, m0 + 1,ma) . (25)

For the estimation of the bias term we need the following condition on the bandwidth mso.

12



Assumption 7 The bandwidth parameter mo = mo (T) satisfies

@+——>Oa3T—>oo
mo T

where myq is the bandwidth from Assumption 5.

The first term in Assumption 7 ensures that (23) is based on an increasing number of peri-
odogram ordinates, ma — mg. The second term ensures that estimation is conducted in a neigh-
borhood of the origin, which is sufficient for consistent NBLS estimation. We can now state the
following result regarding the estimation of the NBLS bias term.

Theorem 3 Let Assumptions 1-5 and 7 be satisfied and assume that T, (v) in (23) and Tpy(7)
in (25) are based on residuals Uy = yi — B, () x¢, where B, () is the NBLS estimator (10). Then,
as T — oo,

A At Ty (7) = K () ' H ()

T

5 .
i 1/2 ma2\?\ P
) +mg " “(logT)! (—T ) ) = 0.

Il
Q
e
~//
N
3|3

Smi .
min min(1,¢)
) +m 1/2(logT) (—m2> > Lt 0,

A A Doy () — K ()" H ()

m2=7ma2

Il
Q
v
VY
7N
3|3

Proof. See appendix A.3. =

This result implies that Af,;;AleF , () and )\ﬁ;‘QAmgF , () based on residuals are both consis-
tent estimators of K (v) 1H(vy). The theorem also implies, in conjunction with Theorem 2, that
the bias )\;L‘g“ Ao K (7)"1H (%) of the NBLS estimator in Theorem 1 can be consistently estimated.
It is even possible, based on Theorems 2 and 3, to obtain a rate result for the bias estimator, which
we shall apply in the derivation of the fully modified estimator.

The FMNBLS estimator is based on a new bandwidth parameter mg = mg (T'). In particular,
Bing (1) = B (1) = A R A AL T (7)), (26)

where A,, = diag()\g,ff’l, - )\g,f’p_l). That is, the fully modified estimator Bm3 () is simply the
NBLS estimator Bm3 () corrected for the asymptotic bias. All the estimators of the integration
orders are based on the bandwidth m;. The bias correction term I';,,(7) is estimated using band-
width mg for (25) and bandwidth mg is needed to obtain the residuals upon which both (25) and
d, are based. We could have also used I'jn,(7) in (26), but Theorem 3 shows that Ty, () con-
verges at a faster rate than T, (7). Note that in Theorem 3 the estimator of K (y)~'H(v) is based
on the periodograms integrated over Ay 41,..., Am, and therefore truncates the first mg Fourier
frequencies, which may introduce variance inflation in finite samples. For example, Hurvich, Deo
& Brodsky (1998) report Monte Carlo variance inflation from trimming the lowest frequencies in
the log-periodogram regression, even though theoretically trimming the lowest frequencies has no
detrimental effect. However, as noted above, we cannot use the lowest mg frequencies due to the
first order condition for the initial NBLS estimator. This differs from the fully modified estimator
in Phillips & Hansen (1990), which uses the frequencies closest to the origin to estimate the bias
term.
For the bandwidth ms = mg (T) of the FMNBLS estimator, we need the following condition.

13



Assumption 8 The bandwidth parameter ms = ms (T) satisfies

142 min(1,¢) 26 min -2 20 min
1 my mo ma\2¢ (logT) “ms 9 2 mo
P T L <mg> s (?) g TUesT) (logma)Tms | T —0

as T — oo, where mgy, m1, and my are the bandwidth parameters from Assumptions 5-7, and ¢ is
the smoothness parameter from Assumption 1.

The condition on msg is in some ways complicated and in others quite mild and simple. The first
two terms state that mgs has to satisfy the NBLS assumption for the bandwidth, c.f. Assumption
5. At the same time, mg must diverge to infinity at a rate no faster than that of myg (fifth term on
the left-hand side) and at a slower rate than m; and mg (sixth and third terms on the left-hand
side). Note that if m; and mgy diverge to infinity at much faster rates than mg and the cointegrating
strength, dmin, is large, Assumption 8 is less restrictive. In fact, Assumption 8 is simple and easily
satisfied because it is always feasible to choose ms = my, in which case there is no need to obtain a
new NBLS estimator upon which to base the FMNBLS estimator (26). In that case the condition
simplifies significantly, and in particular the relevant assumption then becomes

1420 min 2¢ 1426 min
% +mg (%) + (log T)? (log m1)20275, —0as T — oo, (27)
m2 min ml min

in addition to Assumptions 5-7 already placed on mg, m1, and mgy. To illustrate the restriction
placed on the bandwidths by the first and last terms of (27), suppose ¢ > 1 and that we are in the
empirically relevant (see section 5 below) situation dpin = 0.4. Then choosing mg = mg = 703 is
feasible if at the same time m; = T967+%1 and my = TO675+%2 for any 91,15 > 0. On the other
hand, if m; = mo = T%® then choosing mg = mg = T52/90=%o for any 1y > 0 is feasible which
is only slightly restrictive in light of Assumption 5 on mg. Also note that it is in fact feasible in
some cases to choose ms to diverge faster than 708, which is even faster than the rate allowed for
asymptotically normal NBLS estimation, c.f. Assumption 5.

In any case, the rate of convergence of Bms (7) in the following theorem is mostly affected by the
cointegration strength din and not so much by the choice of my = ms. For example, if dpin = 0.4
and mg = mg = T3, the rate of convergence of Bmg (7) in (28) is T%*3 which is close to the usual
V/T-convergence in spite of the low bandwidth rate for ms. In general, when my = mg = T¢, the
rate of convergence of Bms (7) is T€(0-5=0min)+min  Therefore, for any ¢, when i, — 1/2 the rate
of convergence of BmB (v) approaches VT, which is the best rate attainable for fully parametric
estimators based on complete and correct specification of the spectral density at all frequencies.

Theorem 4 Let Assumptions 1-8 or Assumptions 1-7 and (27) be satisfied and let Bms (v) be the
FMNBLS estimator (26). Then

VXA By (1) = 8) 2 N (0. K (1) T()K(3) ™) as T — oc, (28)
where K () and J(7) are defined in Theorem 1.

Proof. See appendix A.4. =

Finally, we prove in the next theorem that a feasible version of the GLS-version of the FMNBLS
estimator can be implemented in the weak fractional cointegration model using an estimate of the
memory of the error term, e.g. from Theorem 2. That is, we show that Bm3(c2u) has the same
asymptotic distribution as f3,,.(dy), as long as d,, satisfies Assumption 6.
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Theorem 5 Let Assumptions 1, 3-8 or Assumptions 1, 3-7 and (27) be satisfied, let Bm3 (7) be the
FMNBLS estimator (26), and suppose the memory parameters satisfy (14). Then

A AL (B (dy) — 8) BN (0, K (dy) T I (dy) K (dy)™Y) as T — oo, (29)
where K(d,) and J(d,) are defined in Theorem 1.

Proof. See appendix A.5. =

The results in Theorems 4 and 5 demonstrate that it is possible to obtain an asymptotically
unbiased estimator of the cointegration vector in the weak fractional cointegration model (3), where
the memory parameters satisfy (14); even in the presence of long-run coherence. The feasible esti-
mator BmS (dy) in Theorem 5 has the minimum variance among the estimators Bmg (7) in Theorem
4 for v € [0,d,], c.f. the discussion following Theorem 1 in section 2 above.

In the stationary case, Theorems 4 and 5 prove that it is possible to consistently estimate (with
a mean zero asymptotic distribution) the relation between stationary time series even when the
regressors and the errors are correlated at any frequency. A necessary condition is that the time
series in question are stationary fractionally cointegrated. Results similar to Theorems 4 and 5
are obtained by Hualde & Robinson (2006) who derive the asymptotic distribution theory for a
related inverse spectral density weighted estimator, see also Nielsen (2005), which is shown to be
asymptotically normal in the stationary case.

Compared to the NBLS estimator of Theorem 1, the fully modified estimator incurs no as-
ymptotic variance inflation, only bias correction. Indeed, the FMNBLS estimator enjoys a faster
rate of convergence than the NBLS estimator in the general case with non-zero coherence between
the regressors and the errors at the origin. In particular, in the notation of the example following
Theorem 1, the asymptotic mean squared error of the two estimators are related as

AMSE (B, (7)) = maApx 2= E(B,,,. (v) — B)* = w(v)? + man(7)? = AMSE(B,,, (7)) + man(y)*.

Thus, FMNBLS with the asymptotic distribution theory of Theorems 4 and 5 constitutes a much
more useful inferential tool for the weak fractional cointegration model than the NBLS estimator,
which is commonly used in previous work and applied especially in financial economics. Further-
more, Theorem 5 shows that the FMNBLS estimator is in fact applicable in the more general weak
fractional cointegration model, and not just in the stationary cointegration case.

Consistent estimation of the parameters appearing in the variance of the limiting distribution
in (28) can be based on Theorem 2 in conjunction with the estimator

A~

1 & do.atde b—27 i(X\:—m _
G (8(7), d) = =3 Re (X7 e Commea b 21, (3))
j=1

where d = (dg1,...,dzp—1,dy) and Ig(Aj) is the (a,b)’th element of Ly, (Aj) = Luyw(0,A;); the
periodogram matrix of wy = (AVz}, AVu;). Note that § enters in (7, Aj) if @ = p and/or b = p.
Specifically, if d,, is the local Whittle estimator of d, based on @; and I(dy, A;) is the periodogram

matrix of (A% ax;, A% d;), where @; denotes FMNBLS residuals iy = y; — Bns (dy) 'z, We have
A ~ % et ]- L dAxa+dAz _2‘;14 i(N;—m dA 762 27 7 P
Cas(By (), ) = ;Re (Aj e R L (d, A») = Ga

as T — oo. The proof of this statement is omitted since it follows as in Propositions 2 and 3 of

Robinson & Yajima (2002) by noting that B, (du) — 8, = Op(my /> Az 4

4 Also note that, as in Theorem 2, local Whittle estimation of the integration order of the errors based on FMNBLS
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4 Simulation Evidence

In this section we investigate the finite sample behavior of the GLS-versiobn of the FMNBLS
estimator Bm3 (cZu) introduced in Theorem 5 above and compare with the performance of the NBLS
estimator Bm3 (0) and the MLW estimator® of Robinson (2008). We consider the following three
two-dimensional generating mechanisms for z; and u; in the cointegrating relation (3),

Model A : ;=1 —L) %ey, w=(1—L) "ey,
Model B : xy = (1— L)_d” vig, up = (1— L)_d“ €2, Vit = A1V14—1 + €1t
Model C : xp=(1— L)fd“” e, wp=(1— L)fd“ V¢, V2t = QU241 + €2,

where ¢ = [e14,£9¢)’ is independently and identically N (0, ) distributed with

1/2
= [ péé;/z pél ] '

Thus, & = var (e1¢) /var (e2;) is the signal-to-noise ratio and p = corr(ei¢, 9;) is the contempora-
neous correlation between the innovations €14 and e9;.

Based on the pair (z¢, u;) we generate y; from (3) with @ = 0 and § = 1. For all the simulations
we generate the data with (dg,d,) = (0.4,0) which is close to what is expected in many practical
situations concerning e.g. financial volatility series. This choice is made to facilitate comparison
with the MLW estimator, and is also supported by the empirical applications below where we find
estimates very close to these values in almost all cases. Unreported simulations reveal that the bias
in NBLS is more severe when the integration orders are closer, e.g. (d,,d,) = (0.3,0.1), which also
reduces the effectiveness of the bias correction procedure. However, the bias reduction in FMNBLS
relative to NBLS remains noteworthy in that case, and for larger sample sizes the bias reduction
works as well as with (dg, d,) = (0.4,0).

Models A, B, and C satisfy all the assumptions of the model, and are increasing in complexity
with Model A having no short-run dynamics whereas Models B and C include short-run dynam-
ics. Model B adds short-run dynamics to the regressor and thus disturbs the signal due to the
contamination of the low frequencies of x; from the higher frequencies which are dominated by the
short-run dynamics. In Model C short-run dynamics is present in wu; instead of z;. Note that

—a)-2? 1201 — g )11 — go) -1
G = p€1/2(1£_(1a1)—%)(1 _ a2)—1 e (1 _1)a2)(_12 2) (30)

such that when p # 0 the G matrix is not diagonal and the distribution theory for NBLS from
Christensen & Nielsen (2006) no longer applies, see Theorem 1. However, the NBLS estimator is
still consistent when p # 0. On the other hand, FMNBLS should be able to handle the presence of
the long-run endogeneity that is due to p # 0, as shown in Theorems 4 and 5 above.

We also consider the three-dimensional generating mechanism

Model D: ayy = (1 — L) % ley,, ao=(1—L) %2ey, w=(1—L) ey,

residuals is consistent and, if mo = ms, then dy, — du = Op(mg */*(log m1) (mo/m1)™=), which converges faster than
when based on NBLS residuals.
®We thank the editor and an anonymous referee for suggesting this comparison.

16



Table 1: Soi%ulation Results for Model A .
=—0. o=
Bandwidths NBLS i? MNBLS MLW NBLS FMNBLS MLW
& Tmo mi Bias RMSE Bias RMSE Bias RMSE Bias RMSE Bias RMSE Bias RMSE
Panel A: T =128

L [T%%] [T°°] -0.248 0.267 -0.053 0.160 0.212 0.943 -0.000 0.136 -0.001 0.211 0.004 0.927
|7%7] -0.056  0.156 0.195 0.772 -0.000  0.205 -0.006 0.576
|7%%] [T°S] -0.296 0.309 -0.030 0.146 0.185 1.118  0.001 0.114 0.003 0.198 0.007 0.925
|7%7] -0.032  0.145 0.193 0.810 0.002 0.193 0.001 0.349
2 |7°* |T°5] -0.175 0.188 -0.037 0.114 0.157 0.692  0.001 0.097 0.002 0.151 -0.001 0.715
|7%7] -0.040  0.111 0.137 0.587 0.001 0.147 0.000 0.384
|7°%] |[T°¢] -0.209 0.218 -0.021 0.103 0.141 0.727  0.001 0.081 0.001 0.139 -0.002 0.514
T°7 -0.023  0.102 0.136  0.579 0.001 0.136 0.004 0.527

Panel B: T' =512
L [T%%] [T°°] -0.169 0.176 -0.022 0.072 0.059 0.258 0.000 0.064 0.000 0.092 0.000 0.208
|7%7] -0.024  0.071 0.045 0.137 0.001  0.091 0.001 0.072
|7°%] [T°°] -0.203 0.208 0.003 0.066 0.058 0.231  0.000 0.057 0.001 0.090 -0.002 0.154
|7%7] 0.000 0.066 0.045 0.124 0.001  0.089 0.001 0.072
2 |7°* [T°5] -0.120 0.125 -0.016 0.051 0.036 0.149 -0.000 0.047 -0.000 0.067 -0.001 0.101
|7%7] -0.017  0.051 0.030 0.086 -0.000  0.066 -0.001 0.051
|T°®] [T°C] -0.144 0.147 0.002 0.047 0.036 0.148 -0.000 0.040 -0.001 0.063 -0.001 0.103
T°7 -0.000  0.047 0.030  0.086 -0.001  0.063 -0.001 0.051

Note: The simulations are based on 10,000 replications under the empirically relevant scenario (dz,d.) = (0.4,0),
with bandwidths ms = |T°8| and ms = mo.

where y; is generated by (3) with a =1 and 8 = [1,0]’, d, = 0, and &; = [e14, €21, €3¢)" is indepen-
dently and identically N(0,(2) distributed with
2 0 —0.75
Q= 0 2 -0.75 |.
—-0.75 —0.75 1

Note that in Model D the cointegrating regression (3) is yr = 1t + ut, i.e., 13 € I(dg1),x2 €
I(dg2),us € 1(0), and y¢ € I(dy,1). Hence, this is a three-dimensional model where the integration
orders of the regressors are not necessarily the same, but all assumptions are satisfied because one
of the regressors is not included in the DGP for 1; in particular there is no cointegration among
the regressors. The model illustrates a situation where one of the included regressor variables is in
fact not part of the cointegrating regression, and demonstrates how the estimation of the associated
coefficient (with true value equal to zero) depends on the parameters of the model, in particular on
the memory parameters, bandwidth parameters, and sample size.

For each model we use 10, 000 replications for sample sizes T' = 128 and 1" = 512, which are close
to what is found in practical applications, see also the following section, although many applications
in finance will have much larger sample sizes. The bandwidth parameters chosen for the simulation
study are m; = |T%i],i = 0,1,2,3, where 9, € {0.4,0.5}, ¥; € {0.6,0.7}, 5 = 0.8, 13 = 1), and
|| denotes the largest integer less than or equal to z.

Tables 1-3 present the Monte Carlo bias and root mean squared error (RMSE) results for Models
A-C. As expected from (16) and (30), we find that changing the sign of the contemporaneous
correlation p only causes the bias to change sign but does not change the size of the bias or RMSE,
so we only report results for p < 0. For comparison, we also report the corresponding results
for the MLW estimator of Robinson (2008) with bandwidth m; and using the NBLS, d,, and
d, estimates also applied in FMNBLS as starting values, see Robinson (2008, Remark 3). For
the MLW estimator the phase parameter is set as (d, — d,,)7/2, i.e., fractional integration, and
the MLW objective function is optimized over the three-dimensional parameter (53, d,,d,) by the
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Table 2: Simulation Results for Model B

=—075 p=0
Bandwidths ~— NBLS — FMNBLS — MIW NBLS FMNBLS MLW

mo mi Bias RMSE Bias RMSE Bias RMSE Bias RMSE DBias RMSE Bias RMSE

ai
Panel A: T =128

—1/2 [T°7] LTE";_ -0.271  0.291 -0.134 0.211 0.297 1.345* -0.000 0.143 -0.001 0.225 0.008 1.066
70

] -0.124  0.204 0.342 1.528" -0.000 0.226 0.001 0.765

[7°5] [T°C] -0.328 0.342 -0.188 0.246 0.243 1.203*  0.001 0.120 0.002 0.205 0.019 1.131
|7°7] -0.178  0.241 0.333 1.546" 0.002 0.206 0.008 0.855

/2 |T°*] |T°5] -0.078 0.086 -0.017 0.053 -0.007 0.144  0.000 0.050 0.001 0.071 0.002 0.181
T°7] -0.027  0.054 -0.027 0.058 0.000 0.065 -0.000 0.050

[7°5] [T°C] -0.089 0.095 0.037 0.066 -0.006 0.127  0.000 0.043 0.001 0.072 0.000 0.145
T°7 0.024  0.054 -0.027 0.058 0.000  0.066 -0.000 0.050

Panel B: T =512

—1/2 [T°7] LTE";_ -0.182  0.190 -0.039 0.083 0.090 0.354 0.000 0.068 0.000 0.098 -0.001 0.224
70.

] -0.034 0.080 0.086 0.235 0.001  0.099 0.001 0.080
|7%° [T%] -0.221 0.227 -0.035 0.079 0.092 0.376 0.000 0.060 0.001 0.094 -0.001 0.206
T°7] -0.030  0.078 0.086 0.235 0.001  0.095 0.001 0.080

/2 [T°* |T°®] -0.057 0.059 -0.016 0.028 -0.005 0.032 -0.000 0.023 -0.000 0.033 0.000 0.030
0-7] -0.023  0.032 -0.019  0.028 -0.000  0.030 -0.000 0.021

[7°5] [T°C] -0.066 0.068 0.003 0.024 -0.005 0.032 -0.000 0.020 -0.000 0.032 0.000 0.030
|7°7 -0.006  0.023 -0.019  0.028 -0.000  0.030 -0.000  0.021

Note: The simulations are based on 10,000 replications under the empirically relevant scenario (dz,d.) = (0.4,0),
with bandwidths ma = |7°®| and m3 = mo. An asterisk indicates that MLW did not converge for 5-10% of the
replications.

BFGS algorithm and terminated when the convergence criterion € = 1076 is satisfied or after 100
iterations.

Table 1 presents the results for Model A. A general finding is that increasing the signal-to-noise
ratio £ from 1 to 2, reduces the bias of NBLS and also improves the bias-reducing ability of the
FMNBLS procedure. This is due to the fact that the contemporaneous covariance between €14 and
g9t is reduced when ¢ increases from 1 to 2. Furthermore, estimating K (y)"1H(v) in (16) when it
is in fact zero because p = 0 inflates the variance (and hence the RMSE) of FMNBLS relative to
that of NBLS, but the fully modified procedure still yields unbiased estimates of 5. For p = —0.75
(and p = 0.75), the FMNBLS procedure bias-corrects NBLS although this comes at the expense
of an increase in the finite sample standard error of up to 50%. However, the RMSE of FMNBLS
in that case is (much) lower than that of NBLS. For the larger sample size, ' = 512, FMNBLS
yields almost unbiased estimates for all bandwidths with RMSEs much smaller than those of NBLS,
except when p = 0. Even though the bias of NBLS increases (and becomes fairly large) for larger
my, the fully modified procedure is still able to correct this, and indeed the bias of FMNBLS is
smaller when mg (= ms) is larger. Since there is no short-run dynamics, the choice of m; appears
less important. The MLW estimator performs quite poorly compared to both NBLS and FMNBLS,
especially for T' = 128. Interestingly, the sign of the bias of MLW is opposite that of NBLS.

Table 2 presents the simulation results for Model B with autoregressive coefficients a; = —1/2
or a; = 1/2.7 Now, (5) is a worse approximation to (15) when moving only a short distance away

%Tn the case of non-convergence after 100 iterations the replication in question was not included in the calculation
of bias and RMSE for the MLW estimator. Increasing the number of iterations required before termination of the
numerical optimization substantially worsens the results for the MLW estimator.

"For Models B and C we report the simulation results for £ = 2 only. The results for £ = 1 are qualitatively
similar, see also Table 1.
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Table 3: Simulation Results for Model C

=—0.75 5 =10
Bandwidths — NBLS — FMNBLS — MLW NBLS FMNBLS MLW

mo mi 1as 1as 1as Bias RMSE Bias RMSE Bias RMSE

az
Panel A: T =128

—1/2 [T°7] LTE";_ -0.113  0.122 -0.003 0.072 0.055 0.349 -0.000 0.064 -0.000 0.100 0.005 0.451
0.

] -0.010  0.069 0.012  0.145 -0.000  0.093 0.001 0.106
[7°5] [T°C] -0.133 0.139 0.036 0.070 0.047 0.337 0.000 0.055 0.001 0.097 0.001 0.325
|7°7] 0.032  0.074 0.012  0.154 0.001  0.091 0.002 0.142

/2 |T°*] |T°5] -0.369 0.394 -0.293 0.384 0.198 1.928"*  0.002 0.187 0.002 0.339 -0.048 2.479*
T°7] -0.289  0.393 0.005 1.911** 0.000  0.366 -0.001 1.951*

[T%5] [T°C] -0.430 0.446 -0.421 0.477 0.076 1.865**  0.001 0.152 0.001 0.281 -0.005 1.539

7°7 -0.443  0.503 0.093 1.717** -0.001  0.302 -0.001 1.958*

Panel B: T =512

—1/2 [T7] LTE";_ -0.079 0.082 -0.009 0.034 0.016 0.085 0.000 0.030 0.000 0.044 -0.001 0.109
70.

] -0.012  0.034 0.003  0.040 0.000 0.042 0.000 0.032
[7°5] [T°C] -0.093 0.096 0.007 0.032 0.016 0.085 0.000 0.027 0.000 0.043 -0.000 0.064
T°7] 0.005 0.032 0.003  0.040 0.000 0.042 0.000 0.032

1/2 [T%*] [T%®] -0.249 0.258 -0.123 0.158 0.239  0.794 -0.000 0.093 -0.000 0.139 -0.005 0.376
0-7] -0.108 0.150 0.389  1.282 0.000 0.152 0.002 0.528

[7°5] [T°%] -0.301 0.308 -0.177 0.204 0.231  0.735 -0.001 0.080 -0.001 0.128 -0.004 0.279
|7°7 -0.183  0.212 0.360  1.056 -0.002  0.139 -0.005 0.502

Note: The simulations are based on 10,000 replications under the empirically relevant scenario (dz,d.) = (0.4,0),
with bandwidths ma = |T%®| and m3 = mo. One and two asterisks indicate that MLW did not converge for 5-10%
of the replications and 10-25% of the replications, respectively.

from the origin, due to the contamination from higher frequencies (short-run dynamics), and we
therefore expect the bias of NBLS (and possibly also of FMNBLS) to be larger than for the case
of no short-run dynamics. Interestingly, for Model B it appears that the biases and RMSEs of
NBLS and FMNBLS are lower than for Model A when a; = 1/2 and higher than for Model A
when a; = —1/2. In Model B the MLW estimator is sometimes equal to or better than FMNBLS
in terms of RMSE in some cases with mq = LT(”J. In general, though, it does not perform as well
as FMNBLS, and in some cases it even has convergence problems marked by asterisks in the table.

Next, we turn to Model C. Table 3 presents the simulation results, which are quite different for
a; = —1/2 and ay = 1/2. Compared to the results of Model A, the NBLS estimator is actually
less biased in this setup when as = —1/2. This suggests that negative autocorrelation in w; offsets
some of the bias in the NBLS estimator introduced by contemporaneous covariance between z; and
ug, see (30). Consequently, the FMNBLS procedure works very well and generally yields almost
unbiased estimates and also large reductions in RMSEs when as = —1/2. When ay = 1/2, Model
C results in extremely large biases for NBLS. For the small sample size the NBLS biases when
p = —0.75 range from 0.37 to 0.43 in absolute value, and for the large sample size the biases are
still about two-thirds of the bias for the smaller sample size. For the small sample size, this yields
an imprecise estimate of K(v)"1H(v), and as a result FMNBLS is still biased, although the fully
modified procedure generally still manages to reduce the bias quite considerably and has a smaller
RMSE than NBLS. For 7" = 512 FMNBLS has low bias and the RMSE is again (much) smaller than
that of NBLS. The performance of MLW is similar to that in Table 2 with convergence problems
for the small sample size when as = 1/2, and performance equal to or better than that of FMNBLS
only when ay = —1/2 and at the same time m; = |T%7] and T = 512.

Finally, we turn to Model D with two regressors with memory parameters (d 1,d;2). In this
case, as in Model A, the bandwidth m; has no significant effect since there is no short-run dy-
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Table 4: Simulation Results for Model D

Bandwidths NBLS FMNBLS
(dl,dz) mo mi Biasl Biasz RMSEl RN]SICQ |§iasl |§iasz RI;]SICl RN]SI‘}Q

Panel A: T =128
(0.25,0.40) [T°*] [T°°] -0.207 -0.125 0.235 0.146 -0.118 -0.034 0.220  0.117

|77 ] 20.118 -0.034 0216  0.115

[T%%] [T°5] -0.233 -0.149 0.248  0.162 -0.126 -0.020  0.199  0.105

[T%7] 20.127 -0.021  0.197  0.104

(0.40,0.25) |[T%*] [T%®] -0.124 -0.211  0.145 0.238 -0.033 -0.126  0.116  0.221
7% 20.032 -0.125 0.113  0.217

[T°5] [T°%] -0.147 -0.235 0.160  0.250 -0.016 -0.132  0.105  0.204

7% 20.017 -0.132  0.103  0.201

(0.40,0.40) |[T%*] [T%¢] -0.127 -0.127  0.152  0.152 -0.036 -0.034  0.127  0.126
7% 20.037 -0.036 0.124  0.125

[T%%] [T°%] -0.151 -0.150 0.166  0.166 -0.021 -0.020 0.114  0.115

707 -0.022 -0.021  0.112  0.113

Panel B: T =512
(0.25,0.40) [T°*] [T°°] -0.165 -0.085 0.176 0.092 -0.081 -0.015 0.122  0.051

707 -0.082 -0.015  0.121  0.050

|T°5] [T°%] -0.187 -0.102  0.193  0.107 -0.087 -0.001  0.118  0.047

7% ] 20.088 -0.002 0.118  0.047

(0.40,0.25) [T°*] |T°¢] -0.086 -0.165 0.093 0.176 -0.015 -0.081  0.053  0.123
7% 20.015 -0.081  0.052  0.122

|7°%] [7°%] -0.103 -0.187  0.108  0.193 -0.002 -0.087  0.048  0.119

[T%7] 20.003 -0.087  0.048  0.118

(0.40,0.40) |[T°*] |7°°] -0.087 -0.086  0.095 0.095 -0.016 -0.015  0.057  0.057
707 -0.016 -0.015  0.056  0.056

|T%5] [7°%] -0.103 -0.103  0.109 0.109 -0.002 -0.002  0.052  0.052

707 -0.003 -0.003  0.051  0.052

Note: The simulations are based on 10,000 replications with d3 = 0 and bandwidths mgy = \_TO‘SJ and ms3 = mo.

namics. Increasing the bandwidth mg appears to worsen the results for NBLS but improve those
for FMNBLS, both in terms of bias and RMSE. The most interesting aspect of Model D is the
comparison across different values of (d; 1,d;2). In this respect we find for both NBLS and FMN-
BLS that bias and RMSE are higher for the coefficient on the variable with the lowest memory
parameter. This finding is in line with theory and with unreported simulations of Models A-C with
(dg,dy) = (0.3,0.1). The results appear symmetric with respect to the variable that is included in
the cointegrating regression (x1;) and that which is excluded (zg;).

Overall, the simulations clearly demonstrate the superiority (in terms of both bias and RMSE)
of the fully modified estimator relative to NBLS in the presence of non-zero long-run coherence
between the regressor and the error. In all models, the bias-reduction of FMNBLS relative to
NBLS is considerable, and for the larger sample size the bias practically disappears. The cost of
this bias correction is an increase in the finite sample standard deviation of approximately 30-50%
for the models considered here. However, the results indicate that this is more than off-set by
the large bias reduction when p # 0 thus yielding reductions in the RMSE. The simulations also
suggest that the GLS-version of the FMNBLS estimator is superior to the MLW estimator in many
circumstances. This could possibly be due to the extra flexibility of the FMNBLS estimator from
using separate bandwidths for estimation of the cointegration vector, the integration orders, and
the asymptotic bias term.
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Table 5: Implied-Realized Volatility Application
Panel A: Long Memory Estimates, d

Realized volatility Implied volatility
Bandwidth yr =Inorvy e =Inorv,
my = |T%| 0.4476 0.4527
(0.0822) (0.0822)
my = | T%7] 0.4162 0.3503
(0.0606) (0.0606)
my = |T%8] 0.4180 0.2801
(0.0449) (0.0449)
Panel B: Cointegration Analysis
NBLS FMNBLS
Bandwidths Gms(0) B,,.(0)  du  Gmy(du) B, (d)  du
mo = [T%*],m1 = |T°¢] —0.9403 0.8364 0.1046 —0.0390 1.2792 0.1778
(-) (0.0822) (0.1305)  (0.0822)
mo = |T%*|,m1 = |T°7] —0.9403 0.8364 0.0987 0.0289 1.3126 0.1341
(0.1325) (0.0606) (0.1746)  (0.0606)
mo = [T%*],m1 = |T°8] —0.9403 0.8364 0.0718 —0.2893 1.1562 0.0616
(0.1227) (0.0449) (0.1554)  (0.0449)
mo = |T°%|,m1 = |T°€] —0.9990 0.8076 0.1145 —0.2018 1.1992 0.1525
(-) (0.0822) (0.0976)  (0.0822)
mo = |T°%|,m1 = |T°7] —0.9990 0.8076 0.1079 —0.1359 1.2316 0.1181
(0.1242) (0.0606) (0.1317)  (0.0606)
mo = |T°%|,m1 = [T°®] —0.9990 0.8076 0.0805 —0.3470 1.1279 0.0582
(0.1044) (0.0449) (0.1264)  (0.0449)

Note: Panel A reports local Whittle estimates of the fractional integration orders as described in Robinson (1995q).

Numbers in parentheses are asymptotic standard errors using \/mil(dAf d) 5 N(0,1/4). Panel B reports NBLS and
FMNBLS estimates with ms = LTO'SJ and ms = mg. The asymptotic standard errors for the NBLS and FMNBLS
estimates are based on (16) and (28), respectively. Standard errors for d. and d, are based on the same asymptotic
distribution as ci7 and should be used with caution, see Theorem 2.

5 Empirical Illustrations
We apply NBLS and FMNBLS to three different empirically relevant examples.

5.1 The Implied-Realized Volatility Relation

Recent contributions by, e.g., Comte & Renault (1998), Bandi & Perron (2006), Christensen
& Nielsen (2006), and Berger et al. (2009) including empirical evidence, have pointed towards
viewing the predictive regression between implied volatility (IV) and realized volatility (RV) as one
of stationary fractional cointegration. However, the possible existence of a volatility risk premium
that is correlated with IV can bias the NBLS estimator from a regression of RV on IV, which
ultimately can lead to a wrongful rejection of the long-run unbiasedness hypothesis, see Bandi &
Perron (2006). Furthermore, the existence of an unobserved risk premium can also imply a negative
intercept in the regression, and thus long-run unbiasedness is typically upheld if the cointegrating
coefficient is § = 1 regardless of the presence of the intercept.

We sample S&P500 index options (SPX) data from the Berkeley options data base covering the
period January 1988 through December 1995 and calculate T = 412 weekly Black-Scholes implied
volatilities and the corresponding S&P500 realized volatilities, see Christensen & Nielsen (2006) for
details. In particular, Christensen & Nielsen (2006) find that the log-volatilities are stationary, with
insignificantly different long memory estimates, and that NBLS regression yields a cointegrating
coefficient S ranging from 0.84 to 0.89 for different bandwidth choices.

Panel A of Table 5 shows the memory estimates for the two log-volatility series. As found by
Christensen & Nielsen (2006), the series are stationary (d < 1/2) and exhibit long memory.
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In Panel B of the table we show estimates (with asymptotic standard errors in parentheses) of
the (stationary) fractional cointegration relation between the two log-volatility series, IV and RV,
for a variety of bandwidth parameters: mo = mg € {|T°4], [T%?]}, my € {|T%6], |T°7], | T®]},
and mg = |T98]. The NBLS estimates are of course in line with the results of Christensen & Nielsen
(2006), with the parameter of interest, 3, estimated to be 0.81—0.84. For mg = |T°°],my = |T°38]
it is significantly less than umty when applying the asymptotic distribution theory in Theorem 1.
Note that in two cases dy + dy > 1 /2 so that Theorem 1 does not apply to the NBLS estimator
and the asymptotic standard error is denoted by (—). The FMNBLS procedure corrects for the
possible correlation between the regressor and the error term; those estimates are displayed in
the final columns. We obtain point estimates of § that are now above unity, but insignificantly
different from unity except when my = |7%6|. Thus, our estimates generally tend to support the
long-run unbiasedness hypothesis, 3 = 1. Finally, we notice that with m; = |T%®] both the NBLS
and FMNBLS estimates support an I(d) — I(0) relation with d around 0.35 — 0.4, although, c.f.
Theorem 2, the usual asymptotic distribution may not apply for dy, and d, (cfu denotes the estimate
based on NBLS residuals 4; and CZu denotes the estimate based on FMNBLS residuals ).

5.2 Inflation Rate Harmonization in the European Union

We also examine consumer price indexes of France and Spain. Methods for calculating the
consumer price index vary across different countries, which makes international comparison more
difficult, and because of this we use the harmonized index for consumer prices (HICP) developed
within the European Union based on a coordinated methodology.

Since the differentials between the inflation rates of individual member countries of the European
Union are constrained, we expect that there exists a stable relationship between the inflation rates.
Furthermore, based on evidence of long memory in inflation rates in Doornik & Ooms (2004) we
expect that relationship to be one of stationary fractional cointegration. We calculate T = 159
monthly inflation rates based on the HICP of France and Spain. This data was obtained from
Eurostat and covers the period January 1992 through April 2005.

Panel A of Table 6 shows that the memory estimates decrease as the bandwidth increases. This
may be due to an added noise perturbation or, more likely, due to the distinct seasonal patterns
in inflation series; possibly reflecting seasonal long memory, see Doornik & Ooms (2004). Instead
of filtering this out by ad hoc procedures, we focus on the results for the lowest bandwidth, m; =
|73 |, which should be less sensitive to contamination from higher (e.g. seasonal) frequencies. For
this bandwidth, the memory estimates for both inflation rates imply that the series are stationary.

Panel B of Table 6 again supports the notion of I(d) — I(0) cointegration with d around 0.35.
Here, the FMNBLS estimates are much higher than the NBLS estimates. In particular, the FMN-
BLS estimates of the cointegration coefficient are significantly higher than unity at the 1% level in
both cases, implying that the long-run rate of inflation in Spain is higher than that in France (by
over 80% according to the point estimates). In addition, the estimates of d for the residuals are
lower for FMNBLS than for NBLS although all appear insignificantly different from zero (again,
the usual asymptotic distribution may not apply, see Theorem 2).

5.3 Realized Volatility Relations

Finally, we analyze the relation between the realized volatility of the General Electric (GE)
stock and those of the Dow Jones Industrial Average (DJIA) and NASDAQ 100 indexes. IL.e., there
are three variables in this application. The realized volatilities are monthly and are constructed
based on daily returns calculated as the difference in log-open and log-close prices. The sample
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Table 6: Inflation Rate Harmonization Application
Panel A: Long Memory Estimates, d

Spain France
Bandwidth Y = TS, Ty = Tr
my = [T%%] 0.4007 0.3048
(0.1443) (0.1443)
my = |T%°] 0.0990 —0.0690
(0.1118) (0.1118)
my = |T%7] —0.1847 —0.1377
(0.0857) (0.0857)
Panel B: Cointegration Analysis
NBLS FMNBLS
Bandwidths Gms(0) B,,.(0)  du  Gmy(du) B, (du)  du
mo = [T%*],m1 = |T°®] 0.0011 1.1395 0.0852  0.0001 1.8619 0.0100
(0.3139) (0.1443) (0.2797)  (0.1443)
mo = |T%*],m1 = [T°®] 0.0012 1.0577 0.1048  0.0011 1.8272 0.0099
(0.2965) (0.1443) (0.2470)  (0.1443)

Note: Panel A reports local Whittle estimates of the fractional integration orders as described in Robinson (1995a).
Numbers in parentheses are asymptotic standard errors using /m(d — d) KA N(0,1/4). Panel B reports NBLS and
FMNBLS estimates with m2 = |T%®] and ms = mo. The asymptotic standard errors for the NBLS and FMNBLS
estimates are based on (16) and (28), respectively. Standard errors for d. and d, are based on the same asymptotic
distribution as CZ, and should be used with caution, see Theorem 2.

covers January 1990 to December 2008, i.e. T = 228.

Panel A of Table 7 shows that the memory estimates of the three realized volatilities are very
similar and stable across bandwidths with point estimates around 0.4, except for the middle band-
width where point estimates are higher and suggest nonstationarity. A test of the hypothesis that
all memory parameters are equal, see Robinson & Yajima (2002, section 3), is insignificant at con-
ventional levels for all bandwidth choices in the table. In Panel B of Table 7 we present cointegration
rank statistics from Robinson & Yajima (2002) using bandwidth mg for rank statistics and m; to
estimate memory parameters. In the remainder of the table we ignore bandwidth m; = |T%7] to be
able to apply their results. In particular, using the notation of Robinson & Yajima (2002, section
3), Panel B presents the eigenvalues of the correlation-type matrix P, and the value of the model
determination function L(u) using v(T) = mgy%*. The rank can be determined by argmin L(u),
which suggests that the rank is one. Thus, we conclude that a regression approach is appropriate
in this multivariate system.

In Panel C we report estimates of the stationary fractional cointegration relation between the
realized volatilities of GE and the DJIA and NASDAQ indexes. Clearly the volatility of GE
should be related to the broader market volatility, so it seems reasonable to assume that the
volatility of GE enters in the cointegrating regression with a non-zero coefficient. Moreover, we are
interested in analyzing how the volatility of GE depends on the volatilities of the two indexes, so we
choose y; to be the realized volatility of GE. From the results, it appears that the NBLS estimator
underestimates the slope coefficient on DJIA in the cointegrating relation. Both the NBLS and the
FMNBLS results indicate that the volatility of GE most strongly follows that of the DJIA.

6 Concluding Remarks

We have considered estimation of the cointegration vector in the weak fractional cointegration
model. A special case is the stationary fractional cointegration model which has found important
application recently, especially in financial economics. Previous research has considered Robinson’s
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Table 7: Realized Volatility Relations Application
Panel A: Long Memory Estimates, d

GE Dow Jones NASDAQ
Bandwidth Yy = O'QGE,t Tit = 02D“ Tor = O'?VDyt
my = [T%| 0.4350 0.3526 0.4383
(0.1000) (0.1000) (0.1000)
my = [T%7| 0.5041 0.4080 0.5980
(0.0762) (0.0762) (0.0762)
my = [T%8| 0.3958 0.4277 0.4026
(0.0585) (0.0585) (0.0585)
Panel B: Cointegration Rank Analysis
Eigenvalues of P L(u)
Bandwidths 1 2 3 u=0 u=1 u=2
mo = [T%*],m1 = |[T°9| 2.3523 0.5889 0.0588 —1.6942 —2.0706 —1.9170
mo = [T%*],m1 = |T°8] 2.3522 0.5889 0.0588 —1.6942 —2.0706 —1.9170
mo = |T°%],m1 = [T°F| 2.4420 0.4764 0.0816 —1.9561 —2.2224 —2.0940
mo = |T°%],m1 = T8 2.4419 0.4764 0.0816 —1.9561 —2.2224 —2.0940
Panel C: Cointegration Regression Analysis
NBLS FMNBLS
Bandwidths Gtms (0) B ms (0) dy Gy (dy) By (du) du
mo = |T%*],m1 = [T°®]  0.0001 1.6478 0.1825 0.0192 —0.0003 1.8591 0.1828 —0.0004
(0.1321) (0.0211) (0.1000) (0.1327)  (0.0182)  (0.1000)
mo = [T%*],m1 = |T°8]  0.0001 1.6478 0.1825 0.0409 —0.0002 1.8349 0.1837 0.0561
(0.1318) (0.0332) (0.0585) (0.1281)  (0.0348)  (0.0585)
mo = [T%%],m1 = |T°%]  0.0003 1.4828 0.2061 0.0362 —0.0001 1.6043 0.2311 —0.0023
(0.1203) (0.0257) (0.1000) (0.1134) (0.0166)  (0.1000)
mo = |T°%],m1 = [T°®]  0.0003 1.4828 0.2061 0.0402 —0.0001 1.5824 0.2344 0.0442
(0.1188) (0.0300) (0.0585) (0.1069) (0.0296) (0.0585)

Note: Panel A reports local Whittle estimates of the fractional integration orders as described in Robinson (1995aq).

Numbers in parentheses are asymptotic standard errors using \/m1(d — d) 3 N(0,1/4). Panel B reports rank
statistics from Robinson & Yajima (2002) and Panel C reports NBLS and FMNBLS estimates with ma = |T°8]
and ms = mo. The asymptotic standard errors for the NBLS and FMNBLS estimates are based on (16) and (28),
respectively. Standard errors for d. and d, are based on the same asymptotic distribution as (f, and should be used
with caution, see Theorem 2.

(1994) semiparametric frequency domain narrow-band least squares (NBLS) estimator. For this
estimator, a condition of non-coherence between regressors and errors at the zero frequency has
sometimes been imposed, e.g. Christensen & Nielsen (2006). We have shown that in the absence of
this condition, NBLS suffers from an asymptotic bias although it remains consistent as proven by
Robinson (1994). We have also shown that the bias can be consistently estimated, and consequently
we have introduced a fully modified NBLS (FMNBLS) estimator which eliminates the bias while
still having the same asymptotic variance as the NBLS estimator. Indeed, FMNBLS enjoys a faster
rate of convergence than NBLS in general.

Furthermore, the development of the asymptotic distribution theory is based on a different
spectral density representation compared to much previous research. This representation is relevant
for multivariate fractionally integrated processes, e.g. fractionally integrated vector autoregressive
moving average models. It is demonstrated that the use of this spectral representation results in
lower asymptotic bias and variance of the narrow-band estimators.

In a simulation study we have documented the finite sample feasibility of the proposed FMNBLS
estimator. The simulations clearly demonstrate the superiority with respect to bias of the fully
modified estimator relative to NBLS in the presence of non-zero long-run coherence between the
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regressors and the errors. Although this comes at the cost of increased finite sample variance,
FMNBLS is superior in terms of RMSE in simulations with long-run coherence between regressors
and errors. The simulations also indicate that the bias correction method works well in the presence
of short-run dynamics in regressors and errors. To demonstrate the empirical relevance of our
proposed methodology we have considered a series of brief empirical illustrations, all of which
support the notion of a stationary fractional cointegration relation.

Appendix A: Proof of Theorems
A.1 Proof of Theorem 1
First write \/m /\mO o (,@’mo (v) — B) as

-1
P 27
Amo)‘m}) " Z Re (Iza (7, Aj)) Amo Amo)‘ngg Ty mo— Z Re (Ipu (7, A5)) -
i=1 j=1

Let I,5();) denote the (a, b)’th element of I, (0, \;); the periodogram matrix of wy = (AVx}, AVuy)'.
Then the (a, b)’th element of A, A\ 172728 T 20 Re (Lz (7, Ag)) Ay 18 Ao tdp=121 T 250 Re (Tap (A))),

mo“‘mo

which converges in probability to Kab( ) by Lemma 6(c). Note that G and thus the leading
(p—1) x (p— 1) submatrix of G and therefore K (), is invertible by Assumption 1.
For the second term we show that

\/WTO A )\d“_l 2727TZR8 Iy '75 ) H(V) gN(O7‘](’7))'

By the Cramer-Wold device, for any (p — 1)-vector 7, we need to examine

’r]/‘ /Mo ()\%0_1_27Amﬁ1xu (77 17 m()) - H(’Y))

p—1

= Z%\/”TO a+d _12WZRG ap a('}’)

= Znarxd“”ﬁ 12”2Re Lap (\j) = Aa (A) Lec (0,0)) A% () (31)
+ZnaFAda+dp‘12”ZRe ) 1oc (0,05) A5 (A) — fap (0)) (32)

p—1

2T
+ navme | M TN ZRe far \)) — Ha() | (33)
a=1

where I.. (0, \;) is the periodogram matrix of ¢; from Assumption 3.

By Lemma 6(a) it follows that (31) is Op(mal/6 (log mo)*/® + mal/Q (logmg) +T~/4), and by
Lemma 6(b) that (33) is O(m mln(1’@5)“/27’_ min(L,¢)) - Thus, both terms are op (1) by Assumption
D.
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Eq. (32) is

Z%FACIﬁdp 127TZR6<

+znamda+dp—12”zf{e

Note that D = T-'S°L e} —

I, satisfies ||D|]|

1
e ( Zstet ) e >) (31)
1 & .
Aa (V) g D Y aele I A () (35)
g t=1 s#t
= Op(T~Y/?) since g} — I, is a martingale

difference sequence with finite second moments. Then, by the Cauchy-Schwarz inequality and since

HA!Z()‘)H:O( faa(/\))a
1/2 mo 1/2
1/2 dq+d
(34) = Op | max mg" D] X" ZHA > 14, I
j=1
1/2 1/2
mo mo
—1/27— dq+d
= Op | max mg PTPXET ST fa ) | ()]
- 7j=1 j=1

which is Op()\%r{(?).
Next, the term inside the parenthesis in

1 T t—1
(z
t=2 s=1
T t-1
= Sl Y (aele
t=2 s=1
so that
P NG
d —|—d -1
(35) = D nap Z 4y
a=1 =1 t=2 s=1
T  t-1
= D &) crses
t=2 s=1
where
P 0,;
Ct=s QWT\/iz ok
0, = (Z Ao AL (A7) Ay ()

Re (wje

—i(t—s)A; + wje (t—s)Aj)

giehe —i(t— S)AJ#—Z Z giehe”

(Rew; + Rewf) cos ((t — s) Aj) +

eq. (35) can be rewritten as

i(t—s) )A*()\)

t=1 s=t+1

7zt 8)A; T Zna da+dpA* j) A, (A]) ei(ts))\j>

(Imw; — Im w;) sin ((t — s) A\j),
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and we have defined w; = Y 7~ 1 a)\fm;r o Al (/\ ) flp (Aj). By defining the triangular array (subscript
T is omitted for brevity) 23 = 0 and z; = ¢} Zs 1 Ci—s€s,t = 2,..., T, we can apply the martingale
difference central limit theorem of Brown (1971) and Hall & Heyde (1980, chp. 3.2) if

p—1p—1

ZE Zt‘]:t 1 ZZ”a”bJab —>0, (36)

a=1 b=1
ZE (2}) — 0, (37)
t=1

since z; is a martingale difference array with respect to the filtration (F3),c, Ft = 0 ({gs, 5 < t}).
We first show (36). The first term on the left-hand side is

t—1 -1 T t-1 T t-1
!/ !l !l
E E E elcy_sereictrer| Fro1 | = E g €4Ci_oCt—sEs + g E E gici_sCt—rer.  (38)
s=1r=1 t=2 s=1 t=2 s=1 r#s

By slight modification of Lemma 4 of Nielsen (2005) the second term on the right-hand side of (38)
is op (1). Following the method of Robinson (1995a), we need to show that the mean of the first
term on the right-hand side of (38) is asymptotically equal to Zg;} 5;11 NaMpJan(y). Thus,

T t-1 T t-1
ZZEtr (cg_sct,sess's) = ZZtr (cg_sct,s)
t=2 s=1 t=2 s=1
T t—1 mo
=2 47r2T2 (939:) (39)
t=2 s=1 j=1
t—1 mgo

T
+ Z Z Z 772T2m0 r (0] ek) (40)

t=2 s=1 j=1 k#j

Note that, from standard trigonometric identities, see also Lemma 3 of Shimotsu (2007),
S S cos (sj) cos (sh) = O(T). j #k,
Z% > 1 sin (sAj)sin (sA\,) =0 (T), j#k,
= 11 D1 cos (sA;)sin (she) = OT?(G+ k) +T2j—k™Y), j#k
tT:_ll ZST:_f cos? (s\j) = L +o (T%), j=1,..m
tT:]l ZST;It sin? (s\j) = TT +o0 (T2) , j=1,..m
It is thus easily seen that (40) is of smaller order than (39), so we focus on (39) for which
tr (050;) = tr((Rew;+ Rew)) (Rew; + Rew)) cos? ((t — s) Ay))
+tr ((Imwj - Imw;)/ (Imw; — Imw;) sin? ((t — s) )\j))
+tr ((Rew; + Rew’-) (Imw; — Imw;) cos ((t — s) Aj)sin ((t — ) A;j))
+tr ((Imw] Im o/, ) (Rew; + Rew}) cos ((t — s) Aj) sin ((t — s) )\j)> :
The last two terms cancel and the sum of the first two terms can be written as
tr (00;) = tr ((Rewj + Rew;)2 cos ((t — s) \j )) —tr <(Imwj — Imw;-)2 sin? ((t — s) )\j)>
= tr ((Rewj + Rew;)2 — (Imw; — Imw;)2> cos® ((t — s) \j)
—tr ((Imwj - Imw;)2> (sin2 ((t —s) \j) — cos® ((t — s) )
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where the second of these terms is of smaller order by the trigonometric relations above. Using the

fact that 2Re (X) = X + X and 2iIm (X) = X — X for any complex matrix X, the first term can
be written as

tr (2 (wj +@; + Wi+ W} ) —(20)7? (wj —@j — Wi + w;‘-)2> cos? ((t — s) \j)
1 2 *2 * * -2 2 — . !~ 2
= 3 tr (wj + Wi+ wjw; + wiwj + 05 + w; + wjw; + ijj) cos” ((t —s) Aj)

= tr (w? + w;fQ + wjw; + w;-wj) cos® ((t — s) \j).

Hence, we have found that (39) is asymptotically negligibly different from

T t—1 mo
2212147T2T2m0 w + wj —i—ij + W} wj)cos ((t=s)A)
s=1j
T t-1 p—1p—1 Dt
D D) S DI
t=2 s=1 a=1b=1
><§:4F (fpa (Nj) fob (Ag) + Fap (A7) Fop (Nj) + fop (\) foa (Ng) + Fop (A7) fab () cos® (= ) Ay)
BN g -ty 424y
= NallpAmo " > (Fpa (A3) fob (A3)  fap (Ag) Fop (A9) + Fop (A5) o (A) + fop (Ag) Fab (7))
a=1 b=1 j=1

where the first equality follows from (15) and the second from the trigonometric identities above.
Approximating the summation over j by an integral, applying Assumptions 1 and 2, and using that
cos(x) = (e + e~)/2, this is equal to

1
n(lnb 1
b=1

4

plp
. d—db—2d

a=
% (Gaprp(em(dﬁdb—de)/z y emimldatdy=2d,)/2) | Gaprp(em(da—db)/z i e—iw(da—db)/2)) to(1)

158 1
= 32D g g (GarGp €08 (7 (da + dy — 2dp) /2) + GGy 08 (7 (da = ) /2)) + 0 (1)
b=1 @ P

a=1 b=
p—1p—1

= > namJa(7) +o(1).
a=1b=1

Finally, to show (37),

T T

i—1 t—1 t—1 t—1
Z E (zf) = Z E Z gl serey Z Ci_rEr Z €pCt—pEtEy Z Ct—qEq
(Ztr <th $Ct— sct $C )—FZtr <th Sth 7nct »C ))

for some constant C' > 0 by Assumption 3. Using the arguments of Lemma 4 of Nielsen (2005),
this expression can be bounded by O(T(ZtT:1 |c2]])?) = O(T~1), which completes the proof.

IN
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A.2 Proof of Theorem 2

First we show that (logT) (dy — dy) 0. Since v = 0 it holds that w; = («},u)" such that
dyq = d, and d, = dp. Rewriting equations (A.1)-(A.4), (A.24), (A.25), and (A.30) from the proof
of Theorem 3 of Robinson (1997) it suffices to show that

my
m?(du_Al)_l ZjQ(APd") || L0 for0< A< dy, (41)
j=1
mi
(log T)? m3™~1 Zj_QT |hj] L0 for some 7 > 0, (42)
j=1
(logT)* <=, | P
le\hj\ =0, (43)
j=1
1 & P
. Aq—dy
2 (/02 1) my Lo, (44)
j=1

where o = exp(ml_1 ZTzll log j) and

Iﬁﬁ (07 )‘J) — Iy (07 )‘])

h; =
’ Gpp) 2

(45)

is a normalized measure of the impact of using the periodogram of the residuals (from NBLS with
~v = 0) instead of the periodogram of the errors. Our assumption that d,, > 0 allows a simplification
of the conditions (41)-(44) compared to their counterparts in Robinson (1997) which shortens this
proof somewhat. It could easily be relaxed at the expense of a longer proof.

From Theorem 1 above and from Robinson & Marinucci (2003, Theorem 3.1) it holds that
Ba,mo(o) — B, = Op()\dmm(;“_d“) when d,, < minj<g<p—1dgq < Mmaxi<q<p—1dsqa < 1/2. Using that
result together with Assumption 1, (19), and the proof of Theorem 2 of Robinson (1995b), the
random variables h; satisfy

|| = Op((j/mo)~°min + (j /mg)~2*min). (46)
Applying (46) and the fact that

sup  |m~ ! (logm) 1> %l =0(1) for C € (1,00), (47)

—1<a<C

it is easy to show that (41) is

mi 5min
dy—NA1)— . —d ) —S. - ) S ) m
(41) = Op [ my @A TEN 7 A ) “usngnin (1 . j=Smmmfmin) | = Op <<1ogm1> <m0> )
j=1

and similarly (42) and (43) are both Op((log T)?(log m1)(mo/m1)°=n). We will need (47) through-
out, and we shall use it automatically and without special reference in what follows. Using the fact
that o ~my/e (e=2.71...) as T — oo, the left-hand side of (44) is bounded, for large T, by

1 mi ej 2(A1—dy) 1 mi
= & Bl & — Iy
mlzz:(ﬂh) |j‘+m12|]|’

Jj=1
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which is negligible by (41) and (43).
Thus, we have shown (logT)-consistency of d,, and proceed to prove the rate and asymptotic
distribution results. With probability approaching one as T' — oo, d,, satisfies

IR _ OR(h) | R

0="34 ad o \du = du),

where |d, — d,| < \ciu — dy|. Following Robinson (1995a, pp. 1641-1644) we have that

?R(d)  4(Goa(d) Gaa(d) — Gra(d)?)  4(Foa(d) Fag (d) — Fia(d)®)

o Goa (d)? Foa(d)? ’
where
~ _iml K y2d ‘ = _Lml k \2d ,
Grg(d) = o > (log A;)* A3y (0,))) and Fy 4 (d) = o > (log 4)F X340 (0, 1)) .
j=1 j=1

If we show that

Goa (d) — Gou (d) _10
su = : = op((logm , 48
deAr?NC G (d) p((logm)™) 48
Fra(dy) — Fru(d)] 20, k=0,1,2, (49)

with G (d) = G/PPle > )\i(d_d“) and Ny = {d: |d, — d| < (} for 0 < ¢ < 1/2, then

?R(d,) p
£
Od?
Note that, following Andrews & Sun (2004, p. 600), in our eq. (48) we use (logmy)~ Y rather than
(logm1)~% as in Robinson’s (1995a) eq. (4.6). By (4.7) in Robinson (1995a), (48) follows if

mi .o\ 1-27 J
oS- () 5
j=1 k=1

which holds by (42) and (43) above. The left-hand side of (49) is bounded by

(50)

P
— 0 for some 7 > 0,

%i(lo N h,| < Gy (logm)” (log my)* i |hj| = Op [ (logmy)*+! <m0>5mi“
my < gJ il = my < j P gm1 m

by the same arguments as applied to (43) above. This proves (50).
Having established (50) it follows that

V(s ) = (44 op(1)) ! Vi oade), (51)

and the first statement of the theorem will follow below by examining the right-hand side of (51).

In order to prove the second statement of the theorem we have to show that

ORqy(dy) OR,(d)| p
A ad 0 (52)
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where

mi

ORy(d) Gl,q 2 Er (d)
ad e Goyq ( mi z; C?O,q (d)’
ﬁq (d) = Z V])‘2dI ) )
and v; = logj —m* Z 1 log j. Now we write
_ ( ) B qu (du) o Iqu (du) (éo,a (du) B G’O,u (du))
< 2y \éo,ﬁ ()| | () = B ) (53)
2y |Go (da)] | Goa () — Go () ;((dd)) . (54)

To show that (54) is op (1) note that éi“jzl;:) = %aRgf.ld“)

Hu(du) | = Op(m /2) as in Robinson (1995a, p. 1644). Thus, we
u)

, i.e. the score for the estimation problem

with observed series, such that

CT‘O u(du)
need only to show that |G 4 (du) — Go.u (du) | L. 0. Based on the previous results, we get

mi

1
gmljZ;

which is op (1) by Assumption 6. Since éO,u (dy) = Gy p +op (1) by (49) with £ = 0 and Robinson
(1995a), (53) is of the same order as \/my|Hy (d

Goa (du) — Go,u (d) R (134 04) ~ L 0.3,)] < Dl S Zm | = 0p ((mo/mu)*)

w) — Hy, (dy) | which is equal to

\(/;% ;ujhj =0Op ((log\/mﬁll); hj) =0Op <(10gm1)\/ﬂ71(m0/m1)5min> .

Hence, (52) is, in general, Op((logmi)y/m1 (mo/m1)°n). By (51) it follows that /my(dy — dy)
has the same asymptotic order of magnitude which proves the first statement of the theorem.
To prove the second statement of the theorem, we need to show that in fact \/mi|Hyg (dy) —

H, (dy,)| Loif Gup = Gpa=0fora=1,...,p— 1. Thus, \/mi|Hy (dy) — Hy (dy)| is equal to

Gop |
PP vih

Gpp — w p / ~ ~ ’
< S ; Vj)\?d ((ﬂ — B (0)) Re (Lz (0,25)) (B = B (0))/2 + (8 — By (0)) Re (L (0, )\j))>
p—1p—1
§ Z )\2du Z Z Ba mo )(Bb - Bb,mo (0)) Re (Iab ()\_])) (55)
a=1 b=1
ya Z 20 Z ~ Bamo(0) Re (Lp (1) (56)
a=1
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First, using summation by parts,

mi mi mi1—1 J
DN Re (Lap (A7) = vy 3 SAT™ Re (Lp () = D (Vin = v3) DA™ Re (L ()
J=1 J=1 j=1 k=1
and for v; we know that v,,, = O(1) and |vj+1 — v;| = O(j7!) uniformly in j (by a mean value
expansion). In the present case with Gop = Gpe =0 fora =1,...,p — 1 we know from Theorem

1 that 3, mo(0) = B, = Op(m 1/2)\%0“7%). This implies, in conjunction with Lemma 6(c) with
Gap=Gpa=0fora=1,...,p—1, that (56) is

dza dy
( Z Amg )\Wzil—dz,a ( 1+min(1 ,d))T— min(1,¢) +my 1/2 (logml))>

dr a_du mi—1

0] flAdu de,a ( :14+min(l, ¢)T min(1,¢) 1/21
+0p FZ; N JZ; (s +j'/2(10g))

1 mo Smin 1/2+min(1,¢) 77— min(1,¢)
_ o 3 T min 5 1
or <\/”TO <m1> (ml + Ogml)) ’

which is negligible by Assumption 6. Similarly, we get that (55) is also negligible since

1 P 1 da: a+dz b— 2du 2611’)in
mo 2du7dz,a7dz,b m() ml
Op (\ﬁ§j§j At )—Op ((m Vi)
1

™m,
a=1 b—1 0

A.3 Proof of Theorem 3
To derive the asymptotic order of A% A~1T, (y) — K(y) " H(y), first write A% A-1T,. (v) as

m2-7ma2 m2-Tma2

-1

1 2 1 =
A2V ———— Re ) Ao D | Re(Lua (7, )))-
» 2m2—m0j%0:+1 (Lzz (75 A5)) Ay . sz_mOj%H (Lza (7 A4))
We then show that
1 2
Al Ny ————— Z Re (Luz (7, Aj)) Ay — K(v) = Op (I(mo, m2)), (57)
M2 — Mo Jj=mo+1
_ 1 2 .
MM S Re(La (3, 45)) — H() = Op(i(mo,ma) + (mo/ms) ), 38)
2 0j=m0+1
where
_ma min(1,¢) _1/2 mo 1-2(max1<a<p—1 de,a—"7) mo min(1,¢) ~1/2
l(mo,mg)—(?> +my ' “(logma)+ o (?> +mg " (logmy) |,

which is sufficient to prove the desired result since

K™ (14 0p (I(mo, m2))) " H(Y)(1 4+ Op(l(mo, ma) + (mg/mg)’=n))
= K(y)'H() (14 Op (l(mo,m2))) (1 + Op(l(mo, ma2) + (mo/ma)*™»))
= K(y)"'H[)(1+ Op((mo, ma) + (mo/m2)’™™))
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and since maxj<q<p—1 dg,o—y < 1/2 implies (mg/mg)'~2mex1gasp-1dea=7) (10 1m0) = O((log T) ).
The (a,b)’th element of the left-hand side of (57) is
)\da+db m2

— Re (Igp (N5)) — K,
g O Relln ) = Ko

1 1
= — Ada+deRe b (N) — Kap(9) | — ——— AdﬁdeRe ab (A7) — Kap(7)

ma —mo m2 —mo

= Op ((ma/T)m ’¢>+m;/ (10gm2))+0P ((mo/ma) == ((m /T)m‘““’“*wm v <1ogmo)>)

by application of Lemma 6(c).
To prove (58) we write the a’th element of the left-hand side as

)\da+dp ma )\da—i-dp
mz_mo.z Re( S Haly) = Z Re(Lop (\) = Iap () (59)
Jj=mo+1 j=mo+1

)\da +dp mo

+m% Z Re (Iap ()\j)) - Ha(7)7 (60)
M2 = Mo,

where .fap (Aj) is the cross-periodogram between wq; and Wy = AV4,. Since fap (Aj) = Lap ()\]) +

_ A . dy
Zi):i Lap(Nj) (B = Bpme (7)), ea. (59) depends on B, — By, ,,,, (v) which is OP( ) =0p(Am e dp)
by Theorem 1. Thus,

p—1 )\da—‘rdp m2

(59) = > (B = Bome(M)=—2— > Re(la(})))
b=1 m2=mo

6min
— OP <Z)\ a+dp)\db p)\;ga—db> — OP <<nm/L(2)> ) .

Lastly, the term (60) is Op(l(mg, m2)) by the same argument as for (57).
The same proof can be applied for I';,,, although Lemma 6(c) must be modified as

)\g,,,+db—c—1/ Re( iX(da—ds) /2>\Cf (A )) d\

0

_ )\ga+db7671 //\T GabAC*da*db Re<ei7"(da*db)/2) <1 +0 </\¢)> d\
0

Ar
= Mdatdp—c-l / Gap A9~ cos (1 (dy — db) /2) (1 4+ O(X?))dA
0

— e K1+ O0N))

A.4 Proof of Theorem 4
The result follows by application of the previous theorems. From (26) and (28),
VNS AL By (1) = B) = Vs N AL (B (1) = At R X AL T, (7) = )
= VmzApA mg(ﬂmg( )= 5)
VMmN, A B (1) (1 + Op (log T) (log ma ) (o /ma )*»))
= VA A (B, () = B) = VmsAg AL Ty (7) + op (1), (61)
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where the third equality is by Assumption 8 (or (27) if m3 = myg) and the second equality follows
from

Abwa=dee — 1 4L Op((logT)m;?), a=1,..,p—1, (62)
Abu=du = 14 Op((log T) (logm1)(mo/mq)’=), (63)

which are consequences of Robinson (1995a) and Theorem 2 above. From Theorem 3 it follows that

Omin m
FAm2 m2 ('7) = \/%K() () \/70P<<m2> +m 1/2(10gT) (Tg>¢>
= VmzK () H(y) +op (1)

by Assumption 8 (or (27) if mg = myg). The desired result now follows from Theorem 1.
A.5 Proof of Theorem 5

We need to show that /m )\m3 ms LBy ( w) — Bms(du))

Vv >‘m3 mg(/@mg(d ) Bmg(du)) = OP(1)7 (64)

VN, Ay (Do (da) = Ty (da)) = op(1). (65)

op(1), which from (61) follows if

First note that X
I (dy, N) = [1 — A2 du=d T (d,,, N).

In a neighborhood of A = 0 we have |1 — €™ |? = A?(1 4+ O()?)) such that Taylor expansion around
6 = 0 yields [1 — e*|? = 1+ O(f]log \|) and thus

qr(d'w A) — Iqr(dm A) = OP(‘ — d|| log)‘uqr(duy A))-
It follows that Ay, At 225 3772 Re(Ipe(du, Aj) — Ira(du, Aj))Am, has (a,b)’'th element

m3 ' ms

a2 ZRe (Op(|dy = du|(log T)A; ™~ #)) = Op (|d, — du| (108 7))

and A, \du—172du m32—” Zm3 Re( m(du, Aj) — Izu(dy, Aj)) has a’th element

m3tms3 T
dac,a u
A \/7
Both terms are negligible by Assumptions 6 and 8, which shows that (64) holds.
Similarly, A, zd“A > i1 Re( Lo (dy, A i) = Ipa(du, Aj))Am, has (a,b)’th element

W (log T)A; )y — Op (\/n73|du — dy|(log T)) .

7=1

m2 mo— mo

d;u,u‘f'dm,b_zdu 1 - _ daca dT b+2dy _ 7 o
A el 3" Re(Op(|dy — dul(log T)A; ) = Op (ydu du|(logT))
j=mo+1
and
1
A NI =2du ___— Re(Lpa(du, \j) — Lpa(du, A
2 2 me — Mo ; mzo+1 ( ) ( ]))
1 2 .
= Ap A= Re(Lpu(dy, i) — Lyu(du, \i
XA — ‘72 e(Lou(du, Aj) (dus Aj))
Jj=mo+1
1 2 . A
Fhmp At ———— 3 Re(Law(du, Aj) = La(duy M) (B = Brng (du))
M2 = mo j=mo+1
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has a’th element

x,a Ay 1 S 7 —d;ca du

Nt ™M ——— 3" Re(Op(|dy — du|(log T)A; ™))
mo — Mg .
j=mo+1

i 1 m2  p7l . do.a—dy p42du « dy p—d

p— —Qx,a—0xb u z,b— Qu
P e 2 2O s T M)

=my —

= 0p (Idy = du|(10g 7)) + Op (|du — dul (08 T) (mo/m2)"" )
and again both are negligible by Assumptions 6 and 7, which proves (65).

Appendix B: Technical Lemma
Lemma 6 Under Assumptions 1-4, as T — oo, for 1 <r <m and 0 < ¢ < dy + dp,

(a) max /\f”db_C Z Re (A;[Iab (Aj) = Aaq (V) 1 (0, A)) Ay (/\J)D
, =

— Op(r'/3(logr)*3 + (log r) + r'/2T-1/4),

(1 —dg —dp)
(1+C—da—db)

—0p (T,lerin(l,d))Tf min(1,¢)> 7

(b) n’(llabx )\ia‘f‘db—c Z Re <)\§fab ()\j) _ )\i_da_db
) ]:1

Ka())

(1 —dg—dp)
(1+C—da—db)

) mge A3 Re (X1 ()~ A 4
k) J:1

Kab (’7))
= Op (r“min(l’d))T— min(L) 4 p1/2(log r)> ,

where I.. (0,);) is the periodogram matriz of €, from Assumption 3 and I, (Nj) is the (a,b)’th
element of Iy (0, Aj); the periodogram matriz of wy = (AVx}, AVuy)'.

Proof. Decompose the terms inside the real operator as
Hlj = )‘E[Iab ()‘J) — A, ()‘j) I (07 )‘j) AZ ()‘j)]a

Hy; = )‘ﬂAa (Aj) I (0, )‘j) AZ ()‘j) — Jfab ()‘j)],

(1 - da - db)
Ot cd,—dy ta?):

Hsz; = Xifa (Aj) = Mg et

The proof of Lemma 1(b) in Shimotsu (2007) applies also to our terms H;; and Ha; which shows
that (a) holds and that max, | > ", Haj| = Op(r'/?(logr)). For H3; we use Assumptions 1 and
2 and the fact that Re(e'*?) = 14+ O(\?),Im(e"*?) = O(\) as A — 0 for any z € R, which imply

Re(ei(w—k)(da—db)ﬂ) Re(eiw(da—db)ﬂ) Re(e_M(d“_db)/Q) o Im(eiw(da—db)/Q) Im<e—i)\(da—db)/2)

= cos(m (dg — dp) /2)(1 + O(N?)) — sin(7 (dy — dp) /2)O(N),
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such that
r Ar
AEBTErT Y Re (A fap (Ay)) = Aot e / Re (A fap (V) dA + Rr
j=1 "

Ar 4
— Aatdy—c-1 / GapAeda= Re(ei(™—H)(da=ds)/2) (1 +0 <>\¢)) d\+ Ry
0

Ar .
— adetd—e-l / G\ cos (1 (dy — dy) /2) (1 + OO A + Ry
0

Lo da —d min
- (1(+ c—d _bglb)Kab(’V)(l +O\L))) + Ry

The approximation error Ry is O(T¢ % ~%~1 (logr)) uniformly in . m
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