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Abstract

Testing the cointegrating rank of a vector autoregressive process with an intercept is con-
sidered. In addition to the likelihood ratio (LR) tests developed by Johansen and Juselius
and others we also consider an alternative class of tests which is based on estimating the
trend parameters of the deterministic term in a different way. The asymptotic local power of
these tests is derived and compared to that of the corresponding LR tests. The small sample
properties are investigated by simulations. The new tests are seen to be substantially more

powerful than conventional LR tests.
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1 Introduction

Following the invention of the concept of cointegration by Granger (1981) and Engle &
Granger (1987) it has been adopted in many empirical studies. Since inference in and the
interpretation of econometric models crucially depends on the existence and the number of
cointegration relations within a system of variables, tests for cointegration are now routinely
applied at an early stage of an analysis. Whereas some tests are designed for use in single
equation models other tests are based on models for the full data generation process (DGP) of
a set of variables and enable the analyst to investigate not only the existence of cointegration
relations but also their number.

The latter approach usually assumes that the DGP is a finite order vector autoregressive
(VAR) process. Notably the likelihood ratio (LR) tests proposed by Johansen (1991, 1995),
Johansen & Juselius (1990) and Reinsel & Ahn (1992) are developed in this framework. It
is shown that asymptotically valid tests for the number of cointegrating relations can be
constructed which do not depend on the short-term dynamics of the DGP. They do depend
on the properties of deterministic terms, however. In particular, the specific properties
of intercepts and polynomial trend terms in a VAR process have a crucial impact on the
asymptotic distribution. In fact, it is shown in Johansen & Juselius (1990) that LR tests for
the number of cointegrating relations in a Gaussian VAR process with an intercept term have
different limiting distributions under the null hypothesis depending on whether the intercept
term generates a linear trend in the variables or it can be absorbed into the cointegrating
relations.

Since a VAR process with an intercept term is perhaps the most common model used
in applied work we will focus on this case in the following and assume that the intercept
cannot be absorbed into the cointegrating relations so that either the system is stationary or
a deterministic linear trend is present in at least one of the variables. Under this condition
an alternative class of tests for the cointegrating rank is proposed and its limiting null
distribution is derived. We will also explore the asymptotic local power of the new tests and
of the corresponding LR tests and we will compare it to the local power of other suitable
tests for the cointegrating rank when the variables have a deterministic linear trend. It
turns out that the new tests have much better local power than the conventional LR tests

and other tests that allow for deterministic linear trends. A local power analysis of the LR



tests is also performed by Rahbek (1994). In our analysis we will focus on different local
alternatives, however. A comparison with Rahbek’s approach will be provided. Using Monte
Carlo simulations we will also perform a small sample comparison of the new tests and the
standard LR tests. It is found that the new tests tend to be more powerful close to the null
hypothesis than the standard tests.

The paper is structured as follows. In the next section the basic model is introduced.
In Section 3 the test procedures are described and the limiting distributions under the null
hypothesis are considered. A local power analysis is performed in Section 4 and Section
5 reports the results of a small sample comparison of the tests. Conclusions are drawn in
Section 6. Most proofs are contained in the Appendix.

The following notation is used throughout. The lag and differencing operators are denoted
by L and A, respectively, that is, Ly; = y;—1 and Ay, = y; — yi—1. The symbol I(d) is used
to denote a process which is integrated of order d, that is, it is stationary or asymptotically
stationary after differencing d times while it is still nonstationary after differencing just d —1
times. The symbol KN signifies convergence in distribution or weak convergence. A..(A),
tr(A) and rk(A) denote the maximal eigenvalue, the trace and the rank of the matrix A,
respectively. Moreover, || - || denotes the Euclidean norm. If A is an (n x m) matrix of full
column rank (n > m) we denote its orthogonal complement by A,. In other words, A,
is an (n x (n —m)) matrix of full column rank and such that A’A; = 0. The orthogonal
complement of a nonsingular square matrix is zero and the orthogonal complement of zero
is an identity matrix of suitable dimension. An (n x n) identity matrix is denoted by I,,.
LS and GLS are used to abbreviate least squares and generalized least squares, respectively,
RR stands for reduced rank and DGP is short for data generation process. NID means
normally independently distributed. A sum is defined to be zero if the lower bound of the

summation index exceeds the upper bound.

2 The Framework of Analysis

Our point of departure is the DGP of an n-dimensional multiple time series y; = (Y1z, -+« Ynet)’

given by the VAR(p) process

yi=v+ Ayt Ayt t=p+lpt+2,.., (2.1)



where v is an unknown, fixed (n x 1) intercept vector, the A; are (n x n) coefficient matrices
and e; is an (n x 1) stochastic error term which we assume to be a martingale difference
sequence with E(e¢es, s < t) = 0, nonstochastic positive definite conditional covariance
matrix E(eielles, s < t) = Q and bounded fourth moments. The choice of initial values y,
(t=1,...,p) will be discussed later. Subtracting y;—1 on both sides of (2.1) and rearranging

terms gives the error correction (EC) form

p—1
Ay =v+yy + > TjAy; + &, t=p+1,p+2,..., (2.2)
7=1
where ll = —([, — A1 —---—A))and I'; = —(A; ;1 +---+A4,) G=1,....,p—1) are (n xn).

We assume that the components of the process y; are at most I(1) and possibly cointegrated

so that we can write

II=af, (2.3)

where a and 3 are (n x r) matrices of full column rank and 0 <r < n. Here r is the cointe-
grating rank. Note that we exclude the possibility that y, is 1(0), that is, the cointegrating
rank cannot be equal to n. This assumption is often reasonable because stationarity can
often be ruled out on the basis of prior information on the data and variables. Formally the
reason for ruling out stationarity is that for a stationary process an intercept term cannot
generate a deterministic linear trend and is hence inconsistent with our assumptions. Note
that our model excludes a linear trend in the cointegration relations, that is, the variables
are assumed not to cointegrate with a deterministic linear trend. This condition is some-
times imposed in the form o/ v # 0. In order to exclude [(2) processes we require that the

characteristic equation

p—1
det(l, — Ayz — -+ — A,2") = det ((In - Fﬂ]) (1—2)— aﬁ’Z) =0 (24
i=1
has exactly n — r roots equal to one and all other roots outside the unit circle.
A process of this type can generate deterministic linear trends in the variables and, as
mentioned earlier, we assume that at least some component of y; has such a trend. For our

purposes it will be convenient to separate the deterministic part from the stochastic part of

the process. Therefore we write y; in the form

Yy = o + pal + 4, t=1,2..., (2.5)



where g and g are (nx 1) vectors with gy # 0 reflecting the fact that at least one component
has a deterministic linear trend. The process x; is an unobservable error term which is easily

seen to have a VAR(p) representation

vy =M+ + Ay, + gy (2.6)
and hence an EC from
p—1
A(Et = th—l —|—ZF]A$t_] +€t7 t= 1,2,... (27)
7=1

(see, e.g., Liitkepohl & Saikkonen (1997) (henceforth L&S)). For convenience, we impose
the initial value condition x; = 0, t < 0. Our results remain valid if the initial values have
some fixed distribution which does not depend on the sample size. The initial values of y;
(t=1,...,p) are assumed to be the ones implied by these assumptions for the x; process.
Under our present assumptions, it follows from Johansen’s (1991, 1995) formulation of

Granger’s representation theorem that
t

=0 & +&, t=1,2,..., (2.8)
=1

where, apart from the specification of initial values, & is a stationary process and C' =
Br(a/ Wp ) e with® =, —Ty—--—T,_y = L;I—Zf;} JAj11. Animmediate consequence

of (2.8) is that the process x; obeys the functional central limit theorem
T~ %09 % CB(s), 0<s<1, (2.9)

where B(s) is a Brownian motion with covariance matrix €.
Without any restrictions for the trend parameters po and pq a process of the form (2.5)

has a VAR(p) representation
yi =v+unt+ A+ + Ay + 6y t=p+Lp+2,...,

where v = —Ilpo+ (¥ + 1)y and 14 = —Ilyy (see L&S). Hence, since in our DGP (2.1) the

term 141t does not appear, we have
= —H/,Ll =0 (210)

which implies 3’y = 0. In other words, it is assumed that gy € span(/3).



In this framework we are interested in testing

H(rg) : tk(IT) = ro Vs. H{(ro) : tk(I1) > ro, (2.11)
that is, the cointegrating rank being rq is tested against a rank greater than rg for 0 < rg <
n — 1. Note that since p; # 0 is assumed, $; must at least consist of one column. Hence,
[ cannot span the full n-dimensional Euclidean space. Thus, the alternative tk(Il) = n
(stationarity) is excluded by assumption and therefore ro can be at most n — 2. This is quite
plausible because a stationary process with an intercept cannot generate a linear trend, as
mentioned earlier. If a trend-stationary system is regarded as a possibility then (2.2) is not
a suitable model.

One possible test for the pair of hypotheses in (2.11) is based on trend-adjusting y; first.
For this purpose we will need estimators of the trend parameters po and py. Here any

estimators may be used which satisfy the following properties:

B(jio — o) = 0,(T?), (2.12)

B (i — o) = O,(1), (2.13)
B(jir — ) = 0,(T?), (2.14)
TV (i — ) % BLCB(L). (2.15)

In (2.15) we have used the same Brownian motion as in (2.9) to indicate that (2.15) holds
jointly with other relevant weak convergencies which appear later. The estimators of the
trend parameters discussed in L&S and Saikkonen & Liitkepohl (1997) satisfy the above
requirements. Since we now assume the a priori restriction (2.10) the estimator in L&S
which explicitly takes this restriction into account appears convenient here. For our present
purposes the precise form of the estimators is not important. We will therefore not elaborate
on them here.

We also need appropriate estimators for the parameters o, 3 and ). Again, we can use

any estimators with the properties

Dip(3 = B) = 0,(1), (2.16)

TV (& —a)=0,(1) (2.17)



and

TV — Q) = 0,(1), (2.18)
where Dy = [T%/%1y : T+)] and v is any (n x (n —r — 1)) matrix orthogonal to 3 and i such
that [ : gy : ] is of full rank. Note that here we implicitly assume that the parameter matrix
# and the estimator B have been made unique by a suitable normalization (cf. Johansen
(1995, Chapter 13.2) and Paruolo (1997)). Such a normalization also implies a normalization
of o and its estimator which are also assumed here. These normalizations have no effect
on the new tests presented in the next section because the test statistics are invariant to
normalizations of this kind. It is well-known that the usual RR estimators based on (2.2)
satisfy (2.16) — (2.18) (see Johansen (1995, Lemma 13.2) and Paruolo (1997, Lemma 5.1)).

Alternative possibilities will be discussed in the next section.

3 Tests for the Cointegrating Rank

In this section we present tests for the pair of hypotheses given in (2.11). We assume now
that a and (3 are (n x ro) matrices, that is, their column dimension is equal to the rank of Il
under H(rg). Of course, if the null hypothesis is true, 3 spans the full cointegration space.
We will briefly review the standard LR tests proposed by Johansen & Juselius (1990) and

Johansen (1991) and then present alternative tests.

3.1 LR Tests

For a sample y,...,yr the LR test statistics may be obtained as follows. Define z; =
(17 Ayzlf—lv R Ayzlf—p-l—l) and
T T T Loy
My = (T—P)_l Z Ye1Yi_g — Z Ye-1%; Z 212 Z ER T (3.1)
t=p+1 t=p+1 t=p+1 t=p+1

and let II be the LS estimator of the matrix I in the model (2.1). Moreover, denote the

corresponding LS residuals by &; and define

T
Q= (T—p Y 2 (32)
t=p+1
Denoting by 5\1 >0 > j\n the ordered generalized eigenvalues obtained as solutions of
det(IIM7II" — XQ) = 0, (3.3)

6



the LR statistic for testing the pair of hypotheses (2.11) is given by
LByace(ro) = (T —p) > log(L+2A)). (3.4)
Jj=ro+1
If 111 # 0 the asymptotic distribution of this test statistic under the null hypothesis is known
to be

L Ripaec(ro) 25 tr { (/01 G(s)dW(s)’)/ (/01 G(s)G(s)’ds) B (/01 G(s)dW(s)’) } L (35)

where W(s) is an (n — rg)-dimensional standard Brownian motion, G(s) = [s, Wi(s), ...,
Woro—1(s)] and G(s) = G(s) — fol G(u)du. Critical values for this test may be found in
Johansen & Juselius (1990, Table A.1), Johansen (1995, Table 15.3) and Osterwald-Lenum

(1992, Table 1), among others.

3.2 Tests Based on Prior Trend Adjustment

For the case when a linear deterministic trend of unknown form is present, it was found
in L&S that a test which is more powerful for some alternatives than the LR test may
be obtained by prior trend removal. A similar approach may be used under the present
assumptions as well. To derive the new tests presented in the following we use the definitions

of v and ¥ and write (2.2) as

p—1

Ay — i1 :H(yt_l—M0)+er(Ayt_]‘—M1)‘|‘€t, t=p+1Lp+2,..., (3.6)

i=1

Furthermore, using 3(3'3)~'8" 4+ B.(8,.8.)~'3) = I, we can proceed as in L&S and write
(3.6) further as

p—1
Ay, — 1 :/iut_1—|-pvt_1‘|‘ZF]‘(Ayt_]‘—M1)‘|‘€t, t=p+1L,p+2,..., (3.7)

j=1
where u; = B'(ys — po) = e, vr = B1(ye — po) = Bt + Flae, £ = IB(F'B)~" and
p =133, 8.)"" If H(ro) in (2.11) holds so that Il = o', we have k = a and p = 0. On
the other hand, under the alternative, p # 0. Therefore the idea is to test the restriction
p = 0 in a feasible version of (3.7). Note, however, that p is an (n x (n — o)) dimensional
matrix which is seen to be zero if and only if the ((n — o) X (n —ro)) matrix p. := o/ p = 0.

Therefore the model (3.7) is premultiplied by o, and the linear hypothesis Hy : p, = 0 is



tested in a feasible version of
p—1
oL Axy = Kattem + pavit + 3 DA + 07, t=p+1,p+2,..., (3.8)
j=1
where k, 1= o/ k, I'y; = o/ I'; and n; = o/ g;. Here Ay, — iy = Axy has been used. Thus
we have to test a set of linear restrictions in a linear model. For this purpose the three
asymptotically equivalent LR, LM and Wald tests are available.

The actual test statistic is determined by first obtaining estimators [Lo,ﬁl,&,é,&b@

and € and then computing the test statistic on the basis of the feasible model

& ATy = Ratty_y + putig + DuZ + €], t=p+1,p+2,....7T, (3.9)

/

where A%, = Ay, — fu, @ = 'y — fio), % = By — fio), 5 = (AL, AT ]
and I'. = [['sq @ ... : ['hp—q]. Different tests will be obtained by using Wald, LM or LR
formulations as well as using different estimators for the parameters po and gy and/or o, (3

and ). For illustrative purposes we use the statistic
LM*(ro) = tr { p. My, p(&, QG 1) 7'} (3.10)

where p, is the LS estimator of p. from (3.9) and

~ T T T lor
Mvv~q — Z ﬁ25—17?1/5_1 - Z ﬁt—lqzlf Z qt(% Z qtﬁfg_l (311)
t=p+1 t=p+1 t=p+1 t=p+1

with ¢ = [a}_,, Z]]’. If the estimators of a, 3 and ) are based on the usual RR regression of
(2.2) which takes the restrictions specified under the null hypothesis into account, this test
statistic may be thought of as an LM type test statistic.

An LR type test may be obtained from (3.6) in the usual way by replacing o and py by
estimators and considering the ordered generalized eigenvalues 5\1 > o0 > 5\n obtained as

solutions of det(l:[MTl:[’ — )\Q) — 0, where II is the unrestricted LS estimator of II from

p—1
Ays — fir = W(ye—1 — fio) + D Ti(Ayemy — ) + &, t=p+Lp+2,...,

i=1

 is the corresponding residual covariance estimator and

-1

. 1 T i X I Y G, Lo N

My = T—p Y (Wemr = fi0)(Ye-1 — fio) — D (ye-1 — fio)%; ( ) ZtZz/s) > Ay = fio)
e

t=p+1 t=p+1 t=p+1



Using this notation the ‘LR statistic’ becomes
LR;ace(ro) = (T - p) Z log(l —I_ 5\]) (312)
Jj=ro+l
The limiting distribution of the test statistics LM* and LR;, . under the null hypothesis is

trace

given in the following theorem which is proven in the appendix.

Theorem 1. If H(rg) in (2.11) is true and the assumptions of the previous section hold,
then

1 / 1 -1 1
LR,..(ro), LM*(rg) - tr { ([ Geawsy) ([ GoGisrds) ([ Goawisy) } ,
0 0 0
(3.13)
where, as before, W(s) is (n —rg)-dimensional standard Brownian motion, G(s) = [s, Wi(s),

o Wooo1(8)]) and G(s) = G(s) — fol G(u)du. O

Thus the limiting null distribution of the test statistics is free of unknown nuisance
parameters so that the percentiles can be readily found by simulation. Following Johansen
(1995) we have done so and present the results in Table 1. The difference between this
limiting distribution and the one obtained for the corresponding LR test given in (3.5) is
that in the latter the process G(s) on the right hand side of (3.13) is replaced by its demeaned
version G(s). This demeaned version appears in the first and third integrals on the right
hand side of (3.13) where it results as a consequence of replacing the unknown parameter
vector iy in the terms Ay,—; —p1 (7 =0,...,p—1) by the estimator fi;. In the next section

the local power properties of our new tests are explored.

4 Local Power Analysis

4.1 Assumptions and Notation

In this section we assume for simplicity that y; and hence x; is a Gaussian VAR(1) process,
that is, e, ~ NID(0,9). As before, the initial value 2y = 0. We continue to assume that
«a and [ have column dimension rg as specified in the null hypothesis. We consider local
alternatives of the form

Hr(ro) : 1 =1y = af' + T a1 35, (4.1)

9



Table 1. Percentage Points of the Distribution of

- { (/01 G(s)dW(s)’)/ (/01 G(s)G(s)’ds) B (/01 G(s)dW(s)’) } .

Dimension n —Tg 2 3 4 5
90% | 8.03 | 18.19 | 31.35 | 48.06
Percentage point 95% | 9.79 | 20.66 | 33.64 | 52.06
99% | 14.02 | 26.20 | 38.25 | 56.96

where o and (3 are fixed (n x rg) matrices of rank ro and ay and [y are fixed (n x (r —rg))
matrices of rank r —rg and such that the matrices [a : a] and [ : £;] have full column rank
r. We also assume that the eigenvalues of I,, + #'a and I, 4+ [ : §i]'[a : ay] are less than
one in absolute value so that the assumptions from Johansen (1995) and Rahbek (1994) are
satisfied.

If we want to ensure that the basic model of the DGP is of the form (2.1) with an intercept
and without a trend term in the levels representation even under the alternative we have to
assume that Iy = 0 and, hence,

B = 0. (4.2)
Unless otherwise stated we will henceforth assume that our local alternatives are given by
(4.1) and (4.2) jointly. Thereby our set-up differs from that of Rahbek (1994). The differences
will be discussed in more detail later. Note that the fact that the (n x r) matrix [§: .] is
orthogonal to p1 also means that r has to be less than n.

We also assume that suitable estimators of the parameters «,  and ) are available which
satisfy (2.16) — (2.18) even under the local alternatives. For the usual RR estimators based
on (2.2) these properties follow from arguments similar to those used by Johansen (1995,
Chapter 13) and Paruolo (1997).

In addition we assume that estimators fip and fi; of po and pq, respectively, are used

which satisfy (2.12) — (2.14) under the local alternatives and, moreover,

T8 (i — ) 5 K(1), (4.3)

10



where K(u) is the Ornstein-Uhlenbeck process defined by the integral equation

K(n) = &, B(u) + o/, n 6601 81) 7 [ K(s)ds (0<u<1) (14)
or, equivalently, by the stochastic differential equation

AK(u) = o, dB(u) + L er B (), 6) K (whdu (0 < u < 1)

Again estimators [ip and [y with suitable properties under local alternatives may, e.g., be
found in L&S. Note that we may assume that a; = [ 4 ¢f for a suitable matrix ¢, so
that 3 0. = B «y. Hence, if the null hypothesis holds and therefore o 3] = 0, then using
the definition of C' and the fact that I', = 0 (: = 1,...,p — 1) for the presently considered
VAR(1) case, it can be shown that K(1) = o/, B(1) = 8/ CB(1) and thus, (4.3) reduces to
(2.15).

In the following we will also use the (n — rg)-dimensional Ornstein-Uhlenbeck process

defined by
N(u) = W(u) + abf / N(s)ds (0 <u< 1), (4.5)

0

where W(s) is (n — rg)-dimensional standard Brownian motion, as before,

a=(gdd Qarg)™*da ey and b = Bj[0:4](g'e), Qarg)'?

with ¢’ being an ((n—rg) X (n—r)) matrix which is the inverse of 3 [p1 : v]. Furthermore we
need the process Z(s) = [s,Ny(s)'] and its demeaned counterpart Z(s) = Z(s) — [y Z(u)du.
Here Ny(s) consists of the last n —ro— 1 components of N(s). Now we are ready to consider
the local power properties of the LR and LM type tests. We will investigate them in turn

in the following and then perform a comparison.

4.2 LR Tests

We first give the asymptotic distribution of the LR test under the local alternatives in

(4.1)/(4.2).

Theorem 2. Under the conditions spelled out in Section 4.1,

L Riaee(ro) 5 t { (/01 Z(s)dN(s)’)/ (/01 Z(s)Z(s)’ds) B (/01 Z(s)dN(s)’) } ,

where the stochastic integrals may be defined by using (4.5) so that f; Z(s)dN(s) =
J3 Z(s)dW (s) + [ Z(s)dsba'. 0

11



As in Saikkonen & Liitkepohl (1998) (henceforth S&L), the limiting nonnull distribution
is obtained from the limiting null distribution of L Ryqcc(r0) by replacing the involved Brow-
nian motion by an Ornstein-Uhlenbeck process. The definition of this Ornstein-Uhlenbeck
process is also similar to those in the cases considered in S&L although there are some dif-
ferences in the definitions of the parameters @ and b. For instance, now these parameters
depend on the matrix ¢ which did not appear in the previous counterparts of @ and b. The
zero matrix in b is due to the assumption 3iu; = 0. Note, however, that we necessarily have
B3y # 0 (because 3; € span(3L) = span([u1 : 7])) so that b = 0 is not possible.

A proof of Theorem 2 is given in the Appendix. Here we will just provide the main ideas.
Before we present them it may be useful to discuss the difference of our Theorem 2 to results
of Rahbek (1994) who also considered the local power of the LR tests.

Rahbek (1994) obtained different results because his assumptions were different. He con-
sidered two types of local alternatives. The first type is given by Il = Ilp = a8’ +T%/2a, 3!
which is an order of magnitude smaller than we have used. However, from Rahbek’s (1994)
Theorem 3.1 it can be seen that the limiting distribution obtained in this case reduces to
the limiting null distribution if our condition (4.2), Bju; = 0, (or B;Cp = 0 in Rahbek’s
notation) holds. We have employed assumption (4.2) because we wish to consider the case
where there is just an intercept in the levels VAR form as in (2.1) and not a linear time trend.
This implies that a linear time trend is a priori excluded from the cointegrating relations.

To see this more clearly, consider the model
Y = po + pat + 2, with 2= Az ¢4

which, under the null hypothesis, can be written alternatively as

Ay = v+ 1y —m(t — 1)) + &
= v+ a(fyi — Bt —1)) + e,

(4.6)

where v = =g + pg. If we use Il = a8’ + T_S/zoqﬁ{ in (4.6) it can be seen that Rahbek’s
(1994) better power result is solely obtained by testing the null hypothesis that a linear time
trend should be included in the cointegration relations which is an irrelevant case from the
point of view of our assumptions because we have excluded this possibility a priori for the

reasons discussed earlier.
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The other local alternatives considered by Rahbek (1994) are given by (4.1) combined
with 3y = T7Y25 (0 < ||§]| < o) (see (3.2) of Rahbek (1994) and note that his C'y is
our p1). When & = 0 we get our local alternatives (see (4.2)). If § # 0 power gains are
achieved but, as explained earlier, they are achieved by testing an ‘irrelevant’ inclusion of
a time trend in the cointegrating relations. Since we wish to exclude this feature we only
consider the power of the LR test obtained from Theorem 2.

The proof of Theorem 2 follows from a general result given in S&L. The LRyree(ro)
statistic considered in Theorem 2 is identical to the statistic LR®(rq) of S&L. Thus, it is
based on a RR regression of Ay, on 4;_; where the bar signifies ordinary mean correction.
Further, as explained in S&L, an asymptotically equivalent test is obtained by testing the
null hypothesis p7 = 0 by conventional likelihood based methods in the auxiliary regression
model

ON/J_A—yt = /i;«ﬁt_l + p;«?zjt_l + é: (47)

where @; = 3'y;, 0y = Biﬂt and
¢ = &\ & — &' wr( = ) gt — dLpr(BL — BL) Giea (4.8)

Since any estimator of © with the property (2.18) can be used here we may define the test

statistic
LR (ro) = tr {p} My (& Q1) 7'},
where p% is the LS estimator of p% in (4.7) and
- K ~7 EI oy I . ~ 1 —z ~ oy
Mvv~u — ﬁt—lﬁt_l — ﬁt_lﬂt_l ( ut_lut_l) ﬂt_lﬁt_l .
=2 =2 =2 =2

The test statistic LR*(ro) is asymptotically equivalent to L Ri.q.c(ro) and, hence, it suffices
to prove Theorem 2 for LR*(ro) which is done in the Appendix. We will now turn to the

local power of the tests based on trend adjusted data.

4.3 Tests Based on Prior Trend Adjustment

The asymptotic distribution of the tests based on the trend adjusted data under the local

alternatives (4.1)/(4.2) is given in the next theorem.
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Theorem 3. Under the conditions of Section 4.1,

LR (ro), LM*(ro) - tr { (/01 Z(s)dN(s)’)/ (/01 Z(s)Z(s)’ds) B (/01 Z(s)dN(s)’) } .

Comparing this limiting distribution to that of LRiqee(ro) given in Theorem 2 shows
that the nonnull distributions differ in the same way as the limiting distributions under the
null hypothesis. The proof of Theorem 3 is also given in the Appendix. It is again based on
Theorem 1 of S&L. In this case it is applied to the model

ON/J_AIZ't = /i;«ﬁt_l + P?ﬁt—l + é:; (49)

where A% = Ay, — jin, @ = 3'(ye — jio), o = B\ (v — fio), &5 = &, k. pp = &' pr, and

* o~/ :
ef = & e; with

kr=a+ T a1 B18(3'8)7, pr =T qB1BL(e/ B1)7,

er =& — rr(f — 5)/(%—1 — fio) — PT(BL - 5L)/(yt—1 — fio) (4.10)
and

& = e+ k1B (fio — po) — (fir — pa) + pr /3 (fio — pto)-

4.4 Local Power Comparison

Since the asymptotic distributions of the LR tests and the tests based on trend adjusted
data differ we have simulated the resulting local power in a similar way as in S&L in order to
compare the local power functions. In the following, we consider the case where r — ro = 1,
so that @ and b are (n x 1) vectors and simulate the discrete time counterpart of the (n —rg)-

dimensional Ornstein-Uhlenbeck process N(s) as
1
AN; = Tab’Nt_l + €, t=1,...,7 = 1000, (4.11)
with ¢, ~ NID(0, [,,—.,), No =0,

(0,1)  for n—ro=2
(0,1,0) for n—ro=3

b =
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and

(a1, as) for n —ryg =2
(a1,a9,0) for n—rg=3
These choices are motivated as follows. We assume that parameters are chosen such that
g Qay g = 1,_.,. This is not very restrictive because suitable normalizations of the param-
eters may be selected. Then b = 3,[0 : 7], where ~ is essentially equal to By for n — ro = 2.
Hence, b’ = (0,1) may be viewed as the relevant part of &'. If n —ry = 3, one of the columns
of v may be set equal to (3; while the other one may be made orthogonal to 3;. Assuming
that the first column of v equals (3 justifies & = (0,1,0) for n — ro = 3. The vector a’ is
simply given a fully flexible form. We choose a; = \/m and az = —V/d?2 and report
local power results as a function of d and [. Note that {* = a’ab'b and d* = (b'a)/(a’ab'b).
Consequently, I2 = 0 if and only if the null hypothesis holds so that { = v/I2 may be thought
of as the distance of the local alternative from the null hypothesis. Moreover, 0 < d? < 1
and d = v/d? may be interpreted as the direction of the local alternative. It can be shown
that values of d close to zero correspond to processes close to being [(2). The specific values
used for [ and d will be given later.

From the Ny we get Z; = [t,N} ] and Z; = Z, — T~' Y[ Z,, where Ny, consists of the
last n — rg — 1 components of N;. Then we compute

T T T
Gp=T72Y"Z:1Z,_,, Gr=T72Y7Z:1Z,_, and Spr=T"'> 7, AN,
t=1 t=1 t=1

These quantities converge weakly to [J Z(s)Z(s)'ds, [3 Z(s)Z(s)'ds and [y Z(s)dN(s)’, re-
spectively. Hence we obtain the desired asymptotic distributions of L Rypqce(ro) and LM™*(rg)
as tr(S5G7' St) and tr(S-GF!ST), respectively. The resulting rejection frequencies for dif-
ferent values of [ and d are plotted in Figure 1 together with the local power functions of
Johansen’s (1992, 1994) LR tests which allow for a general linear trend. Hence, they do
not impose the restriction 3’y = 0. The local power of these tests is also considered by
S&L and is given here for comparison purposes. To distinguish the tests from the previously
considered LR tests we denote them by LR}, ...

Note that the present local power study is similar but not identical to the one reported
by S&L for some other tests. A major difference is that now the dependence of the power
function on the parameters of the process is more complicated due to the fact that &’ involves

the matrices [0 : ] and g and therefore does not reduce to the simple form used in S&L
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even for r — rog = 1. Moreover, now the local power is given as a function of the quantities
[ and d. The advantage is that thereby we also get a measure of the distance from the I(2)
case. Therefore the results of the present study are not immediately comparable to the local
power of other tests for the cointegrating rank that were, e.g., considered by S&L. We have
computed the local power of the LR} .. tests analogously to S&L.

It is obvious from the figure that prior knowledge regarding the trend being not in the
cointegration relations is helpful for improving the local power of the tests. The LR}, .. test
which does not use this information is overall inferior to LM* and LR, 4. which use the
information. Comparing the local power of the latter two tests it is apparent that LAM™ is
in general considerably more powerful than LRiqc. In parts of the parameter space (for d
close to 1 and moderate values of [) the former test has about twice the local power of the
latter test. The power gains are less impressive for processes close to being I(2) (d close to
zero). Thus, especially for processes which are not close to [(2) processes, substantial power
gains are possible by using our new tests. It is also seen in the figure that the local power
of all tests tends to decline with increasing number of common trends under the alternative.
In other words, the local power tends to be lower for n — ry = 3 than for n — rqg = 2. This
behaviour was also observed for other tests for the cointegrating rank (see S&L).

It should be understood, however, that local power properties are informative about the
performance of the tests in large samples when alternatives close to the null hypothesis are
of interest. In small samples the situation may be different. Therefore we present some small

sample simulations in the following section.

5 Small Sample Comparison

A limited Monte Carlo experiment was performed to study the small sample properties of
our tests and to compare them to other tests for the cointegrating rank. A three-dimensional

VAR(1) DGP from Toda (1995) of the form

0 vy 000 0 1 6, 0,
ye= 10|+ 0 v 0 |ye—1+es, ee ~ NID 0,160 1 0 (5.1)
0 0 0 1 0 0, 0 1
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is used to compare the tests. Toda shows that this type of process may be regarded as
a “canonical form” for investigating the properties of LR tests for the cointegrating rank.
Other VAR(1) processes of interest in practice can be obtained by linear transformations
of y; which leave the tests invariant. If ¥»; = ¢y, = 1 the cointegrating rank is r = 0
and the process consists of three nonstationary components. The third component has a
deterministic linear trend if § # 0 and there is no linear trend if § = 0. For ; = 6, = 0 the
three components are independent whereas they are instantaneously correlated for §; # 0.
If 1, = 1 and |¢p1] < 1 the cointegrating rank is r = 1. Again there will be a linear trend
in this case if 6 # 0. If both ¢ and )y are less than 1 in absolute value the process has
cointegrating rank 2 (r = 2).

We have generated 1000 samples of sizes T' = 100 and 200 plus 50 presample values
starting with an initial value of zero. Since we delete the first presample values and thereby
use nonzero initial values for the samples in the simulations this set-up differs slightly from
the theoretical framework where zero initial values are assumed for the sample. Thereby
we can check the robustness of our results with respect to a deviation from the zero initial

value assumption. In Tables 2 and 3 we give selected rejection frequencies for T' = 100,

H(TO = 0) and H(To = 1) of the tests LRtracea LR,

trace?

LM* and three tests which allow for
deterministic linear trends without using the restriction 3’y; = 0, that is, they do not use
the fact that there is no trend in the cointegrating relations. As mentioned earlier, LR} ..
is a test proposed by Johansen (1992, 1994) whereas LR'Y was discussed by Perron &

Campbell (1993) and LMES is due to Saikkonen & Liitkepohl (1997). The estimation of

the trend parameters for the tests LR}, .. and LM* is also based on the GLS procedure

trace
described in the latter article.

The rejection frequencies in the tables are obtained by using asymptotic critical values
for a test level of 5%. We have not computed rejection frequencies corrected for the actual
small sample sizes because these will also not be available in practice. Hence, a test is useful
for applied work only if it respects roughly the nominal significance level. Otherwise the
Type I error cannot be controlled in practice and a test which does not bound this error is
of limited value even if it has good power properties.

The results for all test statistics are based on the same generated time series. Hence the

entries for a given DGP in a single column of the panels in the tables are not independent
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but can be compared directly. Still it may be worth recalling that for a true rejection
probability P the standard error of an estimator based on 1000 replications of the experiment

is sp = \/P(l — P)/1000. For example, sp05 = So.95 = 0.007. Note also that the tests are

not performed sequentially. Thus, the test results for 1o = 1 are not conditioned on the
outcome of the test of 7y = 0.

In the first, fourth, sixth and last columns of Table 2 it is seen that the sizes of the
tests differ quite a bit. The LM type tests LM* and LMSS tend to be conservative. As a
consequence their power is lower than that of the corresponding LR type tests in the same
group. Generally it is obvious in both tables that the tests which use the restriction 3’y = 0
(i.e., LRirgee, LR,

> oo and LM™) are considerably more powerful than the other tests for many

parameter values. Thus, generally it pays to use the restriction if it is valid. Among the

first three tests, LR}

 wees Which is based on prior trend adjustment, is overall better than

the LR 4 test, in particular for alternatives close to the null hypothesis if the residual
correlation is small or moderate (see, e.g., ¥y = 0.9, 6; =60, =0 and 6; = §, = 0.4 in Tables
2 and 3). Clearly, among the tests based on prior trend adjustment the LR version performs
better than the LM version. Hence, based on these results, the use of the LR}, .. test can

be recommended. In none of the cases it is markedly inferior to LR qce and sometimes it is

much better. Similar results were also obtained for sample sizes T' = 200.

6 Conclusions

We have considered tests for the cointegrating rank of a VAR process when the DGP has
a deterministic linear trend component, whereas there is no such trend in the cointegrating
relations. In this case the DGP has a VAR representation with an intercept and no additional
linear trend term. This appears to be the most popular case in applied work. We have
investigated the asymptotic and small sample properties of Johansen’s LR tests proposed
for this situation. Moreover, we have discussed alternative tests which are based on prior
trend adjustment of the data. For this purpose, the parameters of the mean and trend terms
are estimated under the null hypothesis by means of a GLS procedure. The estimated mean
and trend terms are subtracted from the observations and LR and LM type tests are then

applied to the adjusted data.
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A comparison of the local power of the different types of tests shows that the tests based
on prior trend adjustment have considerably more local power than standard LR tests.
Moreover, taking into account the fact that there is no trend in the cointegrating relations
results in more powerful tests than allowing for a general linear trend. The latter result is
also confirmed in a limited simulation study. Furthermore, in that study it is found that prior
trend adjustment in the way proposed here is helpful for improving on power in particular
when the actual DGP is close to one which satisfies the null hypothesis. LM type versions of
the tests are somewhat conservative in small samples and, hence, have smaller power than
their LR counterparts. Thus, overall the use of LR type tests based on prior trend adjustment
is recommended in practice. As a final note we emphasize, however, that the tests we have
considered here are not suitable for testing a null hypothesis against a stationary alternative,
that is, for an n-dimensional system we cannot test the null hypothesis that the cointegrating

rank is n — 1.

Appendix

In the following proofs we use some well-known limit theorems for stationary and integrated
variables which may, e.g., be found in Sims, Stock & Watson (1990). We shall assume
appropriate initial values for the process x; so that 5'z; and Ax; are (jointly) stationary. This
assumption occasionally simplifies the notation without affecting the results. For convenience
and without loss of generality we also assume that the estimators 3 and (3, satisfy the
(infeasible) normalizations A3 = I, and ﬁi[ﬁ = I,_,, respectively. Notice that this also
means that § and (3, are normalized similarly so that '8 = [, and 3,5, = I,,_..

A.l Proof of Theorem 1

First notice that, under the assumptions of Theorem 1, r = rq, that is, r is the true coin-
tegrating rank which at the same time is the rank specified under the null hypothesis. To
prove Theorem 1 first note that it is well-known that LM*(rq) and LR}

trace(ro) are asymp-

totically equivalent. Hence, it suffices to prove Theorem 1 for the former statistic. The proof
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is essentially based on deriving the limiting distribution of the estimator

T T o )
pe= Do O =@ | X @] YD a@di | My, (A1)
t=p+1 t=p+1 t=p+1

where the equality follows from standard LS theory. Define the nonsingular ((n—r)x(n—r))

matrix

T3/2 ()
0 T

Dy =3 Dr = B[ : 7]
The inverse of Dy can be written as

T—3/2h/
T—IH/
where h is ((n —r) x 1) and such that A’G pu; = 1 and H is ((n —r) x (n —r — 1)) such that

H'B1pp = 0. The matrix D7' will in particular be used with the process v; defined in (3.7)
and to this end it is useful to note the identity

T—S/Zt T—3/2h/ L
D7l = + e | (4.2)
0 T-'H'B x,

To derive the asymptotic properties of the estimator p., we first show that
N T
D:Flequi[_l = D:Fl Z Ut—lvzlf—lD/T_l + op(1). (A.3)
t=p+1
Define q; = [uj_y, z]', where z; = [Az{_,,..., Az} ,,] and notice that ¢; is a zero mean

stationary process with positive definite covariance matrix. Thus, from the definition of

qu it can be seen that (A.3) follows from the results given in the next lemma.

Lemma A.1
T
T=1 3" G, = Elqg) + op(1), (A.4)
t=p+1
T
T7DE Y b = o0,(1) (A.5)
t=p+1
and
T T
D' >0 o0, D =D7 > wqvi DF 4 0,(1). (A.6)
t=p+1 t=p+1
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Proof: To prove (A.4), note first that
ATy = Awy — (fiy — ), (A7)

where here as well as in subsequent similar equalities, it is assumed that ¢t > p + 1. From
this and (2.7) — (2.10) it follows, for 7,5 = 1,...,p — 1, that
T T
T-1 Z A:Z't_iA:Z';_j =77t Z Al’t_iAl‘;_j + 0,(1). (A.8)
t=p+1 t=p+1

Next note that, since 3’y = 0 by assumption, one obtains from (2.16),

B = (B = B) i = 0,(T™?) (A.9)

while (2.12), (2.13) and (2.16) imply

3 (fio — 110) = Op(T71/2), (A.10)

Since
up = B/l't - B/(ﬂo — o) + B//Mt, (A.11)

these results and (2.16) readily yield

T T
T70 >0 Gty =T70 Y wawy_y + 0p(1), (A.12)

t=p+1 t=p+1

where we have also used the fact that v, = 8'x;. Arguments used for (A.8) and (A.12) also
readily show that, for e =1,...,p—1,

T-1 Z Agy i) =T Z Axi_uy_ +o0,(1). (A.13)

t=p+1 t=p+1

Combining (A.8), (A.12) and (A.13) proves (A.4).
Next consider (A.5) and recall that o, = ﬁL(yt fto). Thus, we have for j =1,...,p—1,

T- 1/2D 1 Z Dy let ;= T—1/2D—16/
t=

T
(yt_l - /lo)Afz’;_j
t=p+1 +1

=p

= T-YD; (B - BL) 55/ (yt 1= )AL (Al4)

T
+ T_I/QDT DY o (yt_l - Mo)Ath_]‘a

:pl
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where the latter equality makes use of the normalizations ﬁi[ﬁ =p 0L =1, and g3 =1,
and the identity 86’ + .| = I,,. Notice that

B'(ys — fro) = ue — 3'(fio — fto) (A.15)

and recall that u; and Az, are zero mean stationary processes. Hence, since D7' = O(T™1)
one obtains from these facts, (A.7), (2.12) and (2.14) — (2.16) that the first term in the last
expression of (A.14) is of order 0,(1). From (A.7) and (2.14) — (2.16) it can similarly be seen
that the sample mean of AZ;_; is of order O,(T~'/?). This fact in conjunction with (2.13)
implies that in the latter term of the last expression of (A.14) replacing fig by po causes an
error of order o,(1). Thus, we can conclude that

T T
T_I/QD:F1 > ﬁt—lA*%;—j = T_I/QD:F1 > Ut—lA*%;—]“l’Op(l)

t=p+1 t=p+1

T
T Y v An
t=p+1 (A.16)

T
= T7'2DF 5 v (i — ) + 0p(1)
t=p+1
= o,(1).
Here the second equality follows from (A.7) and the third one can be justified by using
(2.14), (2.15) and well-known limit theorems together with the identity (A.2). To complete

the proof of (A.5) we have to show that a result similar to (A.16) also holds with AZ,_; in

the first expression replaced by t;_1. We have

—1/21y—1 I . . -1/2y=1 73/ L ~ ~ N3
T Dy ¥ vaupy, = T 1A (yt—l - Mo)(yt—l - MO) B
t=p+1 t=p+1
T
= T‘l/ZD;ﬁi t:%:-l—l(yt_l - ﬁo)(yt—1 — /10)/5
N T
+ T=2D2N By — 6J_)/t E+1(yt—1 — fio)(ye—1 — flo)' 8
=p
T N
+ 177D B ) Z;rl(yt—l — fto)(Yi—1 — fio)' (B — B)
=p
N T N
+ T_I/ZD}I(QL - ﬁL)/t Z_H(yt—l — fi0)(Yyt—1 — fi0)' (B — )
=p
e A + Aor + Asr + Aur.
(A.17)
To analyze Ajp, notice that
B (ye — fio) = vy — B (flo — o). (A.18)
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Using this, (A.15), (2.12), (2.13) and well-known limit theorems in conjunction with the
identity (A.2) one can see that Ayp = 0,(1). Next note that

Agr = T DZNBL — BL) BB Z (Ye—1 — fio)(Ye—1 — f10)' 3,

t=p+1

where we have again made use of the chosen normalizations. From (A.15) and (2.12) it follows
that the second sample moments of 3'(y:—1 — fig) are of order O,(1) which immediately gives
Aar = 0,(1). For Asy we similarly use the chosen normalizations and write

T

Asy = T7'PDE B S (yeer — fio) (yim1 — jio)' BLBLB — B).

t=p+1

Recall the definition of the matrix Dy and notice that 5, Dy = 5.6, Dr = Dr, where
the latter equality follows from the fact that Dy € span(3.). Thus, we can write ﬁi(ff —
p) = D/T_ID&“(B — [3) so that, using (2.16), (2.13), (A.18) and well-known limit theorems in
conjunction with the identity (A.2), we find that Asp = 0,(1). By similar arguments it can
also be shown that A4y = 0,(1). Thus, we have shown that (A.17) is of order o,(1) which
together with (A.16) implies (A.5).

Finally consider (A.6). We apply a decomposition similar to that in (A.17) and write

T
D7! Z Oy10;_, D! £ Ast + Asr + Agr + Arr

t=p+1
where the quantities on the r.h.s. will be described below. First we have

T
Asr = D}lﬁi t:%l(yt—l - ﬁo)(yt—1 - ﬁo)’ﬁLD/T_l

T
= D7' ¥ v, DF 4 0,(1)
t=p+1

by (2.13), (A.18) and arguments similar to those used for (A.17). Thus, we need to show
that Agr = 0,(1) and A7zp = 0,(1). For the former we have

Agr = DB —Bu) % <yt = fio) (g — fio) 1D

t=p+

= DT (ﬁL - ﬁL) 55/ (yt 1 Mo)(yt 1= Mo) ﬁLD/ !

again by the chosen normalizations. Thus, (A.15) and (A.18) in conjunction with arguments
already used earlier show that Agr = 0,(1). Finally, note that A7y is defined by replacing
ﬁLDép_l in the above definition of Agy by ([ﬁ — ﬁL)Dép_l so that in a similar fashion it can

23



be seen that A7y = 0,(1). Thus, we have estabished (A.6) and thereby Lemma A.1. O

Now we consider the first factor on the r.h.s. of (A.1). When the null hypothesis holds,

the error term e} in (3.9) can be expressed as ef = &' e;, where

e = & —(fn—pm)+ ]Z: U1 = p1) — oty — ue-1)
= & — U(jis — p1) — a(B = B8)'t-1 + a(F'fio — B'to) (A.19)
= & — V(i — 1) — (B — B) (ye—1 — fio) + B’ (10 — ft0)
= & — V(i — ) — a(B = B)YBLB (Y1 — fio) + aB'(fio — po)-
Here the last equality makes use of the normalization @3 = 3’3 = I, and the identity
83 + 3.3, = I,. We shall demonstrate first that

T T -7
> €, G4, Geo_ DI = 0,(1). (A.20)

t=p+1 t=p+1 t=p+1
By (A.4) and (A.5) it suffices to show that
T T
T2 N g =a\ T 3 e, = 0,(1). (A.21)
t=p+1 t=p+1

Using the above expression of e;, (A.7), (A.18), and properties of the involved estimators
given in (2.12) — (2.17) it can be seen that (A.21) holds with ¢ replaced by A%;_; (i =
l,...,p—1). Using (A.11) instead of (A.7) one can similarly see that (A.21) holds with
G: replaced by u;_1. Details of these derivations are straightforward but rather lengthy and
therefore omitted. Since ¢ is composed of AZ,—; (+ = 1,...,p — 1) and ;1 we have thus

established (A.21) and it suffices to consider

I *~/ —1 ~ ! I -1 ~ ~ I —1
> et Dyt = & ¥ e Dy _an}(Ml _Ml)t 2 Ut D7
=p+

t=p+1 t=p+1
- ON/LO‘(B —-08) X (yt 1— ﬁo)ﬁg_lDlT_l (A.22)
t=p+1
T
+&af (o — o) X H D,
t=p+1

We wish to show that the last two terms on the r.h.s are of order o,(1). First consider the

latter and note that, in the same way as in (A.14), we have

T
T‘1/2D51t2+ B = T-1Y2D7 (m—m)ﬁﬁ’ (yt 1 — fio)
=p
T
+T7VDF B (yt—l — fio) (4.23)
t=p+1
= Op(l)v
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where the latter equality follows from (A.15) and (A.18) by arguments similar to those used
for (A.14) and (A.17). Thus, since (2.12) and (2.17) imply that & af(jio — o) = 0,(T~'/?)
the last term on the r.h.s. of (A.22) is of order 0,(1). A decomposition similar to that used
in (A.23) can also be applied to the sum in the third term on the r.h.s. of (A.22) after which
arguments essentially the same as those used for Asy and A4r in (A.17) show that this term

is of order o0,(1). Thus, we can write

I *~/ -1 ~ 1 I ~1 -1 ~ 1 ~ I ~1 -1
> et Dy = a) ¥ e Dy — &\ Wi — ) Z;I—I v, D7+ 0,(1)
t=p

t=p+1 t:gﬁl .
= ON/Lt Z;I—I £¢0;_ 1D/ T— O‘quﬁLﬁL(/«Ll Ml)t > Ut 1D/ Y+ Op(l)
=p =p+

where the latter equality makes use of the identity 55'+ 8.5, = I, (2.14), (2.17) and prop-
erties of the series ¢, already used several times. Furthermore, since (fi; — 1) = Op(T_l/z)
by (2.14) and (2.15), arguments similar to those used for (A.14) and (A.16) show that in
the last expression ©;_1 can be replaced by v;_; and further that &, can be replaced by .
Hence, we can write
T T
> oo Dyt o= o) ¥ e DFY
= = 1
t=p+1 t/ p+ o ro . (A.24)
— oy UBL B (fn — 1) X v Dp +o0p(1).
t=p+1
To obtain the limiting distribution of this quantity and that in (A.3), we conclude from (A.2)

and well-known limit theorems that
T2D7 vy = [, Fu(s)] 2 F(s), (A.25)

where F.(s) = H'3 CB(s) with C' and B(s) as in (2.8) and (2.9), respectively. Thus, F.(s)
is an (n —r —1)-dimensional Brownian motion with covariance matrix H'8\ CQC'8, H = Uy,
Next note that due to the normalization 3|1 = I,—, we have o/, V3, 3] C = o/, [see the
definition of C' below (2.8)]. Thus, applying (2.15), (A.25) and the usual limit theorems to
(A.24) yields

sz vl DIt Ly o) (/ dB(s /lF ) :a;/ldB(s)F(s)', (A.26)

t=p+1

where F(s) is the demeaned version of F(s). From (A.3) one similarly obtains

D7 M, Dt 4y / F(s)F(s)'ds. (A.27)
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Because the weak convergencies in (A.26) and (A.27) hold jointly, it follows from the con-
sistency of the estimators & and € and the definition of the test statistic LM~(rg) that

1

LM~ (ro) —% tr{ (o, Qo) ta, /dB(s)F(s)’ (/F(s)F(s)’ds)

/IF(S)dB(S)/

Theorem 1 is obtained from this result by noting that W(s) = (o/,Qa,)~"?a/, B(s) and
G(s) = diag[l : ©'V2F(s).

A.2 Proof of Theorem 2

Note that a and § are now (n X rg) matrices and analogous dimensions hold for other quan-
tities. Since r = rg in Section A.l, r now has to be replaced by rqg. For instance, & is
((n —rg) x 1) and H is ((n —rg) X (n —rg — 1)) etc.. Some results shown to hold under
the null hypothesis now have to be generalized for our special process of Section 4.1 to the
case of local alternatives. For this purpose, some of the previously used arguments can be

used directly because they only assume suitable rates of convergence and we assume that

(2.16) —(2.18) and (2.12) —(2.14) still hold. We begin with an important intermediate result.

Lemma A.2. Under the assumptions of Section 4.1,

S

1 R/
HK(s) | R

T1/2D}1U[Ts] i

and, denoting by v; the mean-adjusted version of v,

_ 1
YD 5y S R(s) Y R(s) - / R(u)du.

0
Proof: By (A.2) it is obvious that it suffices to show that T_l/zﬁix[Ts] LN K(s). This,
however, follows from Johansen (1997, Theorem 14.1) and the fact that we may assume that

oy = (1 4 P for a suitable matrix c. a

The Proof of Lemma A.1 made use of some known convergence results of the processes
B’z and 3 x; under the null hypothesis. For later purposes it is useful to note that from
Johansen (1995, Chapter 14) and Rahbek (1994) we can further conclude that the first and
second sample moments of these processes converge weakly and the rate of convergence under

our local alternatives is the same as under the null hypothesis.
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Since Ay, and y; do not depend on the value of 1o we may assume that po = 0. Then

we have 3'y; = 3'x;. Next note that
ﬁt — ﬂt -

"BL(BLBL) T Ly

'BL(818.)7'DrDT B 5

where the last equality follows because

= Dr.

BL(BLBL) ' Dy = BL(BLBL) T B[ < 7]

T3/2
0

From Lemma A.2 it follows that max;<i<r |DZ ]| = Op(T_l/z). Hence, since (58— 3)' Dy =
O,(1) by (2.16), we conclude that

max || — ]| = 0, (T2, (A.28)

1<¢<T
Similarly,
ve—v = (BL—BL)T
= (B —BL)BBB) B
= (BL—BL)BBB) B
Here T7' maxi<i<7 || 3'24]| = Op(T71/?). Tt is well-known that this last result holds under the
null hypothesis when 3z, is (asymptotically) stationary and it follows from Johansen (1995,
Theorem 14.1) that it also holds under our local alternatives. Thus, since (3. — 8.)3 =
0,(T~1), we have
max ||, — v|| = O,(T/?). (A.29)

1<¢<T

Now the proof proceeds in a similar way as that of Theorem 1. Thus, we consider

EI ~/ ~/ I . ~/ —z ~ ~/ —
PT = PT =D € |Viey — Usy ( ut—lut—1) Upma Uy | Moy (A.30)
t=2 t=2 t=2
First we note that
T
D' M, D71 =D > 540, D' 4 0,(1). (A.31)
t=2

To justify this equality, use (A.28) and (A.29) to show first that in the definition of M,,.,
the series u;_y and v,_y can be replaced by sy and v;_y, respectively. After this, (A.31)

may be obtained from the results given in Johansen (1995, Chapter 14) and S&L.
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The next step is to show that an analog of (A.21) holds, that is,

T
TN e = O,(1).
=2
This can be established by using the definition of ¢ in (4.8), (2.16) and (A.28) in conjunction
with the results in Johansen (1995, Chapter 14) and S&L. In a similar way as in the proof

of Theorem 1 we can now conclude from the above discussion that

D/—l _ i k] D/—l T (1)
T T o €V Ut Op

= oL % el Di (1),
(A.32)
Here the second equality can be established by using the definition of ¢;, (2.17) and (A.29)
in conjunction with the results in Johansen (1995, Chapter 14) and S&L.
It follows from (A.32), Lemma A.2 and Theorem 2.1 of Hansen (1992) that

T 1 !
o S e Dt o, ( / R(s)dB(s)’) . (A4.33)
t=2 0

Moreover, from (A.31),

1
D' M, D5 4 / R(s)R(s)'ds. (A.34)
0

Furthermore,

) 37 0
= T a3 BB 68L) 7 A [ ]
0 T
N T3/2 0 (A.35)
= Tl o fByfpn o]
0 T

= o 3[0: 7]
= o ar3[0: 9] + 0,(1).
Here the first and second equalities follow from definitions, the third one is obtained because

[i1 = ] € span(BL) and the fourth one is a consequence of the assumption Bju; = 0.
Combining (A.33) — (A.35) yields

,/Tﬁ} (/lR R )_ (/1 s)dB(s ozL—I—/R )ds[()/]ﬁlo/loq).

0
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Now using ¢ = [h : H] and, thus,

(/ R(s)dB(s)a g+ /R(S)R(S)'ds { 0/ ] ﬁlo/loug) g !

- . 0
= /R(s)dB(s)'aLg—l— /R(S)R(S)'ds { / ] ﬁm/pgg) gt

- . 0
= /R(s)dB(s)'aLg—l— /R(S)K(S)’dsg { / ] ﬁlozllong) gt

v

= [R(s)dQ(s)g7", (A.38)

where by the definition of K(s), the Ornstein-Uhlenbeck process

Qi (s)
= (A.39)
{ Q(s) ]

h'K(s)

Q(s) = g'K(s) =
H'K(s)

satisfies the stochastic differential equation

dQ(s) = ¢/ dB(s) +go)anfiBi(a’ B1)7 g7 Q(s)ds
= g dB(s) + g'a a1 31[0 : 7]Q(s)ds.
Here the latter equality is obtained by observing that ¢'~' = 3/ [i1 : 7] and using an argument
similar to that in (A.35). Hence, we have

it = (Jromons) frosne

and, by the definition of the test statistic L Ry qce(r0),

LRolre) tr{mgﬂa P (FReaey) (fReREr:) [ Rea@e }

t {<g a9 (JREQ >')/ (JReRras) bll”R(S)dQ(S)’}-

Since R(s)' = [s,Qy(s)') and N(s) = (¢'a’/, Qa; g)~'/2Q(s), this is the desired result. Hence,

the proof is complete.

29



A.3 Proof of Theorem 3

The proof proceeds in the same way as that of Theorem 2. As in the previous subsection we

consider the limiting behaviour of

T T -1
PR ¥, [ﬁ;_l i (it Z] WL (A
t=2 t=2 t=2
We first note that
T
D7 W DY = DS vsof DE 4 0,(1): (4.42)
t=2
This can be shown by demonstrating that
T T
TS ity = TS w1ty + 0,(1) (A4.43)
t=2 t=2
T
T2D7 S 6, = 0,(1) (A.44)
t=2
and
T T
D7' Y 010 Dyt = D3t Y weavi D 4 op(1). (4.45)
t=2 t=2

These results can be established in exactly the same way as their counterparts in the proof
of Theorem 2.
Next consider the first factor on the r.h.s. of (A.41). The error term e; in (4.10) can be

written as

© 4 )

€t = € t o

(0) (1)

where e; is essentially the error term under the null hypothesis and e; "’ is the remaining

part of e;. Specifically, using (4.10), it can be shown that

A = e, 4 k8 (fio — o) — (i — 1) — (3 — B BB (yier — fio)
and
et = prL(jio = po) = pr(Bs = BL) B (yi-1 — fio).
It can be shown with similar arguments as for (A.21) that
T .
TPE Y i, = 0y(1),  i=12,
=2

and, hence, by (A.43) and (A.44),

T T -1 7
i (i) Y aelDF = o) (A.46)

t=2 t=2 t=2
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Therefore we may consider

T T T
S Dt =a) Yo Dt a Y e D (A.47)
t=2 t=2 t=2
Here
T 0 T T
ay Z ez(t )ﬁzlf—l];)lT_l = O/J_ Zstv;_lDfFl - O/L(/j‘l - /~‘1) Z Uz/s—lDif_l + Op(l) (A-48)
t=2 t=2 t=2

(0)

which can be established in the same way as (A.24) because ¢, is the error term e; under
the null hypothesis and the involved quantities converge at the same rates as under the null
hypothesis. Now consider the second term on the r.h.s. of (A.47). By the definition of 61(51)

and since pr = O(T™!), we also have
T
& 3 e i, D!
B T . T
= &'y pr 3 (fio — o) t; 0 DF = & pr(BL — BL)'8 ;5/(%—1 — fi0)0]_, Dt (A.49)
= o0p(1)
by arguments already used earlier. From (A.47) — (A.49) we can now conclude that
T T T
Z e:ﬁzlf—lD/T_l = O/J_ Z gtvzlf—lD/T_l - ﬁi(/ll — 1) Z UI/S—ID/T_I + op(1), (A.50)
=2 =2 =2
where we have replaced a; in the second term on the r.h.s. by 3. This is easily seen to be
justified by (2.14) and the fact that oy = 81 + (¢ may be assumed for a suitable matrix e,
as mentioned earlier.
The next step is to obtain the weak limits of (A.42) and (A.50) and combine the results
in the same way as for the LR statistic in the previous subsection. First consider (A.42) and

note that Lemma A.2 and a standard application of the continuous mapping theorem give
1

DN, D L / R(s)R(s)'ds. (A51)
0

Using (4.3) and proceeding as in the proof of Theorem 2 we get

T !

ervl_ Dt L o) ( /0 1 R(s)dB(s)’) —K(1) /0 1 R(s)'ds. (A.52)

t=2

From (A.51) and (A.52) one can derive the limiting distribution of (p% — p%)D,. Combining
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(A.51), (A.52), (A.35) and (A.37) yields

O

-1
DL pn -4 ( R(s)R(s)’ds)

0

< (} R(s)dB(s)a1 — [ R(s)dsK(1) + [ R(s)K(s)'dsg { ! ] glo/lm) |
0 ,_Y/

With similar arguments as for (A.38) we get

1 1 1 0
(/ R(s)dB(s)'a g — /R(S)dSK(l)’g—l— /R(S)K(S)’dsg { / ] ﬁlo/long) gt
0 0 v

0

— (/1 R(s)dQ(s) — /IR(S)dSQ(l)’) 9!

= /1 R(s)dQ(s)'¢g™".

This means that we can write (A.33) as

7 ( | R(s)R(s)'ds) [ R0

Using these results we get the limiting distribution in Theorem 3 in the same way as in the

proof of Theorem 2.
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Table 2. Relative Rejection Frequencies of Test Statistics for DGP (5.1) with Cointegrating
Rank r =0 or 1, o, = 1, § = 1, Sample Size T'= 100, Nominal Significance Level 0.05.

Test Ppr=1(0r=0)|Y1=09(r=1)|v1=08r=1) |, =07 (r=1)
Statistic | rg = ro=1|1r0=0 rg=1 ro=0 rg=1 ro=0 r9=1
01:(92:0

LRrgee |0.062  0.007 |0.092 0.011 0.281  0.029 0.609  0.046
LM~ 0.037  0.022 | 0.068 0.036 0.245  0.045 0.524  0.043
LR;.,... 10056 0.018 |0.106 0.029 0.333  0.049 0.624  0.054
LRY,. |0.065 0.007 [0.098 0.009 0.193  0.018 0.424  0.034
LREC _10.054 0.003 |0.090 0.010 0.201  0.019 0.438  0.033

LMEES 10.028  0.005 | 0.047  0.005 0.116  0.010 0.290  0.022
01:02:0.4

LRrgee | 0.062  0.007 | 0.170  0.019 0.523  0.043 0.864  0.060
LM~ 0.036  0.022 | 0.143  0.052 0.452  0.067 0.793  0.061
LR;... 10059 0.018 |0.208 0.053 0.560  0.073 0.858  0.068
LRf,. |0.065 0.007 [0.140 0.012 0.362  0.044 0.711  0.052
LREC _10.054 0.003 [0.132 0.013 0.368  0.043 0.711  0.052

LMEES 10.028  0.005 |0.070  0.009 0.245  0.023 0.535  0.028
01 — 0.4,02 — 08

LRtrgee | 0.063 0.007 |0.781  0.092 0.998  0.088 1.0 0.084
LM~ 0.036  0.020 | 0.680  0.106 0.965 0.079 0.991  0.065
LR} 0.056  0.018 | 0.756  0.131 0.975  0.091 0.993  0.081

trace

LRf... |0.065 0.007 |0.638 0.075 0.983  0.080 1.0 0.074
LREC 0.054 0.003 | 0.552 0.064 0975 0.074 1.0 0.063

trace

LMEES 1 0.028  0.005 | 0.448  0.022 0.877  0.024 0.960  0.032
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Table 3. Relative Rejection Frequencies of Test Statistics for DGP (5.1) with Cointegrating
Rank r =2, § = 1, Sample Size T' = 100, Nominal Significance Level 0.05.

Test P =09, =09 | vy =08 =09 | vy =0.7 ¢, = 0.9
Statistic | rg =0 rg=1 ro=0 r9=1 ro=0 rg=1
01 =0,=0
LRirgee | 0.172  0.022 0.425  0.076 0.749  0.122
LM~ 0.212  0.076 0.436  0.177 0.707  0.209
LR;,.. |0.263 0.085 0.524  0.200 0.785  0.238
LR ... |0.130 0.014 0.279  0.038 0.528  0.073
LRI 10.143  0.023 0.325  0.051 0.585  0.094
LMELS 10.084  0.013 0.206  0.035 0.403  0.069
6y =0,=04
LRtrgee | 0.228  0.032 0.580  0.105 0.893  0.143
LM~ 0.241  0.109 0.559  0.211 0.858  0.227
LR;,. |0305 0.114 0.658  0.239 0.897  0.252
LRf ... |0.150 0.021 0.390  0.060 0.714  0.103
LRI 1 0.180  0.027 0.426  0.072 0.757  0.112
LMEES 10.099  0.017 0.304  0.043 0.567  0.072
61 =04,6, =0.8

LRtrgee | 0.787  0.182 0.997  0.205 1.0 0.208
LM~ 0.727  0.284 0.976  0.262 0.991  0.241
LRy ... 0801 0.318 0.983  0.306 0.996  0.273
LRf,.. 10595  0.117 0.976  0.143 1.0 0.139
LRI 1 0.561 0.114 0.969  0.148 0.999  0.143
LMSE™S 10.452  0.051 0.871  0.060 0.964  0.075

36



.00

o o
N N

[} [}

n 0

No No

o® 0%

[ Il ©

° o

i 13

o o

° °

[=] [=]

O' " " " " " " " " " " " " " " " " " " " O " " " " " " " " " " " " " " " " " " "
©0 3 6 9 12 15 18 21 24 27 30 33 3 39 42 45 48 51 H4 57 60 o0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 Bl 54 57 60

1 1

1 1

[a)
(e} (o}
N
n n
~ ~
(<} [}
n n
No No
o% o®
[ [
o Y]
n 0
() o
(<} [}
(o3 (o3
© ©
o o0

1 1

1 1

Figure 1: Local Power of LR and LM-type tests
—LR} s - LM*, LR - - -LRrgee

trace’

37




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AgencyFB-Bold
    /AgencyFB-Reg
    /Algerian
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /BaskOldFace
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BlackadderITC-Regular
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CurlzMT
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /FelixTitlingMT
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /MaturaMTScriptCapitals
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MSOutlook
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /OCRAExtended
    /OldEnglishTextMT
    /Onyx
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /PoorRichard-Regular
    /Pristina-Regular
    /Raavi
    /RageItalic
    /Ravie
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /ScriptMTBold
    /ShowcardGothic-Reg
    /Shruti
    /SnapITC-Regular
    /Stencil
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


