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Abstract

This paper proposes new, simple, and more accurate statistical tests in a cointegrated
system that allows for endogenous regressors and serially dependent errors. The approach
involves first transforming the time series using orthonormal basis functions in L?[0, 1], which
has energy concentrated at low frequencies, and then running an augmented regression based
on the transformed data and constructing the test statistics in the usual way. The approach
is essentially the same as the trend instrumental variable approach of Phillips (2014), but we
hold the number of orthonormal basis functions fixed in order to develop the standard F' and
t asymptotic theory. The tests are extremely simple to implement, as they can be carried out
in exactly the same way as if the transformed regression is a classical linear normal regression.
In particular, critical values are from the standard F' or t distribution. The proposed F' and
t tests are robust in that they are asymptotically valid regardless of whether the number of
basis functions is held fixed or allowed to grow with the sample size. The F' and t tests have
more accurate size in finite samples than existing tests such as the asymptotic chi-squared
and normal tests based on the fully modified OLS estimator of Phillips and Hansen (1990)
and can be made as powerful as the latter test.

JEL Classification: C12, C13, C32

Keywords: Cointegration, F' test, Alternative Asymptotics, Nonparametric Series Method, ¢
test, Transformed and Augmented OLS

1 Introduction

This paper considers a new approach to statistical inference in a triangular cointegrated
regression system. A salient feature of this system is that the I(1) regressors are endogenous. In
addition, to maintain generality of the short run dynamics, we allow the I(0) regression errors to
have serial dependence of unknown forms. One of the most popular semiparametric estimators
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in this system is the fully modified OLS (FMOLS) estimator of Phillips and Hansen (1990). The
estimator involves using a long run variance and a half long run variance to remove the long run
joint dependence and endogeneity bias. Both the long run variance and the half long run variance
are estimated nonparametrically. Inference based on the FMOLS is standard — the Wald statistic
is asymptotically chi-squared as in the classical linear regression with stationary or iid data. This
is perhaps one of the most elegant and convenient results in time series econometrics. It releases
us from having to simulate functionals of Brownian motion.

One drawback of the FMOLS method is that the asymptotic chi-squared test often has large
size distortion. The source of the problem is that the estimation errors in the long run vari-
ance and half long run variance have been completely ignored in the conventional asymptotic
framework adopted in Phillips and Hansen (1990). A new “fixed-b” asymptotic framework has
been put forward by Vogelsang and Wagner (2014), but the Wald statistic does not appear to be
asymptotically pivotal, making inference difficult and inconvenient. For this reason, Vogelsang
and Wagner (2014) proceed to propose a different estimation method called the Integrated Modi-
fied OLS (IMOLS). They show that the associated test statistics are asymptotically pivotal under
fixed-b asymptotics. However, the limiting distributions are nonstandard, and critical values have
to be simulated.

In the same spirit of Vogelsang and Wagner (2014), we consider an alternative estimation
method that involves first transforming the data using orthonormal basis functions and then
running an augmented regression based on the transformed data in the second stage. This gives
rise to our transformed and augmented (TA) OLS (TAOLS) estimator. Augmentation removes
the long run dependence problem, and transformation eliminates the second-order bias that
plagues the OLS estimator.

Our TAOLS estimator is closely related to the trend instrument variable (TIV) estimator of
Phillips (2014). Phillips (2014) considers the augmented regression model in the time domain
and runs an instrumental variable regression using orthonormal basis functions as instruments.
Depending on the trend functions used, the TAOLS and TIV estimators may be numerically
identical or asymptotically equivalent under the asymptotics considered in this paper. In essence,
the two estimators extract the signals on long run comovements in an identical way — both involve
projecting the underlying time series on a set of orthonormal deterministic basis functions.

A key feature of our asymptotic analysis is that the number of basis functions K is held fixed
as the sample size goes to infinity, leading to our fixed-K asymptotic theory. Compared with
existing methods such as the FMOLS of Phillips and Hansen (1990) and the IMOLS of Vogelsang
and Wagner (2014), our new method enjoys several advantages.

First, under the fixed-K asymptotics, the test statistics based on the TAOLS estimator are
asymptotically standard F or ¢ distributed. Since the critical values from the F' and t distributions
are easily available from statistical tables, there is no need to further approximate or simulate
nonstandard limit distributions. In addition, the test statistics can be obtained directly from
statistical programs that can compute the F' and ¢ statistics in a classical linear normal regression.
So, our method is practically convenient and empirically appealing in comparison to the IMOLS
method, where the fixed-b limiting distribution is highly nonstandard and the critical values have
to be simulated.

Second, given that the TAOLS estimator is asymptotically equivalent to the TIV estimator of
Phillips (2014), we have also established the fixed-K asymptotics of the TIV estimator and the
associated test statistics. Under the increasing-K asymptotics where K grows with the sample
size at an appropriate rate, Phillips (2014) shows that the Wald statistic and the ¢ statistic are



asymptotically chi-squared and normal, respectively. While the fixed-K asymptotic distribution
is different from the increasing- K asymptotic distribution, we show that the fixed-K asymptotic
distribution approaches the increasing- K asymptotic distribution as K increases. As a result, the
fixed- K critical values are asymptotically valid regardless of the type of asymptotics we consider.
This is a robust property enjoyed by our asymptotic F' and ¢ tests.

Third, our simulation results show that the asymptotic F' and ¢ tests have more accurate size
than existing tests such as the asymptotic chi-squared and normal tests based on the FMOLS
estimator. By choosing K appropriately, the asymptotic F' and t tests can be as powerful as the
latter tests. This is based on our simulation evidence. It is also consistent with the asymptotic
efficiency of the TAOLS estimator under the increasing- K asymptotics. The asymptotic efficiency
holds because the TAOLS estimator and the asymptotically efficient FMOLS estimator have the
same asymptotic distribution under the increasing-K asymptotics.

Finally, taking it literally, the fixed-K asymptotics require us to use only low-frequency in-
formation. Fundamentally, what a cointegrating vector measures is the long run relation among
economic time series. For this reason, it is natural to estimate the cointegrating vector using
only the long run variation of the underlying time series. Doing so helps us avoid high-frequency
contaminations. From this perspective, the fixed-K limiting thought experiment not only is an
asymptotic device for developing new and more accurate approximations but also has substantive
empirical content in economic applications.

This paper contributes to a large body of literature on semiparametric estimation of cointe-
grated systems with Phillips and Hansen (1990), Phillips and Loretan (1991), Saikkonen (1991)
and Stock and Watson (1993) as seminal early contributions. In the FMOLS setting, partial
fixed-b asymptotic theory for cointegration inference has been considered by Bunzel (2006) and
Jin, Phillips, and Sun (2006), but the fixed-b asymptotics is applied only to the standard error
estimator; see Vogelsang and Wagner (2014) for further discussion of this. Relative to the TIV
approach of Phillips (2014), the contributions of the current paper lie more in the fixed-K asymp-
totics than in the proposed TAOLS estimator, as the TIV estimator and the TAOLS estimator
turn out to be essentially the same.

Transforming a time series using the basis functions considered in this paper is equivalent
to filtering the time series with a particular class of linear filters. The filtering idea has a long
history; see, for example, the seminal contribution of Thomson (1982). For a textbook treatment,
see Chapter 5 of Stoica and Moses (2005). This idea has been used in nonparametric cointegration
analysis. Bierens (1997) and Miiller and Watson (2013) employ basis-function transforms in order
to extract the long run variation and covariation in the underlying time series. Without imposing
a parametric VAR structure as in Johansen (1991), Bierens (1997) proposes nonparametric tests
for the number of cointegrating vectors, which is the same as the degree of rank deficiency
of a standardized long run variance matrix. Bierens’s test statistics involve functions of the
eigenvalues of this long run variance matrix and have nonstandard limiting distributions. A
variant of Bierens’s method appears in Shintani (2001) who employs kernel long run variance
estimators instead of series long run variance estimators. This idea of using rank deficiency to
test for the cointegration rank can be traced to Phillips and Ouliaris (1990). Miiller and Watson
(2013) use the Neyman-Pearson decision-theoretic framework to design robust and nearly optimal
tests about the cointegrating vectors when they are fully specified under the null hypothesis, that
is, when all the cointegrating vectors are known under the null hypothesis. Both Bierens (1997)
and Miiller and Watson (2013) consider a fixed number of basis functions, which is in the same
spirit as the fixed-K asymptotics we consider here. However, our paper has different objectives:



our aim is to estimate the cointegrating vector and to conduct inferences on both the full vector
and a subvector.

Basis-function transformations have also been used in heteroskedasticity and autocorrela-
tion robust (HAR) inference. The most recent research along this line was inspired by Phillips
(2005b), although the idea can be traced back to the much earlier literature on the multiple
window method for spectral estimation, started by Thomson (1982). The term “HAR” was first
introduced by Phillips (2005a). While the current paper employs basis-function transformation
as a tool to estimate the main parameters of interest, the HAR literature uses them to estimate
the asymptotic variances of parameter estimators, leading to the class of orthonormal series HAR
variance estimators. Using this type of variance estimators, F' and ¢ limit theory has been es-
tablished in the HAR literature. See Sun (2011) for trend regressions, Sun (2013) for stationary
moment processes, and Sun (2014c) for highly persistent moment processes. Sun and Kim (2012)
develop the F' or t approximation to the J statistic, while Sun and Kim (2015) develop F' and
t limit theory in a spatial setting. Hwang and Sun (2017) develop the F' or ¢ limit theory in a
two-step generalized method of moments (GMM) framework with a series HAR variance estima-
tor used as the weighting matrix. This paper complements the F' and ¢ limit theory established
in these papers. Readers are referred to Miiller and Watson (2016) for further discussion on
basis-function transformations and their applications in econometrics.

The rest of the paper is organized as follows. Section [ introduces a standard linear cointe-
gration regression and discusses some of the drawbacks of existing methods. Section [3|introduces
our TAOLS estimator and establishes the fixed-K asymptotic limits of the TAOLS estimator and
the corresponding Wald statistic. Section [4] considers cointegration analysis under half cosine or
shifted cosine transforms. Section [5| presents simulation evidence. The last section concludes.
Proofs are given in the appendix.

2 Model and Existing Literature

Following Vogelsang and Wagner (2014), we consider the cointegration model
Yyt = ao + 238 + uot (1)
Ty = Tp—1 + Ugt

for t = 1,...,T, where y; is a scalar time series and z; is a d x 1 vector of time series with
zo = Op (1) . The mean-zero error vector u; = (ugt, uly)' € R™ for m = d + 1 is jointly stationary
with long run variance (LRV) matrix Q. We partition € as

) Ug 00z

Q — E Eutu;_j — 1x1 1xd , (2)
mxm . 020 Quz
J=7—00 dx1 dxd

and write it as a sum of three conformable components: Q = ¥ + A + A/, where

00 Aoo Aoz 200 2oz

A= E Eut_ju; = Ix1 - 1xd and X = Eutué = Ix1 - 1xd
A:J:O Amc ZIO ch

J=1 dx1l dxd dx1 dxd

The half long run variance A is defined to be

A:E+A:<AOO Aoz )

Aac() Aaccc
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We assume that €2, is positive definite so that x; is a full-rank integrated process.
We shall assume the Functional Central Limit Theorem (FCLT):

[T"]
T2y w = B(-) = QYPW(), (4)
=1
where W(-) := (wo(-), W.(-))' is an m-dimensional standard Brownian process. Also, it will be

convenient in our asymptotic development to represent the process B(-) using the Cholesky form

of Q12
By ((BoO) Y _ [ oowwo(-) + o0 P W)
() - B..(- - 1/2 ) (5)
2(+) Qe Wa ()
where 0'(2)-35 = a% — ngﬂgxlaxo and 235 is a symmetric matrix square root of €2,.
To simplify the discussion, we assume that there is no intercept in thg regression. Let X =
[z},...,2%) and Y = [y1,...,yr]. The OLS estimator of 3, is given by Sorg = (X'X)tX'Y.
It follows from Phillips and Durlauf (1986) and Stock (1987) that

R L I -1 . I
T(Bors — Bo) = (TQ Z xt:d) (T Z $tu0t> (6)
t=1 t=1

= le(r)B;(r)dr B le(T)dBo(T)+Am0, (7)
J /

where A, reflects the second-order endogeneity bias.

Since By (-) and By(-) are correlated, and A and hence Az are unknown, it is not possible to
make an asymptotically valid inference based on the naive OLS estimator. To overcome these two
problems (correlation B, (-) and By(-) and second-order endogeneity bias), Phillips and Hansen
(1990) suggest the FMOLS method that involves estimating  and A in the first step. Typical
estimators of €2 and A take the following forms:

1/2
xrx

A 1 rr s t.. .,
Q= T Szltzl@h(Ta T)Utus, (8)
" 1 rr s t.. .,
A= T é;Qh(T’ T)Utusa 9)

where @y = (dor, ;) and dg = y: — )Borg. In the above definitions of Q and A, Qy, (r, s) is
a symmetric weighting function that depends on the smoothing parameter h. For conventional
kernel LRV estimators, Qp, (r,s) = k((r —s) /b) and we take h = 1/b. For orthonormal series
(OS) LRV estimators, Qy, (r,5) := Qk (r,s) = K1 Z]K:1 ¢; (1) ¢; (s) and we take h = K, where
{qu (r) }szl are orthonormal basis functions in L2[0, 1] satisfying fol ¢; (r)dr = 0. For more
background information on OS LRV estimation, see Sun (2011, 2013). We parametrize h in such
a way that h indicates the amount of smoothing for both types of LRV estimators.
After partitioning Q) and A in the same way as {2 and A, we define

Y=y — G0y Ay,
uf = up — 60,05 Ay, (10)

M =T (Ao — Apu2 1 620).



Then the FMOLS estimator is given by

Brv = (X'X) (XY F = M), (11)
where YT = [yf, e y;C]’ On the basis of the kernel estimators of 2 and A, Phillips and Hansen
(1990) show that B, is asymptotically mixed normal, that is,

1 -1
T(Bins — Bo) = MN (o, o2 [ / Bx<r>B;<r>dr} ) | (12)

This is in contrast to the limiting distribution of Bo 1.5, which is complicated and has a second-
order endogeneity bias. Based on a consistent estimator 63, of o2, one can obtain ¢ and Wald
statistics that are asymptotically normal and chi-squared distributed, respectively.

A key step behind Phillips and Hansen’s result is that Q, A and 5’0 . are all approximated by
the respective degenerate distributions concentrated at 2, A, and o2 .. That is, regardless of the
kernel function and the bandwidth used in the nonparametric estimators , A, and 6 53 ., the same
asymptotic approximations are used. However, in finite samples, both the kernel function and the
bandwidth, especially the latter, do affect the sampling distribution of 3 s and the associated
test statistics. For this reason, the normal and chi-squared approximations can be very poor in
finite samples. This is because these approximations completely ignore the estimation uncertainty
in the nonparametric estimators 2, A, and &3,36, which can be very high in finite samples. Bunzel
(2006) and Jin, Phillips, and Sun (2006) develop partial fixed-b asymptotic theory that accounts
for the estimation uncertainty in 63, but ignores that in Q and A.

The degenerate distributional approximations for Q, A, and O'OI with consequential nor-
mal and chi-squared tests are obtained under the conventional increasing-smoothing asymptotic
theory. Instead of the conventional asymptotics, we can use the alternative fixed-smoothing as-
ymptotics to obtain more accurate asymptotic approximations. The fixed-smoothing asymptotics
include the fixed-b asymptotics of Kiefer and Vogelsang (2005) as a special case. For further dis-
cussion of these two types of asymptotics, see Sun (2014a, 2014b). There is a growing number
of papers on fixed-b asymptotic theory for stationary data starting with Kiefer and Vogelsang
(2005). More recently, Vogelsang and Wagner (2014) develop a fully-fledged fixed-b asymptotic
theory for the FMOLS estimator and show that when the estimation uncertainty in € and A is
accounted for, the FMOLS estimator still suffers from a second-order asymptotic bias and has an
asymptotic variance that is much more complex than that given by Phillips and Hansen (1990).
As a result, the Wald and ¢ statistics depend on many nuisance parameters even in the limit, and
this makes the fixed-b asymptotic theory hard to use.

As an alternative solution, Vogelsang and Wagner (2014) suggest the Integrated Modified
OLS (IMOLS) estimator, which is based on partial sums of the original cointegrating regres-
sion augmented by the original regressor. They invoke the fixed-b asymptotics to approximate
the IMOLS test statistics and show that they are asymptotically pivotal. However, their limit-
ing distributions are highly nonstandard; the critical values have to be simulated for practical
implementation.

3 Cointegration Analysis: Augmentation and Transformation

3.1 Model without time trend

To confront several challenges in the literature, we propose an alternative method to estimate
the cointegration model in where no trend is present. We follow Phillips (2014) and consider



the augmented cointegration model
Yyt = o + 180 + Az} + Uo.at, (13)

where dg = Q10,0 is the long run regression coefficient of Ax; on ug;, and ug.or = Ugr — Sptzy iS
the long run regression error of ug; projected onto u.¢. The long run variance of ug.z¢ is 0(2) .
Let {¢;}3°; be a set of orthonormal basis functions in the standard Hilbert space L2[0,1].
Our method starts by transforming the original data {y;,z}, Ax,}_; using the basis functions
{#;}I£, for a finite K and then conducts a regression analysis based on the transformed data.
For each ¢ = 1,..., K, the transformed data {W;} are weighted averages of the original data:

T

LT

d t Ve 1 t X',
Zm )= V= ) = (14)

T
1 t 1 t
WM:—E Awidi(m2)s WOT = == ugii(),
i \/thl t¢Z(T) % \/thl 0 t(b (T)

where ®; = [¢,;(1/T),...,¢;(T —1)/T),¢;(1)]" is the basis vector corresponding to the basis
function ¢; (-) . In the context of (realized) variance estimation, such a transform has been used
in Phillips (2005b), Sun (2006), and Miiller (2007), among others.

When ¢, (r) = ¢; (1 —r), which holds for the Fourier basis functions we use, we can write,
for example,

T—1 -1
= LY o = Y wnh) (15
t=0 t=0

Therefore, WY can be regarded as the output from applying a linear filter to {yt}thl . The transfer
function of this linear filter is

Hrpi(w \/» Z qﬁl )exp(itw) for 1 = /1. (16)

To capture the long run behavior of the processes, we implicitly require that Hp;(w) be concen-

trated around the origin. That is, Hp;(w) resembles a band-pass filter that passes low frequencies

within a certain range and attenuates frequencies outside that range. This requirement can be

met by any low-order trigonometric basis such as /2sin (2mir), v/2cos (2mir) for small 7. In

fact, the transfer functions associated with the first few basis functions in a commonly-used base

system in L2 [0, 1] are often concentrated around the origin, so the requirement can be easily met.
Based on the augmented regression and the transformed data, we have

WY = agWe + W B + WE50 + WO for i = 1,..., K. (17)

This can be regarded as a cross-sectional regression with K observations. We assume that K is
large enough so that the number of observations is not smaller than the number of non-diminishing
regressors. Obviously, there is no point in considering K > T, as there is no extra information
beyond the first T' transforms.



Under the assumption that each function ¢, (-) is continuously differentiable and satisfies
fol ¢; (r)dr = 0, which we will maintain, we have

W = \/T/1 ¢;(r)dr + VTO(1/T) = O(1/VT) = o(1), (18)
0

and so the effect of the constant term g in is asymptotically negligible for a large 1. As a
result, our asymptotic theory remains the same regardless of whether an intercept is present. To
simplify the presentation, we will assume without loss of generality that there is no intercept in
the model so that
Yyt = 280 + vot, Tt = Teo1 + Ut (19)
and
WY = WY By + Wa50 + W for i =1,..., K. (20)

Putting in vector form, we have
WY = WS, + WATSy + Woe, (21)

where WY = (WY, ..., W%)" and W=, WA and WO* are defined similarly. Running OLS based
on the above equation leads to our transformed and augmented OLS (TAOLS) estimator of
Yo = (56756)/ : N -
AraoLs = (WW)TW'WY,
where W = (W”C , WAJC) .
The TAOLS approach is closely related to the trend instrumental variable (TIV) approach of
Phillips (2014), which involves solving

(B, 07y) = argmin(Y — X8 — AX6)'®('D) 10/ (Y — X8 — AXJ)
(8.6)

= (X'PpX") Y (X'PpY), where X = [X,AX] and Py = ®(0'®) 1@’ (22)

The basis functions ® = [®1, ..., Px| now play the role of instruments for the augmented regression
given in (13). When @'® = I, the criterion function in becomes ||®'(Y — X3 — AX6)|?,
which is the same as HWy — W=*s —I—WA%& the sum of the squared residuals based on the
transformed and augmented regression in (21)). Therefore, when ®'® = I, the TIV estima-
tor is numerically identical to the TAOLS estimator. We can show that when K is fixed and
fol ¢; (1) ¢j (r)ds = 1{i = j}, the two estimators are asymptotically equivalent; see Proposition
2

Let
Px — W= (W$/W$ ) — 1W$/, PAZ’ _ WAw (WAZ‘/WA$ ) —1WAW’

and My = I — Py, May = Ik — Pag. Then we can represent Y4055 as

Braots > _ < (W Mg W)~ (W Mp, W) ) '

6TAOLS (WAmlewAac)—l (WAmewy) (23)

YraoLs = <
To establish the asymptotic properties of 4740715, We make the following assumptions.

Assumption 1 (i) Fori=1,..., K, each function ¢;(-) is continuously differentiable; (ii) for
i = 1,...,K, each function ¢;(-) satisfies fol ¢; (v)dzx = 0; (iii) the functions {¢; (-)}, are
orthonormal in L?[0,1].



Assumption 2 The vector process {u; = (uoy, uly)' oy satisfies the FCLT in .

Assumption [I]is mild and is satisfied by many basis functions. For example, the Fourier bases
V2 cos (2mir) and /2 sin (27ir) satisfy Assumption |1} Assumption [2|is a standard FCLT for time
series data.

Under Assumptions [[i) and [2 we have

0-z 1 T t 1 a l !
W; = 72(%(?)“0@& = 72‘?1(?) (UOt - 50Uxt)

= /CI% (r) — 0B —UOx/ ¢; (1) dwo(r

using the representation in . Here the weak convergence follows from summation by parts, the
continuous mapping theorem, and integration by parts. Similarly,

WM:>/ b, (r) dBy( 91/2/ b, (r) dWy(r).

Invoking the continuous mapping theorem again, we have

We 1 o, (s Ien, /sy 1 < e
T:T?’/QZl%(T)%:TZl@(T)\/TZIU“TJFOP )= % /¢z "

where the o, (1) term follows from the assumption that z9 = O, (1) and Assumption [1f(ii).
To provide some intuition, we let

v; = / &; (1) dwo(r / ¢; (r) dWy(r), and n; = /01 @; (1) We(r)dr

Then the TA regression in can be regarded as asymptotically equivalent to the pseudo-
regression

WY ~ QY2 (TBy) + €59250 + ogpvi fori=1,..., K. (24)
Because v; is a functional of wo(-), £; and 7; are functionals of W,(-), and wo(-) is independent
of Wy,(), the error term og.,v; is independent of the regressors {n;sz,j =1,...,K} and

{539%2,] = 1,...,K}. More importantly, Assumption (iii) ensures that og..v; is iid normal
N(0,02.,). So the TA regression resembles a classical linear normal regression.
Let

v = (vi,va,...,vg) € REXL
(&17627 s 7§K), € RKXd?
(01,09, -, ) € REX4

780Y
Il

)

= (126002 . 5= g

and
T-1; 0
TT — dxd
0 1,
dxd



We can write the pseudo-regression in vector form as
Wy%C(TT'fYO)—’_Da

where 7 L ¢ and 7 ~ N(0, 03 .1k ). The theorem below follows easily from the above approximate
formulation. A rigorous proof is given in the appendix.

Theorem 1 Let Assumptions [1] and [§ hold. Then under the fized-K asymptotics where K is
held fixed as T — oo, we have

Y7 (Araors — Vo) = (( Q)¢ 7.

A direct implication of Theorem [I]is that

T(Braors — Bo) = 0025a"> (' M 77)71 n Mev, (25)
SraoLs — 00 = 00012 (€ M,¢) ™ € My, (26)

where Mg = Ix — ¢ (5'5)_1 ¢ and M, = I — 1 (n'n)"' 7. Conditional on (1, &), both limiting
distributions are normal:

0000t/ (' Men) ™ of Mev £ N 0,08, (f Mem) 0222

0000t/ (€M) €My £ N (0,08, Q12 M) 105
Therefore, the unconditional limiting distributions are mixed normal. Furthermore, there is no
second-order endogeneity bias in the TAOLS estimator. The TAOLS approach has effectively
removed the two problems that plague the naive OLS estimator. The first problem, i.e., the
asymptotic dependence between the partial sum processes of the regressor and the regression
error is eliminated because we augment the original regression by the additional regressor Axy.
The second problem, i.e., the second-order endogeneity bias, is eliminated because we transform
the original data and run the regression in the space spanned by the basis functions. In general,
both augmentation and transformation are necessary to achieve asymptotic mixed normality
and asymptotic unbiasedness. However, for some special basis functions, augmentation is not
necessary for the asymptotic mixed normality. See Section [4] for more detail.
The key result that drives the asymptotic unbiasedness of the TAOLS estimator is that

K
THWWOr = 3 (YA W)W = E'p, (27)
=1

which is mixed normal with mean zero. Note that the corresponding term in the OLS estimator

based on is
T
1
Tili jt - UQ-xt

for Z; = (x}, Ax})'. It is well known that this term has an additive nuisance bias in the limit, which
necessitates the M correction in . In contrast, the limit in does not have such an additive
bias term. Like the “partial sum” transforms in Vogelsang and Wagner (2014), basis-function
transforms help eliminate the additive bias. Both types of transforms resemble low-pass filters
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that reinforce low-frequency components while attenuating high-frequency components. However,
there is an important difference. While basis function transforms make the error process asymp-
totically independent, “partial sum” transforms make it more persistent with a consequential
adverse effect on the asymptotic efficiency. See Vogelsang and Wagner (2014) for more discussion
on the efficiency of the IMOLS estimator as well as its finite-sample bias-reduction property in
certain scenarios.

We note that the TAOLS estimator & of 8y is not consistent when K is fixed. The consistency
of & can be restored if we consider a different limiting thought experiment where K increases
with T but at a slower rate. See Phillips (2014) for details.

Proposition 2 Let Assumptions 1 and[g hold. A
(i) Under the fized-K asymptotics, T(Brry — Bo) = T(Braors — Bo) + op(1).
(13) Let Vi be a random wvariable with distribution M N {0 a§. me/ (m ’Mgn)_lﬁgxl/z . As-

sume that {¢; (-)}32, is a complete orthonormal system in

Lg[o,u:{f(-)eL2[o,1]:/01f(r)dr:o}.

—1
Vg = MN [o o2 Q12 </ Woa( d) 953/2]

where W (r) = fo s) ds is the demeaned version of Wy (r).

Then as K — o0,

Given the asymptotic equivalence in Proposition [2], our fixed-K asymptotic theory applies to
the TTV estimator. This can be regarded as a by-product of our paper. The fixed-K asymptotic
theory for the TIV estimator was established by Phillips and Liao (2014, Lemma 5.1), but they
considered only the case with a scalar regressor and did not pursue the limit ¢ approximation
theory established in this paper.

The conditional variance in Proposition (ii) is the semiparametric efficiency bound in the
sense of Phillips (1991b). Here we do not aim at achieving the bound per se. Instead, our goal is
to come up with a more accurate approximation for the given K value in a finite sample situation.
Proposition (ii) indicates that the TAOLS estimator could become more efficient for a larger K
and ultimately reach the semiparametric efficiency bound under the increasing-K asymptotics.
So, from this alternative asymptotic point of view, there is no loss of efficiency in our TAOLS
approach.

The asymptotics in Proposition (ii) is obtained for a fixed K as T — oo and then letting
K — oo. This is a type of sequential asymptotics. The sequential asymptotics provides a smooth
transition from our fixed-K asymptotics to the increasing- K asymptotics in Phillips (2005, 2014).

We note that for the TIV estimator Phillips (2014) considers only the increasing-K asymp-
totics under which 7" and K go to infinity and K/T — 0. A careful inspection of his proof
shows that it applies to the TAOLS estimator as well. Thus, in effect, Phillips (2014) has also
established the increasing-K asymptotics for the TAOLS estimator. More specifically, assume
that {¢; (-)}22, is a complete orthonormal system in

L2[0,1] := {f(-) e L?0,1] : /Olf(r)dr—O}.
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Then under the linear process assumption and rate condition given in his equations (L) and (R),
we have

1
TBraors — Bo) = MN [0 02,012 ( / W d) le”], (28)

where W, (r) fo s) ds is the demeaned version of W, (r). The above result is slightly
different from What is glven in the main theorem of Phillips (2014, page 213). The difference
arises because we require the basis functions to integrate to zero in order to accommodate an
intercept in the cointegration model. The cointegration model considered in Phillips (2014) has
no intercept, and so the basis functions do not have to integrate to zero. This difference is
innocuous, and the proof in Phillips (2014) goes through with only minor modifications.

The asymptotic mixed normality and unbiasedness of the TAOLS estimator facilitate hypoth-
esis testing. Suppose that we are interested in testing

Hy: RBg=rvs. Hi: RBy#r, (29)
where R is a p x d matrix. If o3, is known, then we would construct the following Wald statistic:
1

F(BraoLs) = - (RBraors — )" [R(Wx’MAxWx)_lRl]_l (RBraors —r)/p-

When p = 1, we would construct the following ¢ statistic:

RBraors — T .
Vo2& R(Wo M, W) 1R

tN(BTAOLS) =
Under the null hypothesis in , we can invoke Theorem [1| to obtain

F(Braows) = QIR (/' Men) ™ R1Q/p, (30)

where

R=RQ;Y? and Q = R(1/ Men) ™ty Mev. (31)
By construction, @ follows the mixed normal distribution M N [0, R(nf an)_l R ] . Conditional
on R (' M) ' R,
Q'R (' Men) " R17'Q/p ~ x;/p.
The conditional distribution does not depend on the conditioning variable R( ! Mgn) 'R'. So

X2/p is also the unconditional distribution. That is, the infeasible test statistic F(Braiors)

converges in distribution to x; 2 /p. Similarly, (BT AoLs) converges in distribution to the standard
normal distribution.

The presence of the unknown long run variance Z, in F (Braors) and #(Braors) hinders
their practical application. In practice, we have to estimate a%‘z in order to construct the test
statistics. Given that O'%,m is the approximate variance of the error term in the TAOLS regression,
it is natural to estimate o2, by

i (W x) WU o |1 — WOW'W) W W,
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where WO'E‘ WY — we IBTAOLS — WA 'dra0Ls. With the estimator 62, we can construct the
feasible F(Bra0rs) and t(Braorg) as follows:

~ 1 ~ _ ~
F(BraoLs) = = (RBraors — ) [ROWY Ma,W*) 'R ™ (RBraons —)/ps (32)

00.¢
RBraors —r .
V83 ROWS M, W)L R

t(BraoLs) =

The theorem below establishes the limiting null distributions of F(8740rs) and t(Bra0rs)
under the fixed-K asymptotics.

Theorem 3 Let Assumptions[1] and[g hold. Under the fized-K asymptotics, we have

- K
F(Braors) = K _og Ipi-2a and

N K
tBraoLs) = \| o —og " tK-2d:

where F), ko4 15 the I distribution with degrees of freedom p and K — 2d, and tx_oq is the t
distribution with degrees of freedom K — 2d.

Theorem (3| shows that both F(Braors) and t(Braors) are asymptotically pivotal and have
standard limiting distributions. From an asymptotic point of view, the TA regression is equiv-
alent to a classical linear normal regression (CLNR), and so the F' and ¢ limit theory is not
surprising. The standard F' and ¢ limit distributions we obtain here are in sharp contrast with
the nonstandard limiting distributions in Vogelsang and Wagner (2014). A great advantage of
our approximations is that the critical values can be obtained from statistical tables and software
packages. There is no need to simulate nonstandard critical values.

Our asymptotic distributions are also in sharp contrast to the chi-squared (XIQJ /p) and stan-
dard normal distributions. The latter distributions are the weak limits for the infeasible test
statistics. In fact, under the increasing- K asymptotics as developed in Phillips (2014) the latter
distributions are also the weak limits of the feasible statlstlcs F(Braors) and t(Braors). So
the increasing-K asymptotics effectively assume that 0'0,3C is known in large samples, and hence
completely ignore the estimation uncertainty in &3,1,.

To compare the critical values from the fixed- K approximation with those from the increasing-
K approximation, we consider the Wald-type test as an example. Let FpofK_zd and x, be the
(1 — @) quantiles from the standard Fj, g 24 and X2 distributions, respectively. Then we can use
the modified F' critical value K/(K — 2d)F';c_,, to carry out our F test. This critical value is
larger than the scaled chi-squared critical value Xp /p for two reasons. First, I pi—2d > Xp */p,
because the F' distribution Fj, x_sq has a random denominator, unlike the correspondlng chi-
squared distribution. Second, the multiplicative factor K /(K — 2d) is greater than 1. The
difference between the two critical values depends on the value of K. It can be quite large when
K is small. However, as K increases, K/(K — 2d)F1§fK_2d approaches x; /p. There is a smooth
transition from a fixed-K critical value to the corresponding increasing-K critical value. So, the
critical value K/(K —2d)F¢ K —24 18 asymptotically valid regardless of whether K is held fixed or
allowed to grow with the 5ample size. In this sense, K/(K —2d)F K —2q 1S a robust critical value.
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To investigate the power of the F' and t tests, we consider the local alternative hypothesis
Hir : RBy=r+6/T for some 0 € RP.

The following theorem establishes the limiting distributions of F(3740rs) and t(37407) under
Hir.

Theorem 4 Let Assumptions[1] and[4 hold. Under Hyr, we have
A K
F(Braors) = me,ngd(H/\Hz)

t(BraorLs) = tr—2a () forp=1

K —2d
as T — oo for a fixed K, where
_ _ -1/2
\ [Rﬂml/2 (n’Mgn)_l lemR’} 0

00-x

and Fp k24 () and tg_o4(-) are noncentral F' and t distributions with noncentrality parameters
IA? and X, respectively.

Since A is random, the asymptotic distributions are mixed noncentral F' and ¢ distributions.
The mixed distributions are analogous to the mixed chi-squared or normal distribution we would
get in the conventional FMOLS framework. More broadly, asymptotic mixed noncentral distrib-
utions are typical for experiments that have the local asymptotic mixed normality property.

Under the null hypothesis, Theorem [3| shows that the basis functions have no effect on the
asymptotic distributions. Under the local alternative, Theorem [ shows that the effect of the
basis functions on the asymptotic distributions is manifested through the noncentrality parameter
MAonly. Let ¢ (z) = (¢ (z),...,¢x (x)) be the vector of basis functions and A be any orthogonal
matrix, then it is easy to see that A will not change if A¢ () is used as the vector of basis functions
instead. A direct implication is that the power of the F' or ¢ test is invariant to rotations of the
basis functions.

For a given value of K, we may choose the basis functions to maximize the local asymptotic

power, say P[vaK_gd(H)\HQ) > F'ye 94]- This is not an easy task, as, in general, { and 7 are not

independent of each other. The optimal choice may also depend on RQ;ml /2 and the direction of

the local departure characterized by 6. We leave this to future research.

3.2 Model with a linear trend

In this subsection, we consider a more general version of by including a linear time trend in
the cointegration model. The model is now given by

yr = 2380 + pot + uot, (33)
Tt = T—1 + Ugt-
T
Define Wir = 7-1/2 Zt: ¢;(t/T)t for i = 1,.... K and W = (W' ... W) Then the
transformed regression in is naturally generalized to

WY = WY By + WR 5 + Wiy + WO for i = 1,..., K. (34)
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As we discussed earlier, an intercept can be included in and , but our approach is
asymptotically invariant to location shifts. The TAOLS estimator for 3, dg, and p is now given
by

~l N . ~ ~ 1~
(Braors 9raors raors) = (Wi, Wi ) ™ W, WY, (35)
where Wy, = (W2, WAz wir) .
Let
WO = WY —W¥Braors — Wi™oraoLs — Wi iiraors,

K
(662) = K'Y (Wiin)2
1=1

Then we can construct the Wald statistic and ¢ statistic as follows:
. 1 . B 1.
Fir(Braors) = W(RBTAOLS — 1) [ROW" Mg W*) 'R (RBraors —1)/p,
0-x
RBraors — 7

567j$)2R(Wx/MALtTWm)71R/

bir (B )
TAOLS \/(

—1
A t
where Mg = Ic = Wagar (Wip o Wasr) Wiy gy and Wag gy = (WA?, W)

!
Theorem 5 Let Assumptions and@ hold. Assume that a := (fol oy (r)rdr, - - ,fol O (1) rdr) #
0. Under the fized-K asymptotics, we have (1)

Vo —1/2 -1
Braors = Bo 000z’ (n' Me¢.qam) 17]/M57au

Yrur | draors =00 | = | 00220 (€M, a8) EMyav |- (36)
firaoLs = Mo 00 (&' Myea)™ " a/ My cv

where

Tr O
TT,tr = < 0 T3/2 )

and M, is the projection matrixz projecting onto the orthogonal complement of the column space

of v.
(13) Under the null hypothesis Ho : RS, = r, we have

A K - K

Fu(Braors) = 7571 nr-2a-1 and tu(Braors) = \| 75 —q1K-2d-1- (37)
(131) Under the local alternative hypothesis Hyr : RBy = r + 0/T, we have

) K )

Fy(Braors) = me,Kfzdfl(H)\” ) (38)
R K
and ty(Braors) = K o — K21 (A) (39)
where 12
RO (o Meam) ™ PR 0
A=

00-x
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Theorems [5{(ii) and (iii) are entirely analogous to Theorems [3] and [4f The effect of having
an additional trend regressor W!" is reflected by the adjustment in the multiplicative correction
factor and the degrees of freedom in the limiting F' and ¢ distributions.

Again, the asymptotic F' and t limit theory resembles the standard theory in the CLNR with
K iid observations. The multiplicative correction is a type of degrees-of-freedom correction. Had
we followed the standard practice in the CLNR and defined

K

1 ~
Atr \2 0-z\2
(UO-w) - K—-2d—1 ;(Wz,tr) ) (40)

we would not have to make the multiplicative correction. That is, the (scaled) Wald statistic
would be asymptotically F' distributed, and the ¢ statistic would be asymptotically ¢ distributed.

Observing that we compute the standard error of the TAOLS estimator in the same way we
would if the errors in the transformed regression are homoskedastic, which does hold in large
samples, our Wald statistic Fj, (BT A0Ls) With as the error variance estimator is numerically
identical to the F' statistic based on the residual sum of squares under the restricted and un-
restricted models. So, we can obtain Fi.(Braors) (and ty(Braors)) from the output of any
simple and very basic regression program as long as it works at least for the CLNR with ho-
moskedastic errors. The only step that we have to take is to get the data into the transformed
form. It should be noted, however, that we do not include the intercept in the transformed and
augmented regression when the basis functions satisfy fol ¢; (x)dz = 0.

As a by-product, we can perform a test of endogeneity, that is, the test of whether dg = 0,
in exactly the same way we would if the transformed regression is a CLNR. This can be justified
asymptotically using the same argument as in the proof of Theorem [5] We note that the test will
be inconsistent for a fixed K, but our focus here is on obtaining more accurate approximations.
The fixed-K asymptotics do not require that we fix the value of K in finite samples. In fact, in
empirical applications the sample size T is usually given beforehand, and the value of K needs to
be determined using a priori information and/or information obtained from the data. While the
selected value of K may be relatively large for large T, it is also true that it is a finite value for
any given sample. Plugging this finite value into the fixed-K asymptotic distribution gives us a
practical way to use the fixed-K approximation even when K is data-driven. As we have already
shown, the fixed-K critical value so obtained is asymptotically valid under the increasing-K
asymptotics.

If we have the polynomial trends (¢,#2,...,t9) for any integer g instead of a linear trend, then
the proof of Theorem [5] can be invoked to establish the asymptotic distributions under the null
and the local alternative. For example, under the null Hy : R3, = r, we can show that when
K >2d+g,

éL
K—-2d—g

K

———tK-2d—; 41
K—Zd—gtK 2d—3> (41)

FEy(Braows) Fp k24— and tir(Braors) =

e g=rank ([ (6100, o 0 (e r0)ar) )

and 2d + g is now the effective number of parameters to be estimated. The finite-sample
analogue of § is just the rank of W' the transformed trend matrix. If clsp{r,---,r9} N
[clsp{d, (r), -, ¢ (1)} = {0}, where ‘clsp’ stands for the closed linear span, then § = g. If
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some nonzero linear combination of the polynomial trends belongs to clsp { ¢ 41 (1), 4o (), -+ },
then g < g. For the Fourier basis functions, clsp{¢; (r), -+, ¢k ()} is a lower-frequency space,
as the energy of each non-zero function in this space concentrates only on lower frequencies.
Correspondingly, its orthogonal complement [clsp {¢; (1), -+ , b (r)}]T is a higher-frequency
space. Given that there does not exist any nontrivial linear combination of the polynomial
trends whose energy concentrates only on the higher frequencies, we have clsp{r,--- ,r9} N
lelsp{¢1 (r),-+ , ¢x (r)}]" = {0}, and s0 § = g.

The above comments apply to any set of trend functions. For more general trend functions,
we define ¢ in the same manner as in but with (r, r2, .09 ) replaced by the general trend
functions. In some statistical packages such as STATA, we do not even need to compute § theo-
retically. When g < g and the sample size is large enough, STATA will notice a multicollinearity
problem and retain only g transformed trend variables to avoid the multicollinearity. The as-
ymptotic F test and ¢ test can then be performed based on the new transformed and augmented
regression.

It is important to point out that under the fixed-K asymptotics the exact forms of the trend
functions and hence their transforms have to be known in order to ensure the consistency of the
TAOLS estimator 374075 If the trend functions are misspecified, then the TAOLS estimator
is in general inconsistent. However, if K is large and the trend functions are smooth enough
that they can be well approximated by a linear combination of a sufficiently large subset of the
basis functions, we can include this subset of basis functions in the TA regression. This will help
control for the unknown trend functions and reduce the asymptotic bias of the TAOLS estimator.
To eliminate the asymptotic bias altogether, we have to let K grow with the sample size T' at
some rate, and we are no longer in the domain of the fixed- K asymptotics but instead move into
the domain of the increasing-K asymptotics. So, if K is held fixed literally, then the fixed-K
asymptotics is not robust to trend misspecification. This is in contrast with the increasing- K
asymptotics under which the TAOLS estimator can still be made consistent, even if the exact
forms of the trend functions are not known. However, as we discussed before, we do not have
to fix the value of K in order to use the fixed-K asymptotic approximations. Even if K grows
with the sample size T, we can still use the fixed-K critical values (i.e., F' and ¢ critical values),
as they remain valid under the increasing-K asymptotics.

3.3 The form of basis functions

We consider the following two sets of basis functions on L?[0, 1] :

Fourier basis functions

{‘1523‘—1 (1) = V2 cos (2j7r) Pgj = V2sin (2j7r),j =1,... ,K/Q} ; (43)

Cosine basis functions

{¢j(T):\/§COS(jWT),jZl,...,K}. (44)

Both sets contain orthonormal basis and satisfy Assumption [I| If we let K — oo, then the or-
thonormal basis functions in both sets are complete. Fourier basis functions are the standard and
commonly used basis functions. Cosine basis functions are the eigenfunctions of the covariance
kernel of the demeaned Brownian motion.

Another commonly used set of trigonometric basis functions consists of the sine basis functions
{V/2sin (‘7'777’)}?:1 and {v/2sin ((j — 1/2) 7r) fil, which are the eigenfunctions of the covariance
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kernel of the standard Brownian bridge and Brownian motion, respectively. However, they cannot
be used directly, as they do not satisfy Assumption ii).

From a theoretical point of view, any orthonormal basis can be used. For example, one may
use the Legendre polynomials (shifted and renormalized):

{qﬁj(r):\/Qj—i-le(Qr—l),jzl,...,K}, (45)

where L g
P;(s) = il dsi (s* = 1)’ for s € [-1,1]

are the standard Legendre polynomials. Our simulation study not reported here shows that
Legendre polynomials do not deliver an accurate F' test or ¢ test in finite samples when high-
order polynomials are used. The main reason is that while these polynomials are orthonor-
mal in L2[0, 1], i.e., fol ¢; (r) ¢; (r)dr = 1{i = j}, the discrete version of the integral, namely,
71 Zthl ¢ (i/T) ¢(j/T), may not be close to 1{i = j}, especially when ¢ and j are large. So
even if ug..¢ is iid N(0,0?), the transformed error W9® may be far from being iid N(0,0?) in
finite samples. This can lead to substantial finite-sample size distortion. In contrast, for the two
sets of trigonometric basis functions given earlier, we can show that because of cancellations,

T

Ty ¢ (i/T)¢(j/T) — 1{i = j}| < 2/T

t=1

for all integersi, j € [1,7). In fact, for Fourier basis functions, 7! Zthl ¢ (i/T)¢(j/T) is exactly
equal to 1{i = j}. For this reason, we recommend using the trigonometric basis functions, and
hereinafter we do not consider other basis functions such as Legendre polynomials.

3.4 The number of basis functions

In principle, we can use any finite number of orthonormal basis functions in our fixed-K frame-
work. However, Proposition 2 indicates that a larger K leads to a more efficient estimator. On
the other hand, when K is too large, the TAOLS estimator will suffer from the asymptotic bias
that is not captured by the fixed-K asymptotics. For example, if we set K equal to the sample
size, which is the upper bound for K, the TAOLS estimator will be the same as the augmented
OLS estimator, which suffers from second-order asymptotic bias. Thus there is an opportunity
to select K to trade off the variance effect with the bias effect.

A direct approach to a data-driven choice of K is to first develop a high-order expansion
of BT AoLs from which we obtain the approximate mean squared error (AMSE) of BT aoLs and
then select K to minimize the AMSE of BT A0Ls- For hypothesis testing, a direct approach is
to choose K to minimize the Type II error of our proposed F' test or ¢ test subject to a control
of the Type I error. The direct approaches are ambitious. Phillips (2014) discusses some of the
technical challenges behind the direct approaches. We leave them for future research.

An indirect approach that appears to work reasonably well is based on the bias and variance
of the LRV estimator. Following a large literature on LRV estimation, Phillips (2005b) proposes
selecting K by minimizing the AMSE of Q) defined in . In the present setting, we have

o LS () () o e — L N L
0= 20 (W) (W) for Wt = 723 insi()

18



where either 4y = (y; — 28015, Ax,) or 4y = (s — 2:Bors — forst, Az}, depending on whether
a linear trend is present or not. For the Fourier basis functions and cosine basis functions, the
AMSE-optimal K* for estimating 2 is given by

. (e K (@@ QNP
Karse = {< 4vec (B) vec (B) > T

2 [ee)
for B = —% S W2Tu(h), Tu(h) = Bugd_, (46)

h=—00

where K, is the m? x m? commutation matrix and 1,2 is the m? x m? identity matrix. It is

important to point out that the above formula is based on the AMSE of the LRV estimator Q,
which is related to the TAOLS estimator but is essentially a different problem. Therefore, the
above rule of selecting K should be regarded as only a rule of thumb.

Recall that K has to be large enough to ensure that the regressors in the TA regression are
not perfectly multicollinear. In the absence of a trend, it is necessary to have K > 2d. For one of
his tests, Bierens (1997) recommends the rule-of-thumb value K = 2d. In our setting, the limiting
distribution of the Wald statistic is the F' distribution with the denominator degrees of freedom
K — 2d. For this F' distribution to have a finite mean, we require K — 2d > 3, i.e., K > 2d + 3.
So in finite samples it is reasonable to set K equal to K}, ¢ £, With

K]QSE,C = max(2d+3, K]QSE) (47)

When a linear trend is included, we make an obvious adjustment and set K equal to the following
;\kJS'E,c:
Kiysp,. = max(2d + 4, Kjygp)- (48)

There is another reason to avoid a large K. Cointegration is fundamentally a long run
relationship. To estimate the cointegrating vector, we should employ a regression that uses only
the long run variation of the underlying variables. The short run variation can help only when the
short run relationship coincides with the long run relationship. If the two types of relationships
differ from each other, then going beyond a reasonable value of K runs the risk of being struck
by short run contaminations. A trade-off between the asymptotic efficiency and robustness with
respect to short run contaminations leads us to consider a moderate K value.

When the Fourier basis functions are used, the transformed data consist of the real and
imaginary parts of the discrete Fourier transforms of the original data. In this case, a useful
rule-of-thumb choice is suggested by Miiller (2014) and Miiller and Watson (2013). These papers
propose selecting a K value to reflect business-cycle frequencies or below. For example, with
T = 64 years of post-World-War-II macro data, the choice of K = 16 captures the long run
movements of macro data with periodicity higher than the commonly accepted business-cycle
period of T'/ (K/2) = 8 years. Most recently, after extensive simulations, Lazarus, Lewis, Stock
and Watson (2016) suggest choosing K = 8 for HAR inference. To follow the fixed-K spirit in
the strictest sense, we will consider both K = 8 and K = 16 in our simulations.
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4 Cointegration Analysis with Shifted Cosine Bases

4.1 Model without time trend

We go back to the model without an intercept and time trend, i.e., the model in , but we
drop the augmented term in and consider the following equation

WY = W' By + W, (49)

where by definition
T
1 ¢
W) = W75 + W™ = —= > upg; () .
T t=1 T

Define the transformed OLS (TOLS) estimator Sorg to be
Brows = (W2W®) ™ Wy, (50)

In general, dropping VV%.A:E in will lead to an omitted variable bias unless the correlation
between WA% and W? is zero. The zero correlation is ensured by the following assumption.

Assumption 3 The basis functions satisfy fo (r); (1) dr = 0 with W;( fo ¢; (s)ds for
i,7=1,.... K.

Recall that
1
91/2/ b:(r rYdr = 91/2/ () AW, (1),
WY :>0'0m/ ¢, (r) dwo(r) + 0082, 12/ ¢;(r)dWy (1), (51)

for 4,7 = 1,..., K where wq (r) and W,(r) are independent Brownian motion processes. The
asymptotic distribution of (W¥ /T, W?) is jointly normal with covariance

o [ o B, [ oy nasatryar) = -2 ([ ()6, (1) ir) 0000

Thus, T‘1Wf and W]-Am are asymptotically independent if the basis functions satisfy Assumption
3

Lemma 6 The cosine functions
¢5(r) = V2cos (2j7r) forj=1,..,K (52)
satisfy Assumptions[1] and|[3,

The lemma not only shows that Assumption [3] can hold but also gives the set of simple and
commonly-used cosine functions as an example. Although there may be other functions that
satisfy Assumption [3] we have the cosine functions in mind when developing the asymptotic
results in this section. We are not aware of other commonly-used basis functions that also satisfy
Assumption
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Theorem 7 Consider the model in . Let Assumptions ﬁ hold. Under the fived-K asymp-
totics, we have

T(BroLs — Bo) = MN <07 039;;/2(77/77)719;;/2) .

It is interesting to see that the transformed OLS estimator is asymptotically unbiased and
mixed normal. To some extent, the use of the special basis functions such as the cosine functions
kills two birds with one stone. There is no need to augment the original regression in order to
achieve the asymptotic mixed normality.

Given the mixed normality of the limiting distribution, it is reasonable to make inference
based on BTO rg- The Wald statistic and t statistic are

fo 1 Vo iz — 1 -1 Vo
Fe(Brors) = W(RﬂTOLS —r) [R (WwWT) R/} (RBrors —1)/p, (53)
0
. Rp -
te(Bross) = — LT 59
65\/ R (Werwe) ' R
where
1 & \2 . )
(66)° = =>_ (W) where WY = WY — W' Brops.
=1

Following a proof similar to that of Theorem (3] we can show that

. K N K
Fe(Brors) = o Fpr—d and te(Brops) = |/ 17— - HE —d).

The above results are clearly analogous to the well-known results in a CLNR with K iid obser-
vations and d regressors.

4.2 Model with a linear trend

We consider the cointegration system with a linear trend as given in . Dropping the regressors
WiAz and W? in , we obtain

WY = W'+ (WY iy + W) for i = 1,..., K (55)

where W 11 + W9 = Wi 11 + WA 5o + WO is the composite error. In general, the transformed
OLS estimator obtained by regressing WY on W¥ is not consistent even if cosine transforms are
used. The reason is that the composite error is not mean zero and is correlated with the included
regressor. In fact,

V2 r 2t
Wi = 22 Ztcos(—) =TVv2T
VI T

T )

1 t 2mit

T > T cos( T )
t=1

=TV2T [/01 rcos (2mir) dr + O (lﬂ = O(VT) (56)

T

using fol 7 cos (2mir) dr = 0. So the composite error grows with the sample size at the rate of VT,
and as a result the transformed OLS estimator obtained in the absence of the trend term is not
consistent.
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A simple way to fix this problem is to use shifted cosine transforms. Let

1

Oi(1r) = 5 (r — ﬁ) V2 cos <2m’(7’ — 21T)) fori=1,..,.K (57)

be the finite sample shifted version of {¢§(r)},_ 1I We define
1 t
WY = — 05, (= | forv=y, z, Az and 58
T (T) y (58)

W — itgbc <t> Wo — 2 iu 5 <t> (59)
i~ m Ti\7m ) Wi = = 0tPri \ 7= ) -
\/thl T \/thl T

It follows from Lemma 8 in Bierens (1997) that Wfr = ( for any i = 1,..., K. Also, it is easy
to show that T-Y2 ST ¢S, (t/T) = 0 for all i = 1,..., K. So utilizing {¢%; (1)}, as the basis
functions filters out both the intercept and linear trend in the original equation (33))°l As a result,
we have

WY = W8y + WY fori = 1,..., K. (60)
On the basis of this equation, the transformed OLS estimator of 3 is given by

X . o -1, o
Brors = (WWWJC) WWY.
In view of ¢%;(r) = ¢5(r) + O(1/T) uniformly for r € [0, 1], we have
1
Wy = 0l L 0l2 [ g () WaGr)ar
WA s 1%, 4 91/2/ 05 (r) AW, (r), (61)

fori,7 =1,..., K, and Wf and WJA"T are asymptotically independent. Using these and the same
proof for Theorem [7}, we can prove the theorem below.

Theorem 8 Consider the model in . Let Assumptions and@ hold. Suppose that the shifted
cosine transforms are used. Then under the fized-K asymptotics,

T(BroLs — Bo) = MN <07 039;;/2(77/77)719;;/2) .

It follows from the theorem and the arguments similar to the proof of Theorem [3] that

Fo(Brors) = % g Ipk-aand te(Brors) = t(K —d), (62)

where F,(Brors) and to(Brors) are defined in the same way as in and .

'The cosine weight functions @5, (t/T) are known as Chebishev time polynomials of even orders. See Hamming
(1973) for details. Bierens (1997) shows that the cosine basis functions enjoy a certain optimality property for
hypothesis testing.

2Sun (2011) also uses the cosine basis functions in OS LRV estimation in order to achieve invariance with respect
to the intercept and linear trend.
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For a cointegration model without a trend, it is not hard to show that Theorem [7] and
the asymptotic results for the test statistics thereafter remain the same if we use the shifted
cosine transforms in place of the original cosine transforms. That is, for a cointegration model
without a trend, it does not matter asymptotically whether the shifted cosine transforms or
the original cosine transforms are employed. However, the shifted cosine transforms lead to the
TOLS estimator that is invariant to the presence of a linear trend. This is a nice property that
is not enjoyed by the original cosine transforms. For this reason, the shifted cosine transforms
are preferred over the original cosine transforms.

4.3 Augment or not: asymptotic efficiency comparison

Suppose that we use the shifted cosine transforms. Regardless of whether there is a linear time
trend, we have two different estimators of 3, both of which are asymptotically mixed normal.
The first one is the TAOLS estimator and the second one is the TOLS estimator. The difference
is whether the underlying regression is augmented or not. In this subsection, we address the
relative efficiency of the two estimators.

For the model without a time trend, it follows from and Theorem |7 I that the asymptotic
variances of By 4ors and Brorg conditioning on (1, ) are

Vraors = 05, (f Men) ™19, 7%, (63)
Vrors = O'OQ 1/2( n)~ 1Q 1/2 (64)
where we call that n = (11, ...,ng) & = (&1, €)1 = [ 65 (r r)drand & = [ ¢ (1) dW,(r).

For the model with a linear time trend, we know that a = 0 in Theorem Bl So no trans-
formed time trend can be included in the transformed and augmented regression. In this
case, we can follow the same proof of Theorem [5| and show that the asymptotic variance of
Braovs is 08, Qe (' Men) ™ 0.
UOQ 1/ 2( ) 1Qm/ as indicated by Theorem |8 That is, the asymptotic variance formulae in
and hold regardless of whether a linear trend is included in the model or not.

For any conforming vector ¢ € RY, we have

On the other hand, the asymptotic variance of BTO g 1S

/ —1 —1
¢ (Vraors — Vrors)c

1QL/2 2 QL2
= S (/M — Tty =L
0-z 0'0 00.x
/Ql/2 2 _ Qfl Ql/Q
_ Cllgy |:7],(IK—P§)T]— <JO UOx2 $x0x0>n/77:| zx C
00z o 002
. Cﬂclz:ézn/ |:I (UOxQ;;U:w) P:| 7799154:20
- K\ 2 )7 1¢
00z ofi! 00-x
=7 [Ig-0* — P ¢ (65)
where ¢ = 779315;/30/00.33, Pe =¢(€¢)71¢, and
_ 2
2 UO:EQ;mlO'mO élU:vO
=7 —q ax | —=—| €10,1]. 66
s e e ) (66)

By definition, ¢? is the squared long run canonical correlation coefficient between ug; and ;.
If 0> = 0, then c’(VT_jOLS - VT_OlLS)C = — Pe¢ < 0 almost surely. In this case, the asymptotic
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variance of BT A0rLs 1s always larger than the asymptotic variance of BTO 5. Intuitively, when
the long run canonical correlation between ug; and u,; is zero, including the additional regressor
WA will not help reduce the size of the error term in the transformed regression. However, the
presence of W27 reduces the strength of the signal in W* even though they are asymptotically
independent. That is why ET AorLs 1s asymptotically less efficient. On the other hand, when
0®> = 1, which holds if the long run variation of ug; can be perfectly predicted by s, we have
d(Viiors — Vrors)c = & (I — P¢) & > 0 almost surely. In this case, the benefit of including
the additional regressor WA% outweighs the cost, and it is worthwhile to include WA% to get the
asymptotically more efficient estimator BT AOLS-

There are many scenarios between these two extreme cases. Whether the asymptotic distri-
bution of BT A0Ls has a larger variance than that of BTO s depends on the value of g?.

Prop051t10n 9 If 0> > d/K, then BTAOLS has a smaller asymptotic variance than 5TOLS, i.e.,
asymvar(Braors) — abymvar(,BTAOLS) is negative semidefinite. Otherwise, Braorg has a larger
asymptotic variance than BTOLS

4.4 AMSE Rule

For the cosine basis function {v/2 cos 2imr}X | we can follow Phillips (2005) and Sun (2011) and
show that the AMSE-optimal K* is given by

K — (1 tr(Lpz + Kinm) (2@ Q) > v T4/5
MSE 16 4vec(B) vec(B)

12

1\ /5
() Kirse = Kirss057) (67)

where K}, ¢ is the AMSE—Optimal K given in for the basis functions given in . Following
the same argument for , we recommend making an adjustment in finite samples and set K
equal to max (K§jqp,d + 5)

Given the smaller choice of K, the use of cosine basis functions rather than the complete cosine
and sine basis functions may lead to a less efficient estimator of 3,. However, the cosine basis
functions enjoy two advantages that the complete basis functions do not. First, it automatically
filters out the time trend regressor so that we do not have to worry about the estimation error in
trend extraction. Second, the use of cosine basis function renders it unnecessary in some scenarios
to include the first difference regressor in the regression and thus saves some degrees of freedom.
These two advantages may offset the efficiency loss from having to select a smaller K.

5 Simulation

We compare the finite-sample performance of our method with several existing methods in the
literature. For cointegration models without a time trend, we follow Phillips (2014) and consider:

o /
Yt : ap + :L‘t,BO + uot ,Up = < ot > = OQui_1 + ¢ (68)
Ty = Tp—1 + Ugt Ugt

where xg = 0,

€ ..
€ = < y ) ~11d N (0,X), © =p-Igt1, = Japr,a+1 0+ a1 - (1 — ),

Ext
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and J, 4 is the p X ¢ matrix of ones. The dimension d of x; is set to 2, and the true regression
coefficients are set to be ap = 3 and By = (1,1)". The parameter p controls the persistence of
individual components of u; = (ugy, ul,)’ € R¥L. The parameter ¢ characterizes the degree of
endogeneity, as it is equal to the pairwise correlation coefficient between the elements of u; in the
above model. We set the values of p and ¢ as follows:

p € {0.05,0.20,0.35,0.50,0.75,0.90} and ¢ € {0,0.75} .
We also consider a cointegration model that includes a linear time trend:

Yo = apg + pot + 2380 + ot
Tt = Tp—1 + Ugt,

where g is set to 0.05 without loss of generality. Other configurations are exactly the same as
the model without a linear trend.

We are interested in testing Hy : Sy = (1,1)" vs. Hy : B # (1,1). We consider the Wald-type
tests based on four different estimators: the FMOLS estimator of Phillips and Hansen (1990),
the TIV estimator of Phillips (2014), the IMOLS estimator of Vogelsang and Wagner (2014),
and the TAOLS estimator proposed in this paper. The first two tests are chi-squared tests that
employ the increasing-smoothing asymptotic approximation and use chi-squared critical values.
The last two tests are fixed-smoothing tests. The IMOLS test employs the fixed-b asymptotic
critical values, which are available from the supplementary appendix to Vogelsang and Wagner
(2014). The TAOLS test employs the fixed-K asymptotic approximation and scaled standard F'
critical values.

For the FMOLS and IMOLS methods, we consider the Bartlett, Parzen, and Quadratic
Spectral (QS) kernels. For the TIV method, we choose the basis functions {v/2sin ((j — 1/2) 7r)},
as suggested by Phillips (2014). Note that for the TIV method, a constant vector should be
included in the instrument matrix ® defined in . When the model includes a linear time
trend, the linear trend should also be included in ®. For the TAOLS, we consider the Fourier
basis functions and cosine functions given in and , respectively. Simulation results for
models with a linear trend and for shifted cosine basis functions are reported in the original
working paper Hwang and Sun (2016).

For fixed values of K, we set K = 8 and 16. The comparable values of b for the kernel methods
that deliver the same asymptotic variance are

b= (coK)* for ¢, =2/3,0.539285, and 1,

for the Bartlett, Parzen, and QS kernels, respectively. In particular, for the QS kernel, which we
will focus on, the corresponding b values are b = 0.13 and 0.06.

For data-driven values of K, we employ the formula in either or , depending on
whether a linear trend is included in the model. For the data-driven values of b, we employ the
formulae in Andrews (1991), which are obtained by minimizing the asymptotic (truncated) mean
squared error of the kernel LRV estimator. The asymptotic mean squared error criterion is not
necessarily the most suitable one for the IMOLS based inference. Ideally, we should derive a
formula for b that optimally balances the size distortion under the null and size-corrected power
under the alternative. Like the AMSE-based rule given in or , the AMSE-based rule of
choice for b should be regarded as only a rule of thumb. See Vogelsang and Wagner (2014) for
more discussion on the subtlety of choosing b. When data-driven values are used for both K and
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b, the unknown parameters B and €2 in the data-driven formulae are estimated by the plug-in
method using VAR(1) as the approximating model for {a;, = (4§, Awé),}, where 45" is the
OLS residual based on the OLS estimators of slope coefficients.

We report the simulation evidence only for the model without a linear trend, as the qualitative
observations that follow remain valid for the model with a linear trend. Figures report the
empirical size of five different tests; the labels on the figures should be self-explanatory. The
number of simulation replications is 10,000, and the nominal size of all tests is 5%. To avoid
overloading the figures, we report only the case with the QS kernel for the kernel-based methods.
While Figures [1] and [2| report the case with fixed smoothing parameters, Figure |3| reports the
case with data-driven smoothing parameters. Several patterns emerge from these figures.

First, it is clear that, for all values for p and ¢ and sample sizes T € {100,200}, our proposed
I tests, i.e., “TA-Fourier-F” and “TA-Cosine-F,” which are based on the TAOLS estimator,
outperform the chi-squared tests, i.e., “FM-QS-Chi2” and “TTIV-Sine-Chi2”, by a large margin.
Simulation results not reported here show that using F' critical values can also dramatically reduce
the size distortion of the “TIV-Sine-Chi2” test. Our findings are consistent with the literature
on heteroskedasticity-autocorrelation robust inference such as Sun (2013, 2014a), Sun, Phillips,
and Jin (2008), and Kiefer and Vogelsang (2005), which provide theoretical justifications and
simulation evidence on the accuracy of the fixed-smoothing approximations.

Second, among the two groups of fixed-smoothing tests, our proposed F' tests, “TA-Fourier-
F” and “TA-Cosine-F,” outperform the nonstandard fixed-b test “IM-QS-b.” This is true for
both the fixed smoothing parameters and data-driven smoothing parameters. In the cases with
fixed smoothing parameters, the fixed-smoothing tests are fairly accurate when p is small but
become somewhat sized distorted when p is very large. The exception is that, when b = 0.13, the
“IM-QS-b” test under-rejects when p is small, suggesting that the fixed-b critical value appears
to be too large when p is small.

Third, the data-driven choices of smoothing parameters help improve the size accuracy of the
fixed-smoothing tests. In particular, our proposed F' tests are very accurate when K is data-
driven. While it is convenient to set the smoothing parameter to a given value, it pays to use
a data-driven rule, even though the rule is designed for a different problem. The data-driven
rule is more compatible with the increasing-smoothing asymptotics, but the fixed-smoothing
critical values are adaptive in that they approach the increasing-smoothing critical value when
the amount of smoothing is large. In other words, coupling a data-driven smoothing parameter
with fixed-smoothing critical values can be theoretically justified using the increasing-smoothing
asymptotics under which K — oo as T' — oo.

Fourth, it is not surprising that endogeneity of a higher degree poses more challenges for size
accuracy. It is also well expected that when the smoothing parameters are data-driven, a larger
sample size helps reduce the size distortion.

Finally, for our proposed F' tests, the finite-sample performances are virtually the same across
the two sets of trigonometric basis functions we consider. So, in terms of size accuracy, it makes
almost no difference which set of trigonometric basis functions is used.

Next, we investigate the finite-sample power of each procedure. The power is size-adjusted
so that the comparison is meaningful. The DGP’s are the same except that the parameters of
interest are from the local alternative hypothesis § = 5, + 6/T where 0/ ||0|| is uniform on a
sphere. The choice rules for K and b are also the same as before. Each power curve is drawn
against |||, which measures the magnitude of the local departure. Figures present the
size-adjusted power curve of each procedure for p = 0.05,0.35,0.50,0.75,0.90, ¢ = 0,0.75, and
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T = 100,200 when the smoothing parameters are data-driven. We omit the TIV test from the
figures, as its power curve is close to that of the TA-Fourier test. The closeness of the power
curves is not surprising, because the TIV test and the TA-Fourier test are based on essentially the
same test statistic. The only difference lies in the critical values used. So upon size adjustment
the two tests are essentially the same test.

The simulation results are briefly summarized as follows.

First, the FM-QS test yields the highest power in almost all cases. This is not surprising,
as the FMOLS estimator effectively uses both low-frequency and high-frequency components
to estimate the cointegrating vector with modification in only the second stage. However, the
FMOLS estimator can be fragile if there are high-frequency contaminations. In addition, the FM-
QS test has very large size distortion. As an example, for ¢ = 0.75 and T' = 200, the empirical
size of the FM-QS test is 25% when p = 0.75. It increases to 45% when p = 0.90. These numbers
can be read from Figure [3| and are also available from tables not reported here.

Second, the power of the “TA-Fourier” test is either close to or higher than the power of
the IM-QS test. When the serial dependence is weak, e.g. p = 0.05, the “TA-Fourier” test
is as powerful as the most powerful FM-QS test. Given its accurate size, superior power, and
convenience to use, we recommend the “TA-Fourier-F” test for practical use.

Third, among our proposed F' tests, the power curve based on the Fourier bases is close to
that based on the cosine bases. While the Fourier bases perform slightly better than the cosine
bases when p is relatively small, their power curves are virtually indistinguishable when p becomes
large. In view of the similar size and power properties, we can conclude that it does not matter
much whether Fourier bases or cosine bases are used.

To sum up, when the smoothing parameter K is data-driven, the TAOLS based F' tests have
fairly accurate size. They are much more accurate than the FM-QS and TIV tests that use the
chi-squared approximation. They are also more accurate than the IM-QS test, which also uses
a fixed-smoothing approximation. While the TAOLS based F' tests are not as powerful as the
FM-QS test for some simulation configurations, they have competitive and often superior power
relative to the IM-QS test.

6 Conclusion

This paper provides a simple, robust, and more accurate approach to parameter estimation and
inference in a triangular cointegrated system. Cointegration is fundamentally a long run relation-
ship. Our approach echoes this key observation by focusing only on data transformations that
capture the long run variation and covariation of the underlying time series. From a practical
point of view, our approach enjoys two major advantages. First, the more accurate approxima-
tions we derived under the so-called fixed- K asymptotics are the standard F' and ¢ distributions.
Second, test statistics can be obtained from the usual regression output. So, our asymptotic F’
and t tests are just as easy to implement as the F' and t tests in a classical linear normal regres-
sion. A simulation study shows that our tests are much more accurate than the chi-squared tests.
For practical use, we recommend using the Fourier basis functions and employing the modified
data-driven rule to select the number of basis functions.

A key open question is how to select the number of basis functions optimally. While we have
suggested a data-driven approach, it does not directly target the problem under consideration.
It would be interesting to investigate selection of the number of basis functions to minimize the
approximate mean squared error of the point estimator of the cointegrating vector. If we are
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interested in interval estimation or hypothesis testing, then the number of basis functions should
be oriented toward optimizing the underlying objects such as the coverage probability error, the
interval length, and the type I and type II errors. There may also be room to select optimal basis

functions. We hope to address some of these questions in future research.

7 Appendix of Proofs
Proof of Theorem By the definition of 474075 and Y7, we have
Y1 (Fraors — Vo) = (Y73 WWYLH) T Wwoe,

Note that WY ' = (W®/T, WA?) where

T T !
W /T = (W¥/T, ..., W </Z )y, .., T—Z >
and ,
T
WACIZ _ (Wle WAx _ < Z ¢1 umt’ . T ; umt> .

By Assumption [l and the continuous mapping theorem,

T

1

WZM w:»QW(/ o;(r > 02,
=1

t
d 1 - , i QL2 AW, ( — OL/2¢
an ﬁ;@(T wi= 92 ([ o0 ) 12,
hold jointly over i,5 =1, ..., K. So
W/T = (%) and WET = (Q,2%¢')',

and
WYL = (@), (@U2)) = (nk2 e0l?)

Similarly, we have

/

= (O‘o.xl/l,do.xug, ...,O’Q.IVK) = 0g.gV

where v = [v1,...,vk] ~ N(0, Ix). The above convergence holds jointly with , ie.,

<WT}1,WO'I> = <&, D) where ¢ = ( :1642,5(21/2> , U =00 and ¢ L D.
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Using this result, we have
Y7 (Yraors — o) = (T WWYLH) I, Wwoe
~I~._13'. d ~I~. _
= (O L MN [0,63,07
The weak limit can be written more explicitly as
-1
I Q1/2 / Q1/2 1/2 ,591/2 Q;{ﬂzn,
(CQ) (V=002 Q1/2g Q1/2 Ql/zg £Q1/2 QL2 v
o [0 0 (7777 n£> <n’>V
’ 0 QL & €€ '3
_ 0. ZQ / ( /an) 77'M§V ) (75)
00282 (5 Mng) E/Mny

So the representations in and hold. m
Proof of of Proposition Part (1) By Lemma A in Section 6 of Phillips (2005b), we have

Iaqd l / -1 _ l
(I)@—IK—FO(T) and (®'®)" =1+ 0O T

for any fixed K. Then it is straightforward to show that
Py = (D) 0 =@ (Ix + O(T 1)) &' = 0% + O(T ).
Now
5 _ . X' X X ute
T(Briv — Bo) = (X'SeX) (X' SsU*") = (WSq)j'B/Q) <T3/2 So T1/2> ,  (76)

where U%® = (ug.z1,...,U0.zr) and S¢ = Pp — PeAX(AX'PeAX)"1AX'Ps. Note that

Sp = @ {(qxb’)‘l — (e0) (I)i/ATX [(A\)/(;)) (e0') <¢1/ATX)] B A\)/(T/q) (@@’)‘1} @
=39 +0(T™ 1)

— & [T + O (TN WA {WA [I1e + O (T™H)] WA} WA 1 +.0/(T )] &'
= & (Ig — Pag) @ + 0p(1),

hence we have

X' X X'® d'X
T3/2 S‘I’T:a/z ~ T3/2 (I — Pag +0p(1)) T3
Wajl W;v
= (I = Pas) = + 0,(1)
and
X/ U0~m X/(I) / q)/U(}:r
T3/2 Sq:'Tl/Z - (T3/2> (Ix — Paz +0p(1)) W
W
=~ (k- Pag) WO 4 0,(1). (77)
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Combining these two representations and using Theorem (I} we have

R W:p/ Wm -1 Wml
T(Brry — Bo) = < T (Ix — Paz) T> < T

=T(Braows — Bo) + op(1).

Part (ii): For any conformable vector ¢ and 7 € R, we have

(I — PM)> WO 4 0,(1)

T

lim P (Vg <7)= lim EG
K—o00 K—o0 , -1/2, , _10-1/2
00.z1/C [Qm (' Men) =10, }c

where G(-) is the cdf of the standard normal distribution. Note that fol W, (r)We(r) dr is positive
definite with probability one. By the definition of weak convergence and the continuous mapping
theorem, it suffices to show that

1
' Men = / W (r)We(r)'dr as K — oo.
0

We first show that n'n = fol W (r)W,(r)'dr. Given that {¢; ()}, is a complete orthonormal
system in L2[0,1], we know that 325 ¢, (r)¢;(s) converges to the Dirac delta function & (1 — s)

in that
1 K
‘ / (Z @-(rm(s)) Fr)dr — £(s)
0 \i=1 12

for any f € L3[0,1] N C[0,1] as K — oo where ||-|| 2 is the L? norm and C[0, 1] is the space of
continuous functions on [0, 1]. But

=S i~ 21{: ([ ormaar) ([ ¢i<s>wm<s>ds)/

1=

1 K
- /0 /0 (Zqﬁi(rm(s)) W, ()W (s)drds
=1

where W,(s) € L[0,1] N C[0,1] almost surely, and so

0 (78)

—_

1
17’77%/0 Wx(T)Wé(T)dT (79)

almost surely. This implies that n'n = fol W, (T)Wz (r)dr.
Next, we prove ' Penp = 0,(1). We have

/ _//—1/_115/5_1/
P =we (€9 = e (5) e

1 K | X -1 /K
= (Z mfg> <K2151-52> (Zl fmé)

=1

K K
‘ (Z mf?) ( &né) +0p(1) (80)
=1

i=1

1
K
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where the last equality follows from the result that &; AN (0,14) fori=1,..., K. For the term
SO mi€h, we note that

/¢ / ()[/OTdW:c(S)]dTZ/Ol</sl¢i(7")dr>dW$(s)
/0 (/0 65 >dr) o) = [ .o 1)

where W;(s) = [ ¢;(r)dr. So
zz{/ o)
:—IdZ/ dr_—Id/ Z\If

_Id/ (/ Z¢ {s<r}ds> (r)dr

[ [

and
o (gng)
- var [Z [ [ )W, (s >)]
_lz// ®dW())]
[/ / / / (AW () @ dWa (r)] [dW (q) @ AW (p)]

—fijj[ / / (1) 5 (1)U (9) b5 (p)vecLa)vee(Iy) drdp]

0

K K 1 1

Y / / Wi (r)6,(5) W5 (1) ()drds [Ty © L] (Ip + Kog)

i=1 j=1/0 O
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where Ky 4 is the d? x d? commutation matrix. Now

ii {/01 /01 Wi (r)e;(r)dr /01 ‘Pj(p)¢j(p)dp] vee(Ig)vec(Iz) =0

i=1 j=1

because fo i(r) g (r)dr = & [‘Ill(r)]zl(l) = 0. Also

// W (r) 6 (s)drds
—/ /qbz ;s ds—l{z—g}/
—1{1—3}/ [/ o;(s ] dr. (82)

As a result, we have

var [vec (g méé)]

K 1 T 2
:Z/O [/ ¢@-(S)d8} dr x [Ig® Ig) (Ip2 + Kgq)
i=1
1,1
:/()/()/Z¢Z 10 (@)1{p <7} 1{q < r}dpdgdr x [I;® I Iz +Kgq)

1,1
— / / I{p <r}dpdr x [Ig® I (12 + Kgq)
o Jo

1 [Id &® Id] (Id2 + Kd,d) (83)

1
= / rdr x [Ig® Ig) (I + Kgq) = 5
0

as K — oo. In view of the mean and variance orders, we have Zfi 1 m:& = Op (1). Tt then follows
that

1 K K
0 Pen =4 (Z m&é) <Z €m§> +0p(1)
k=1 k=1

1
= Op(=

)+ 0p(1) = 0,(1). (84)

Combining and yields
1
TIIM§77 =n'n— 77/P577 =n'n+ op(1) = / W (r)We(r) dr
0

as desired. m
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Proof of of Theorem We prove only the result for the Wald statistic as the proof goes
through for the t statistic with obvious modifications. Using (74), we have

K
= %WO*B’ {IK — Wt [(WTTl)'WrTl] - (WTTl)/} PO

:>UOxK [IK g(gg) Z'}y.

1 R
62 = —Wo [IK W (W’W) W’] Wo

But

o g1 o
¢(de) ¢
—1
( /2 1/2) Q1/2 , Q1/2 1/2 ,591/2 lee;/x27}'
im0l Qéﬁfé £0u” Qe
—1

< QL2 ¢ 1/2) o0 (nn 77’5) o0 oA

N 0 QY2 & Ee 0 QY2 QL2e!
< QL2 ¢ 1/2) 2t 0 I N B 0y

RN 0 Q2 & €¢ 0 Q. QL2e!

B mn €\ < ' ) .
= (7776) ( 5/17 5/5 ) 5/ = Pg“a

where ¢ = (1,€) € REX2 50 52 = U%_x%l//Mcv for M = Iy — P;. Combining this with

T (R/BTAOLS - 7“) = UOwRQ;xlm (U’Mﬁn)il ”/Mé’/

and
x /! T
R(W MMW VIR
T
x ! zy —1
. R { W [ - WAw(wAwlwAaj)—lwAa}l] W} R/
T T
-1
- R {9% ' [ o - el (atpeents?) " ol it} w
-1
= RQ;Q/ 2 [U'Mgn] onlPR, (85)
we have

N 3 1y L N-lr. B
: K | Ry Men) ™ ' M| (Rl M) R) [ R (o Mem) ™ ' Mev
F(Braors) = — v Mew

~ ~\—1
K Q (BrMenR)  Q
- ; V' My

(86)
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where R = RQ%Q,

8 g oan-l
Q' (R (' Men) ! R’) QL x5 and v/ Mcv LI

Note that conditional on ¢ = (1,£), Mcv = [IK —¢ (C’C)_l C’} v and ' M¢v are independent,

as both M¢v and 1’ M¢v are normal and the conditional covariance is
cov (Mcv, ' Mev) = |Iic = ¢ (¢'¢) ™" ¢ Men = 0.

So conditional on (, the numerator and the denominator in are independent chi-square
variates. This implies that

~ 1 o~ - a1
kQ (BMa " R) Q@ g @ (RWMal'R) Qg .
P v/ Mcv T K-2d  JMw/(K-2d)  K-2d "

conditional on (. But the conditional distribution does not depend on the conditioning variable
¢, so it is also the unconditional distribution. We have therefore proved that

- K
F(Braors) = T oglpK-2 (87)
| ]

Proof of Theorem The proof is similar to that for Theorem [3] We prove the result for the
F statistic only. We still have

1
583; = O'%w?I/,Mclj for MC =Irg — PC

and
we/ T B
R(— MAxT)_lR' = RO (' Men) ' Q%R (88)
But now
. . o,
T (RﬁTAOLs - 7’) = 00 (?7 Mg??) 1 Mev + 0,
SO

) ) , o )
(i i (RO Men) ™ M + 22 (RO Men) ™ B) [R (0 Men) ™/ Mew + 52
= —
(5TAOLS) D = =

2

% HZ + [ﬁi (' Men) ™ R’] 0 /00.

P V' My ’

(89)

where

Z = |R(n'Men) " | R (o Men) " Mev ~ N0, 1)
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and Z is independent of v/ M;v conditional on ¢ = (7, &) . Using the same conditioning argument
as in the proof of Theorem [3| we have

2+ (R 7)™ /00|
K +[ (n' Men) } /002

P V' My

- .1
K o [R (' Men) 13'} 0
=% Qde,Kdd

2
00.2

conditionally on ¢ = (n,&). Unconditionally, the limiting distribution is a mixed noncentral F
- L 1-1

distribution with a random noncentrality parameter 6’ [R (n' Mgn)fl R’ } /a2, which is equal

to H/\H2 ]

Proof of Theorem We follow the same step as in the proof of Theorem [I} We consider
only Fir(Braors)- The proof for ty.(Braors) is similar.

Let
Tr 0
TT,tr = < 0 T3/2 )
Then

Braors — Bo L . - N1
TTvtT‘ 5TAOLS - 50 = (T_,trWtTWtTTitr)_ TTvtTWtrWy = (CtrCtr) Ctrl/7
firaoLs = Mo

where .
Cor = (922, €002 a)

Some simple calculations show that

~1/2 _
~ ~ -1, UO%QLE@'/ (U’Méa’n) 177le,(1”
(Ctrgtr> gtrﬂ = Uo.me_zl/Q (gan,af)_l gan’aI/
002 (a'M,hgoz)_1 a' My cv

So part (i) of the theorem holds. In particular,
> _ —1
T(Braors — Bo) = 002%2"" (' Mean) ™ 0 Me qv. (90)

Following the same steps in the proof of Theorem [3| we have (6§ ,)% = U%,x%l/ M¢ qv. Com-
bining this with , we have

E(Braors) =

K
=1 me,K—M—l- (91)

-~ _ AV as I e N _
i [BOr Meam) ™ o Meav| (RO Mean]™ )[R Meam) ™ o/ Mg o
E V' M qv
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Proof of Lemma [6l The cosine functions clearly satisfy Assumption [I] Note that

/QSZ ds-\f/ cos(2ims)d

_ 2 sin (2iws) " sin (2i7r)

um -

0 flﬂ' ’

we have, for ¢ # j,

/ W) 1) dr = 01 B VBcos () dr

1 1
= ; sin (2i7r) cos(2jmr)dr

1 t o v .
=5 (/0 sin (2(i + j)mr) dr —i—/o sin (2(i — j)mr) dr)

1 [ cos(2(i+j)mr) ! 1 [ cos(2(i —j)mr) ! B
_m< 2(i + j) 0>+2m< 2(i — j) 0) =0

For ¢ = j, we have

/01 Ui (r)¢f (r) dr = 1 </01 sin (2(i + j)7r) dr) _ QL (_ cos (2(i + j)r)

2im T 200+ )

1
= 0.
0

Therefore fo Ve(r)g] (r)dr = 0 for any given 4,5 = 1,..., K. That is, the cosine functions also
satisfy Assumptlon I ]

Proof of Theorem [7. We have

T(Brors — Bo) = Q” (me) (Zm%) :
=1

where

/ o;(r r)dr and ¥, 1= ooV + aon §i

/ ¢;(r)dW,(r) and v; = / ¢, (r)dwy(r

Since ¥ := (1, ..., V) ~ N(0,031x) and i L 1, we can represent the limiting distribution as
zero mean mixed normal dlstrlbutmn

0,/ (me) (Zm)- 2 () e £ MN (0 o3, (of )‘19;3/2)

as desired. m

for

Proof of Proposition |§|. Note that B¢’ (Vi iors — Vions)c = ¢E [E(ijOLS - VTT(%LS)M] c
for any conforming vector ¢ € R%. From equation and the independence between 7 and &,
we have

1 1 c Q1/277/ 2 7791/20
’ _ _ TT T
¢ E(Vraons — Vrors)In] ¢ = T oon (0*Ix — E[P]) o (92)
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where the (i, j)th element of Py = £(£'6)71¢ is

K —1
pij =& (Z g&) ;.
s=1

We want to show that E[P:] = d/K - Ix. That is, E[p;] = d/K for i = 1,..., K and E[p;;] =
Elpj;i] =0 for all ¢ # j. Since &; o N(0, 1), it is easy to show that

-1

K -1 K
¢ (Z @5;) &2 (Zssg’s) g foralli,j=1,.. K. (93)
s=1 s=1

So, we have E[p;] = Elpj;], i.e., all the diagonal elements of E[FP] are same. In other words,
Elp11] = Elp22] = ... = E[pk k]| = X for some A. This gives us

AK = tr[EP] = Eltr [£(€6)'¢/) = d

and so A = FElp;] = d/K for ¢ = 1,...,K. For the off-diagonal elements, we note that the
distribution of p; ; is symmetric around zero, which implies that E[p;;] = E[pj;] = 0 for all i # j.

Therefore,
2

Q2
Plar &) (94)

00-x

_ _ d
EC/(VTXOLS - VTolLS)C = <@2 - K) E

and this immediately leads to the desired result. m
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Figure 1: Empirical size of 5% fixed-smoothing tests (TA-Fourier-F, TA-Cosine-F, IM-QS-b) and
chi-squared tests (TIV-Sine-Chi2, FM-QS-Chi2) with K = 8 and comparable b (b = 0.13)
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Figure 4: Size-adjusted power of different tests with data-driven smoothing parameters when
p = 0.05
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Figure 5: Size-adjusted power of different tests with data-driven smoothing parameters when
p=0.35
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Figure 6: Size-adjusted power of different tests with data-driven smoothing parameters when
p = 0.50
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Figure 7: Size-adjusted power of different tests with data-driven smoothing parameters
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