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Abstract

Some convenient limit properties of usual information criteria are given for coin-
tegrating rank selection. Allowing for a nonparametric short memory component
and using a reduced rank regression with only a single lag, standard informa-
tion criteria are shown to be weakly consistent in the choice of cointegrating rank
provided the penalty coefficient C;, — oo and C},/n — 0 as n — oo. The limit dis-
tribution of the AIC criterion, which is inconsistent, is also obtained. The analysis
provides a general limit theory for semiparametric reduced rank regression under
weakly dependent errors. The method does not require the specification of a full
model, is convenient for practical implementation in empirical work, and is sympa-
thetic with semiparametric estimation approaches to cointegration analysis. Some
simulations results on finite sample performance of the criterion are reported.

Keywords: Cointegrating rank, Consistency, Information criteria, Model selection,
Nonparametric, Short memory, Unit roots.
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1 Introduction

Information criteria are now widely used in parametric settings for econometric
model choice. The methods have been especially well studied in stationary systems.
Models that allow for nonstationarity are particularly relevant in econometric work
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partial support from the NSF under Grant No. SES 06-47086.



and have been considered by several authors, including Tsay (1984), Potscher (1989),
Wei (1992), Phillips and Ploberger (1996), Phillips(1996), and Nielsen (2006), among
others.

Model choice methods are heavily used in empirical work and in forecasting exer-
cises, the most common applications involving choice of lag length in (vector) autore-
gression and variable choice in regression. The methods have also been suggested and
used in the context of cointegrating rank choice where they are known to be consistent
under certain conditions, at least in parametric models (Chao and Phillips, 1999). This
application is natural because cointegrating rank is an order parameter for which model
selection methods are particularly well suited since there are only a finite number of
possible choices. Furthermore, rank order may be combined with lag length and inter-
cept and trend degree parameters to provide a wide compass of choice in parametric
models that is convenient in practical work, as discussed in Phillips (1996).

When the focus is on cointegration and cointegrating rank selection, it is not neces-
sary to build a complete model for statistical purposes. Indeed, many of the approaches
that have been developed for econometric estimation and inference in such contexts are
semiparametric in character so that the model user can be agnostic regarding the short
memory features of the data and concentrate on long run behavior. In such settings, it
will often be desirable to perform the evaluation of cointegrating rank (or choice of the
number of unit roots in a system) in a semiparametric context allowing for a general
short memory component in the time series.

The present paper has this goal and looks specifically at the issue of cointegrating
rank choice by information criteria. In the case of a univariate series, this choice reduces
to distinguishing unit root time series from stationary series. In such a context, it is
known that information criteria provide consistent model choice in a semiparametric
framework (Phillips, 2008). The contribution of this paper is to extend that work to
the multivariate setting in the context of a semiparametric reduced rank regression of
the form

A)(t = aﬂlthl +u, te {17 "'7”}3 (1)

where X; is an m- vector time series,  and ( are m x rg full rank matrices and wuy;
is a weakly dependent stationary time series with zero mean and continuous spectral
density matrix f, (\). The series X; is initialized at ¢t = 0 by some (possibly random)
quantity Xo = O, (1), although other initialization assumptions may be considered, as
in Phillips (2008).

A secondary contribution of the paper that emerges from the analysis is to provide a
limit theory for semiparametric reduced rank regressions of the form (1) under weakly
dependent errors. This limit theory is useful in studying cases where reduced rank
regressions are misspecified, possibly through the choice of inappropriate lag lengths in
the vector autoregression or incorrect settings of the cointegrating rank.

Under (1), the time series X; is cointegrated with cointegration matrix  of rank
ro, so there are rqy cointegrating relations in the true model. Of course, rq is generally



unknown and our goal is to treat (1) semiparametrically with regard to u; and to
estimate rg directly in (1) by information criteria. The procedure we consider is quite
simple. Model (1) is estimated by conventional reduced rank regression (RRR) for
all values of r = 0,1, ...,m just as if u; were a martingale difference, and r is chosen
to optimize the corresponding information criteria as if (1) were a correctly specified
parametric framework up to the order parameter r. Thus, no explicit account is taken
of the weak dependence structure of u; in the process.
The criterion used to evaluate cointegrating rank takes the simple form

IC (r) =log ’i (7“)‘ + Con ™t (2mr — %), (2)

with coefficient C),, = logn, loglogn, or 2 corresponding to the BIC (Schwarz, 1978;
Akaike, 1977; Rissanen, 1978), Hannan and Quinn (1979), and Akaike (1974) penalties,
respectively. Sample information-based versions of the coefficient C,, may also be em-
ployed, such as those in Wei’s (1992) FIC criterion and Phillips and Ploberger’s (1996)
PIC criterion. The BIC version of (2) was given in Phillips and McFarland (1997)
and used to determine cointegrating rank in an exchange rate application. In (2) the
degrees of freedom term 2ms — 2 is calculated to account for the 2msr elements of the
matrices o and (3 that have to be estimated, adjusted for the r? restrictions that are

needed to ensure structural identification of 3 in reduced rank regression!.

'For example, in triangular system specifications (Phillips, 1991) 8’ takes the form [I,., —B] for
some unrestricted 7 X (m — r) matrix B, which involves r? restrictions and leads to degrees of freedom
2mr —r? in A. Under normalization restrictions of the form (6) on 3 that are conventionally employed
in empirical reduced rank regression modeling, the degrees of freedom term would be 2mr —r(r+1)/2,
leading to the alternate criterion

IC™ (r) =log ’f] (r)‘ +Con ™t (2mr —r(r +1)/2).

In this case the outer product form of the coefficient matrix in (1) implies that A = o’ = aCC'f’
for an arbitrary orthogonal matrix C, so that o and [ are not uniquely identifed even though the
likelihood is well defined. In such cases, only the cointegrating rank and the cointegrating space are
identified and consistently estimable. Correspondingly, there are more degrees of freedom in the system.
However, the usual justification for BIC (Schwarz, 1978; Ploberger and Phillips, 1996) involves finding
an asymptotic approximation to the Bayesian data density (and hence the posterior probability of the
model), which is obtained by Laplace approximation methods using a Taylor series expansion of the log
likelihood around a consistent parameter estimate. In the reduced rank regression case, r2 restrictions
on 3 are required to identify the structural parameters as in the above formulation 8’ = [I,, —B]. If
only normalization restrictions such as 3’3 = I,- are imposed, then we can write

A= CYB, = aCCl (I'r + BBI)_1/2 [I’l‘7 _B] )

with 8/ = (I, + BB')""/?[I,,—B] and where C is an arbitrary orthogonal matrix. In this case, C is
unidentified and if C' has a uniform prior distribution on the orthogonal group O (r) independent of
the prior on (a, B), then C may be integrated out of the Bayesian data density or marginal likelihood.
The data density then has the same form as it does for the case where

A=a(I. +BB) ?(1,,—-B =a~?[I,,-B],

and where @ and B are identified. In this event, the model selection criterion is the same as (2).



For each » = 0,1, .., m, we estimate the m x r matrices a and 3 by reduced rank
regression and, for use in (2), we form the corresponding residual variance matrices

~

S (r) = n~t zn: <AXt - df}’Xt,l) (AXt - dB’Xt,l)/, r=1,..,m
t=1

with £ (0) = n~! o AXAX]. Model evaluation based on IC (r) then leads to the
cointegrating rank selection criterion

7 =argmin/C (r).
0<r<m

As shown below, the information criterion /C' (r) is weakly consistent for selecting
the cointegrating rank r¢ provided that the penalty term in (2) satisfies the weak re-
quirements that C,, — oo and C},/n — 0 as n — oo. No minimum expansion rate for
C., such as loglogn is required and no more complex parametric model needs to be es-
timated. The approach is therefore quite straightforward for practical implementation.

The organization of the paper is as follows. Some preliminaries on estimation and
notation are covered in Section 2. The main asymptotic results are given in Section 3.
Section 4 briefly reports some simulation findings. Section 5 concludes and discusses
some extensions. Proofs and technical material are in the Appendix.

2 Preliminaries

Reduced rank regression (RRR) estimates of a and (3 in (1) are obtained ignoring
any weak dependence error structure in us;. To analyze the asymptotic properties of
the rank order estimates and the information criterion /C(r) under a general error
structure, we start by investigating the asymptotic properties of the various regression
components. Using conventional RRR notation, define

Soo = n~t Z AXtAXtI, S11 = nt ZXt_lX‘é*l’

t=1 t=1
n n

Sor=n""Y AX; X[ ;, and Sjo=n""> X, 1AX]. (3)
t=1 t=1

For some given r and 3, the estimate of « is obtained by regression as

& (8) =SB (B S1B8) " . (4)

Again, given r, the corresponding RRR estimate of 3 in (1) is an m x r matrix satisfying

3 =arg mﬁin ‘500 — S0 B (3'S18)”" 5/510‘ : (5)



subject to the normalization
FsuB=1,. (6)
The estimate @ is found in the usual way by first solving the determinantal equation
|AS11 — S10S50 So1| = 0 (7)

for the ordered eigenvalues 1 > Xl > e >jm > 0 and corresponding eigenvectors
V = [01,- -, 0], which are normalized by V'S11V = I,,,. Estimates of 8 and a are
then obtained as

~

B =[O, .5, anda=a(B) =Snp. (8)

with 3 formed from the eigenvectors of 1% corresponding to the r largest roots of (7).
The residuals from the RRR and the corresponding moment matrix of residuals that
appear in the information criterion are

u = AX; — aE’XH, and 9)
S(r) =nt zn: G, = Soo — So135 Sho. (10)
t=1
Using (10) we have (e.g., theorem 6.1 of Johansen, 1995)
£ 0] = 100l Ty (1= %) (11)

where A;, 1 < i < r, are the r largest solutions to (7). The criterion (2) is then well
determined for any given value of r.

3 Asymptotic Results

The following assumptions make specific the semiparametric and cointegration com-
ponents of (1). Assumption LP is a standard linear process condition of the type that
is convenient in developing partial sum limit theory. The condition can be relaxed to
allow for martingale difference innovations and to allow for some mild heterogeneity
in the innovations without disturbing the limit theory in a material way (see Phillips
and Solo, 1992). Assumption RR gives conditions that are standard in the study of
reduced rank regressions with some unit roots (Johansen, 1988, 1995; Phillips, 1995).

Assumption LP  Let d(L) = > 22, D;L7, with Dy = I and full rank D (1), and
let uy have Wold representation

(e} o0
w=D(L)e; =Y Djgj, with Y j2[|Dj| < o0, (12)
§=0 §=0



for some matriz norm ||-|| and where g is 1id (0,%3;) with ¥, > 0. We use the notation
Loy (h) = FE (atb£+h) and Ngy = Y771 Tap (h) for autocovariance matrices and one
sided long run autocovariances and set Q=352 Ty (h) = D(1)X.D (1) > 0 and
Ye = E{ee}}.

Assumption RR  (a) The determinantal equation }I - aﬁ'L! = 0 has roots on or
outside the unit circle, i.e. |L| > 1.

(b) Set Il = I,,, + a8’ where o and 3 are m x ro matrices of full column rank rq,
0<ro<m. (If ro =0 then Il = I,; if ro = m then 3 has full rank m and §'X; and
hence X; are (asymptotically) stationary )

(c) The matriz R = I, + 3« has eigenvalues within the unit circle.

Assumption (c) ensures that the matrix '« has full rank. Let a; and 3, be
orthogonal complements to o and 3, so that [,y ] and [3, 3] are nonsingular and
8181 = Im—r. Then, nonsingularity of 5'a implies the nonsingularity of o/, ;. Under
RR we have the Wold representation of 5'X;

e 9]

vei=BX, =Y RBu=R(L)Bu =R(L)FD(L)e, (13)
i=0

and some further manipulations yield the following useful partial sum representation

t
Xy =CY ug+a(fa)” R(L)Fu + CXo, (14)

s=1

where C' = 3, (/3 Ot o', . Expression (14) reduces to the Granger representation
when w; is a martingale difference (e.g. Johansen, 1995).

Under LP a functional law for partial sums of u; holds, so that n—1/2 E[SZ]I Ug =
B, () as n — oo, where B,, is vector Brownian motion with variance matrix Q2. In view

of (13) and the fact that R(1) = > R = (I — R =— (ﬁla)_l, we further have

[r] [n-]
w2y e =0 Py AN =~ (Fa)  FBu(), asn—oo.  (15)
s=1 s=1

These limit laws involve the same Brownian motion B, and determine the asymptotic
forms of the various sample moment matrices involved in the reduced rank regression
estimation of (1).

Define

AXy Yoo Xog }
Vi = ) 16
“ { B X } [ Ygo Lag (16)

Explicit expressions for the submatrices in this expression may be worked out in terms of
the autocovariance sequences of u; and v; and the parameters of (1). These expressions



are given in (24) - (26) in the proof of Lemma 3 in the Appendix. The following result
provides some asymptotic limits that are useful in deriving the asymptotic properties
of ¥ (r) in the criterion function (2).

Lemma 1 Under Assumptions LP and RR,
Soo — p Loo, 5’51168 —p Xas, 3'S10 —p Lo,

1
w13, 5B, = (a)8,) " ( / BuB;> aL (FLan) ™,
JO
1
ﬁﬁ_(Sw — Snﬁal) = (O/J_ﬁj_)il O/J_/ BudB; + \I/}UU,
0

1
8,518 = — (,8,) ") /O BudBLB(a/8) " + Uy,

1
3 S10 = (aﬁ_ﬁl)fl o) / BydBlay (ﬁﬁ_ou_)fl B+ \P}UU + U,
Jo

where
Ul = S E{(BLAX) ), Wuw =D E{(BLAX) (#Xi10)'} .
h=1 h=0

and wy = 3 AXy = B8 uy + 5 ave_1.

Remarks:

(a) When u; is weakly dependent, it is apparent that the asymptotic limits of 3 (S10—
S118d”), B’ S10, and 3| S11/3 involve bias terms that depend on various one sided
long run covariance matrices associated with the stationary components wug, vy,
and w; = 6’J_AXt. Explicit values of these one sided long run covariance matrices
are given in (29) and (30) in the Appendix.

(b) When u; is a martingale difference sequence, Ul = 0 and W, = 8 F (uv}).
Simpler results, such as

1
3 (Si0 — S Ba’) = (o' L8,) " alL /0 B.dB,, (17)

then hold for the limits in lemma 1, and these correspond to earlier results given
for example in theorem 10.3 of Johansen (1995).

From (1), AX; = w + o' X;—1 = w + av_1, so that (c.f. (25) - (26)) Zog =
aXgg + Fugv,_q and

Yoo = aXgo + Buvi_yof + E (wuy) . (18)



Define
a = Yop¥g = a+ Buw,_ 1355, (19)

and let a; be an m x (m — r) orthogonal complement to & such that [a, & | is nonsin-
gular.

Lemma 2 Under Assumptions LP and RR, when the true cointegration rank is ro,
the 1o largest solutions to (7), denoted by \; with 1 < i < rg, converge to the roots of

[AZp5 — TpoTgp og| = 0. (20)

The remaining m —rq roots, denoted by Xz with ro + 1 < i < m, decrease to zero at the
rate n=t and {nX\; :i =19+ 1,...,m} converge weakly to the roots of

1

1 1
'p JRCE ( | Guicig, + \1/) G (@, So0dn) " a, (m [ acuc,+ \11)‘ o
0 0 0

(21)

where Gy, (r) = (aﬁ_ﬁj_)fl o', B, (r) is m —ro dimensional Brownian motion with vari-
ance matriz (o/J_ﬂL)_l o Qo (BLal) ™ and U =TL + 0,0

Remarks:

(c) Comparing these results with those of the standard RRR case with martingale
difference errors (Johansen, 1995, p. 158), we see that, just as in the standard
case, the rg largest roots of (7) are all positive in the limit and the m — rp small-
est roots converge to 0 at the rate n~!, both results now holding under weakly
dependent errors. However, when u; is weakly dependent, the limit distribution
determined by (21) is more complex than in the standard case. In particular, the
determinantal equation (21) involves the composite one sided long run covariance
matrix W.

(d) When wu; is a martingale difference sequence, we find that @ = «a, a; = ay,
\Pi)u =0,V = W, Xogo = Oézﬁﬁo/ + Q and

a/J_ (aﬂ_zooaj_)i aﬁ_ = O (OJIJ_QOQ_)il O/J_.
Then o/, 3, G, (r) = o/, B, (r) is Brownian motion with covariance matrix o/, Qo
Vo, =0, and the determinantal equation (21) reduces to

1 1 1
‘p /0 GGl — /0 GudCl B, (! Qa,) " a8, / GG = 0.

0




which is equivalent to

1 1 1
‘p / v,V — / V,dv! / av, V!
0 0 0

where V,, (r) is m — ¢ dimensional standard Brownian motion, thereby corre-

sponding to the standard limit theory of a parametric reduced rank regression
(Johansen, 1995).

=0,

Theorem 1 (a) Under Assumptions LP and RR, the criterion IC(r) is weakly con-
sistent for selecting the rank of cointegration provided C,, — oo at a slower rate than
n.

(b) The asymptotic distribution of the AIC criterion (IC(r) with coefficient C,, = 2)
18 given by

lim P (Tarc = 10)

n—oo

r=fj+1{ Z & <2(7’—7‘0)(2m—r—r0)H ,/

i=ro+1

=P

lim P (7fa7c = r|r > 1)
n—oo

=P { (T/firl {l;_lfz <2(r'—r)(2m—1" — r)}) N

(;ijo{zr: §Z~>2(r—r') (2m—r—r’)}>},

lim P (Farc =r|r <rg) =0,
n—oo

and

where &, 11, ...,&,, are the ordered roots of the limiting determinantal equation (21).

Remarks:

(e) BIC, HQ and other information criteria with C;, — oo and C)/n — 0 are all
consistent for the selection of cointegrating rank without having to specify a full
parametric model. The same is true for the criterion IC*(r) where only the
cointegrating space is estimated and structural identification conditions on the
cointegrating vector are not imposed or used in rank selection.

(f) AIC is inconsistent, asymptotically never underestimates cointegrating rank, and
favors more liberally parametrized systems. This outcome is analogous to the



well-known overestimation tendency of AIC in lag length selection in autoregres-
sion. Of course, in the present case, maximum rank is bounded above by the
order of the system. Thus, the advantages to overestimation in lag length selec-
tion that arise when the autoregressive order is infinite might not be anticipated
here. However, when cointegrating rank is high (and close to full dimensional),
AIC typically performs exceedingly well (as simulations reported below attest)
largely because the upper bound in rank restricts the tendency to overestimate.

(g) When m = 1, 9 = 0 corresponds to the unit root case and 9 = 1 to the stationary
case. Thus, one specialization of the above result is to unit root testing. In this
case, the criteria consistently discriminate between unit root and stationary series
provided C;,, — oo and Cj,/n — 0, as shown in Phillips (2008). In this case, the
limit distribution of AIC is much simpler and involves only the explicit limiting

root & = ( I BudB, + /\)2 / {( 5 Bﬁ) 200} where A = S°%° | (wgugsn)

(h) While Theorem 1 relates directly to model (1), it is easily shown to apply in cases
where the model has intercepts and drift. Thus, the result provides a convenient
basis for consistent cointegration rank selection in most empirical contexts.

4 Simulations

Simulations were conducted to evaluate the finite sample performance of the criteria
under various generating mechanisms for the short memory component wu;, different
settings for the true cointegrating rank, and for various choices of the penalty coefficient
Ch. Some illustrative findings for the case where m = 2 are briefly reported here.

The data generating process follows (1). When ro = 0 we have o/ = 0, and when
ro = 1 the reduced rank coefficient matrix is set to

o'8 = (1,0.5) < - ) .

When rg = 2, two different simulations (design A and design B) were performed, one
with smaller and one with larger stationary roots as follows:

A: dB= ( _00; _()(']14 > , with stationary roots \; [I + #'a] = {0.7,0.4} ;

B: d/f = ( _00; _%'115 ) , with stationary roots \; [ + 3'a] = {0.9,0.45} .

Simulations were conducted with AR(1), MA(1), and ARMA(1,1) errors, corresponding
to the models

up = Aug_1 + ¢, wp = ¢ + Bey—1, and vy = Aup_q1 + &4 + Bey_q, (22)

10



(b) BIC

Prob

(d) log(HQ)

Figure 1: Cointegrating rank selection in design A when wu; is AR(1) and n = 100.

respectively, with coefficient matrices A = I, B = ¢I,,, where || < 1,|¢| < 1, and
with innovations e, = iidN (0, ;) , where

(146 0
25-( 0 1_0>>0.

The parameters for these models were set to 1) = ¢ = 0.4 and 6 = 0.25.

The performance of the criteria AIC, BIC, HQ, and log(HQ)? was investigated for
sample sizes n = 100 in design A and n = 100, 400 in design B, in both cases including
50 additional observations to eliminate start-up effects from the initializations Xg =0
and g9 = 0. The results are based on 20,000 replications and are summarized in Fig.
1, which shows the results for design A, and in Table 1, which shows the results for
design B and with correct selections in bold type. The results displayed are for the
model with AR(1) errors. Similar results were obtained for the other error generating
schemes in (22).

Asis evident in Fig. 1, the BIC criterion generally performs very well when n > 100.
For design B, where the stationary roots of the system are closer to unity, BIC has
a tendency to underestimate rank when n = 100 and ro = 2, thereby choosing more
parsimoniously parameterized systems in this case, just as it does in lag length selection
in autoregressions. But BIC performs well when n = 400, as seen in Table 1.

log(HQ) has penalty coefficient C,, = logloglogn.

11



The tendency of AIC to overestimate rank is also clear in Fig. 1, but this tendency
is noticeably attenuated when the true rank is 1 and is naturally delimited when the
true rank is 2 because of the upper bound in rank choice. For design B, AIC performs
better than BIC when the cointegrating rank is 2, as does HQ, for which the penalty
is C,, < 2 when n = 100,400. Criteria with weaker penalties, such as log(HQ) with
C,, = logloglogn, also do better in this case, although for other cases they perform
much less satisfactorily than AIC and HQ, showing a stronger tendency to overestimate
cointegrating rank.

Based on overall performance, it seems that BIC can be recommended for practi-
cal work in choosing cointegrating rank and it gives generally very sharp results when
n > 100. The main weakness of BIC is its slight tendency to choose more parsimonious
models (i.e. models with more unit roots) especially when the system is stationary and
has a root near unity?.

n =400 n =100
ry=>0 ry=>0
r=0 r=1 r=2 r=0 r=1 r=2
AlIC 52.7 36.3 11.0 AIC 48.3 39.7 12.0
BIC 94.8 4.8 0.4 BIC 87.8 10.8 1.4
HQ 47.0 39.6 13.3 HQ 35.1 46.6 18.3
Log(HQ) 7.4 48.8 43.7 Log(HQ) 2.6 44.3 53.1
=1 =1
r=0 r=1 r=2 r=0 r=1 r=2
AlC 0.0 76.4 23.6 AIC 0.0 77.7 22.3
BIC 0.0 96.6 34 BIC 0.0 94.2 5.8
HQ 0.0 735 26.5 HQ 0.0 70.8 29.2
Log(HQ) 0.0 45.8 54.2 Log(HQ) 0.0 40.4 59.7
ry=2 ry=2
r=0 r=1 r=2 r=0 r=1 r=2
AlIC 0.0 0.0 100.0 AIC 0.0 25.2 74.8
BIC 0.0 2.1 97.9 BIC 4.5 74.2 21.3
HQ 0.0 0.0 100.0 HQ 0.0 14.2 85.8
Log(HQ) 0.0 0.0 100.0 Log(HQ) 0.0 1.6 98.4

Table 1. Cointegrating rank selection in design B when u; follows an AR(1) process.

Wang and Bessler (2005) reported some related simulation work under the assump-
tion that it is known that the time series are already transformed into a form where
the observed variables are either stationary or integrated. In the present context, this
is equivalent to setting a3’ to a diagonal matrix with elements of either zero or unity.
The problem of cointegrating rank selection in this simpler framework is equivalent to
direct unit root testing on each variable. We may therefore use the selection method
of Phillips (2008) to estimate the cointegration rank by conducting a unit root test on
each time series and simply counting the number of unit roots obtained. Simulations

3Simulations (not reported here) showed that the tendency for BIC to select models with more unit
roots is exacerbated when the criterion IC* (r), which has a stronger penalty, is used.

12



(not reported here) indicate that this procedure works well. However, since the trans-
formation which takes the model into a canonical form where the observed variables
are either stationary or integrated is seldom known, this procedure is generally not
practical for estimating cointegrating rank.

5 Conclusion

Model selection for cointegrating rank treats rank as an order parameter and pro-
vides the convenience of consistent estimation of this parameter under weak conditions
on the expansion rate of the penalty coefficient. The approach is easy to implement in
practice and is sympathetic with other semiparametric approaches to estimation and
inference in cointegrating systems where the focus is on long run behavior.

While it is not explicitly demonstrated here, the consistency result for cointegrat-
ing rank selection by information criteria continues to hold in models where there is
unconditional heterogeneity in the error variance of unknown form, including breaks in
the variance or smooth transition functions in the variance over time. Such permanent
changes in variance are known to invalidate both unit root tests and likelihood ratio
tests for cointegrating rank because of their effects on the limit distribution theory
under the null (see Cavaliere, 2004; Cavaliere and Taylor, 2007; Beare, 2007). Since
consistency of the information criteria is unaffected by the presence of this form of vari-
ance induced nonstationarity, the approach offers an additional degree of robustness in
cointegrating rank determination that is useful in empirical applications.

Some applications of the methods outlined here are possible in other models. First,
rather than work with reduced rank regression formulations within a vector autore-
gressive framework, it is possible to use reduced rank formulations in regressions of the
time series on a fixed (or expanding) number of deterministic basis functions such as
time polynomials or sinusoidal polynomials (Phillips, 2005). In a similar way to the
present analysis, it can be shown that information criteria such as BIC and HQ will be
consistent for cointegrating rank in such coordinate systems. The coefficient matrix in
such systems turns out to have a random limit, corresponding to the matrix of random
variables that appear in the Karhunen-Loeéve representation (Phillips, 1998), but has
a rank that is the same as the dimension of the cointegrating space, which enables
consistent rank estimation by information criteria. A second application is to dynamic
factor panel models with a fixed number of stochastically trending unobserved factors,
as in Bai and Ng (2004). Again, these models have reduced rank structure (this time
with nonrandom coefficients) and the number of factors may be consistently estimated
using model selection criteria of the same type as those considered here but in the pres-
ence of an increasing number of incidental loading coefficients. In such cases, the BIC
penalty, as derived from the asymptotic behavior of the Bayes factor, has a different
form from usual and typically involves both cross section and time series sample sizes.
Some extensions of the present methods to these models will be reported in later work.

13



6 Appendix

Lemma 3 Under (1) and Assumption LP,

_ - _ -1 - —-1/2 -1 —-1/2
S0 — Zoo Zog (2502001250) Sa0S00 = Z300/ cL (drey) clzoo/ ’
where ¢ = 2601/2205 and ¢ 1s an orthogonal complement to c. Defining a = 2052561 =

Eé{fczgﬁl and o) = 2601/2CL, we have the alternate form

. (23)

_ 1 _ - -
EOOI/ZCl (cieL) Clzool/2 = & (&) YoocrL)
When o5 = aXgg, (23) reduces to

-1

0o /QCJ_ (cﬁ_cl_)fl C'J_E(;OI/Q =a (o/J_ZooaJ_)*l o).

Proof of Lemma 3: Since [c, ¢ ] is nonsingular we have
I=c (c’c)fl d+el (cﬁ_cL)fl 0,
and then
-1 -1 -1 -1 -1
200 — 20 208 (250200 260> 250200
= 2601/2 {I - ¢ (C/C>_1 Cl} 2601/2 = 2801/2CL (Clcﬂ_l Cl2801/2,

as required.

Observe that when Yog = aXgg, we have c = 2801/2205 = 2601/204255 and we may
/

1/2 .
choose c| = X, | where o is an orthogonal complement to a. In that case we have

—1/2 / -1 ; «—1/2 /
ZOO/CL(CJ_CL) CLZOO/ :ozl(on_ZooozL) ag,

as stated. This corresponds with the result in Johansen (1995, Lemma 10.1) where u;
is a martingale difference. In the present semiparametric case, AX; = u; + a8’ X;_1 =
uy + avs_1 and the covariance 'y, (1) = E (v;_1uy)" is generally nonzero, so that

Y = Evwy = Ty, (0), (24)
Y50 = Bvg—q (up + avi_1) = Tpu (1) + Ty (0) @ =Ty (1) + Ygpa, (25)
Yoo = aXgga’ + alyy (1) + Tyy (—1) @ + Doy, (0). (26)

Note that a = 205255 = 2(1)620255 and we may choose a| = 2501/20l. In this notation,
we may write in the general case

S0 2er (der) e P = @ (@) ool ) (27)
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as given in (23). O
Proof of Lemma 1: Since both AX; = u; + o3 X;_1 and v; = 3 X; are stationary

and satisfy Assumption LP, the law of large numbers gives

n
Soo =" " AX;AX] —p S0 = Fuu (0) + 0Ty (0) @ + o'y (0) + Ty (0) o,
t=1

B'S1s = nt Zﬁ/Xt—l (ﬂ/Xt_l)/ —p 2gg = Ly (0), and
t=1

B'S10=n""> "B Xi 1AX] —p Sg0 = Tyu (1) + Ty (0) @'
t=1

In view of (14) we have

t
BXe =803 ug+ Fra(Fa)” R(L) Bu + B.CXo

s=1

t
= (o/J_ﬂL)_l o) {Z us + Xo} + 0« (ﬂ’oz)_l R(L) B'uy,

s=1

so that the standardized process n_1/2ﬂlXM = (o/J_ﬂL)*l o/ B, (-), and from (15)
we have

[n-]
nT123 X = — (8la) T A Bu(). (28)
s=1
It follows by conventional weak convergence methods that
1
w LS. = (0181) ol ([ BB ) (Fian)
J0

B (S0 — Supd) = 5, {nl ZXt—l (AX; — aﬂ/Xt—l),}

t=1

~ 3 Xi1 w / -1 /1 / 1
= E — = (a8 o B.dB, + V¥,
R

/ . = 6/1_Xt—1 (6/Xt—1), / -1 ! / roy—1
ﬁj_Sllﬁ = t_zl \/ﬁ \/T_l = — (OCJ_ﬁL) OCJ_ /0 BudBuﬁ(Oé ﬁ) + \ijv;

where

v, =S E{(BLAX:) u)y,} and Wy, = ZE{(B’LAXt) (6’Xt+h)/}

h=1 h=0

15



are one sided long run covariance matrices involving w; = ﬁlAXt, u; and v;. Note
that

wy = FLAX =0 u + BLav

so we may deduce the explicit form

Wy = Z E{(BLAXy) upn} =B Z E {ugipyp } + 8 Z E {vei-1upyp
h=1 h=1 h=1
= ﬁlj_Auu + ﬁlj_a [Avu — Ly <1)] s (29)
and

Wy = i { BLAXy) (ﬂ'XtJrh)/}

h=0
= 8 Z E{uwpp} + BLa Z E {vi-1vpyp}

h=0 h=0
= ﬁlj_(Auv + Tuw(0)) + ﬁﬁ_a/\vv- (30)

Finally, using (28) and standard limit theory again, we obtain

8,810 = ZﬂLXt 1AXt Zﬁj_\-;(_t 1 (Ut'i-\;%vt 1>

= (ah8,) el / BudB, — (o!.5,) "o, / BudBLB (o'8) " of

+ZE{ BLAX) uyyy, } +ZE{ (BLAX) vy}

h=0
— (O/Lm)‘lal/ BudB, {1-5('8) " o'}
+ Z E { ﬁLAXt) ut+h} + ZE{ BLAXt) Vi }
- h=0

= (o 8,)7" O/L/O BudBlay (Bal) "t B+ W, + U,

-1

since (3 (a’ﬁ)fl o +o (ﬁlou_) = I (e.g., Johansen, 1995, p. 39). O

Proof of Lemma 2: Let S (\) = ASy; —5105&)1501, so that the determinantal equation
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(7) is |S (\)| = 0. Defining P, = [3,n~ %23, ] and using Lemma 1, we have

[P (S (X)) Py
| A8'Sup An238, 8,
T L AanTY28 S8 AT S8,

_ [ 3510550 So18 n=123' 510550 So18. ”

n=128 S10S55-So1 8 n LB S10S55-So18.1
A5 0 Y50%05 S 0

= _ _ _ 00 <083 }

' 0 A B1) 1a’J_ (folBuBQ o) (ﬁﬁ_aj_) ! ] { 0 0

— AZ5s - S0y o 'A (o 8,) " e, < /O 1 BUB;> ar (#,a0)7". (31)
The determinantal equation
IAZ55 — Sp0S00 Sos| ')\ (o 8,) o) (/01 BuB;> a; (BLal) =0
has m — ry zero roots and rg positive roots given by the solutions of
[AZs5 — B0Sg0 Zos| = 0. (32)

Thus, the ¢ largest roots of (7) converge to the roots of (32) and the remainder converge
to zero.

Defining P = [, 3, ], we have
[ FsN B BSN)BL } ‘
BLS(N) B BLS(N)BL
=1gs M [sL {s - s BFs WA FS WAL (33)
As in Johansen (1995, theorem 11.1), we let n — oo and A — 0 such that p = n\ =
O, (1) . Using Lemma 1, we have
F'S(\) 8 = pn™B'S18 — F'S1050 So18 = ~Tg0Tg0 Zos + 0p (1)
B1S (N B = pn 8150, — 515108 Sor B, and
315N B = pn 81518 — 31510500 So1 /3
=~ 510500 So18 + 0p (1) . (34)

‘?’ (5@))?) -

Define
Ny = Spgt = S0-S013 (8'S10S59-S018) 8'S10S50 -
Using Lemma 1 and Lemma 3, we have
N = Eg0 — g0 Zog (Zp0Z00 Tos) EaoZgo + 0p (1)

=ay (5/1_200541_)71 ' +op(1). (35)
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By (34) and (35), the second factor in (33) becomes

FL{sN =S B[FSM 8 FS (N} 8L
= pn ' BLS1B1 — B1S10NSo1 8L + op (1)
= pn‘lﬁ’lSuﬁL — ﬁﬁ_Slgal <&/J_200&J_)71 &lSmﬁl + Op (1) . (36)

By Lemma 1, we have
B{sm-smBasM 8 FS N} 8L
1
~ p(aBy) ( /0 BUB;> oL (BLan)™"

1
_{(aﬁ_ﬁl)laﬁ_/ BudBla (6’Lal)lﬁl+‘ll}

0

1

1
X ajy (54l2005u)71 a’y {ﬁL (o 1) o) / dByBya (ﬁlOu)fl + ‘P'}

0
1 1 1 1
= [ G- ( [ Gudcl 3, + @) &y (3, Zoody) " aL (m [ acc,+ ﬁf) ,
JO J0 J0

where U = Wl 4 0,0/ and G, (r) = (¢/,3,) "/, B, (r) is Brownian motion with
variance matrix

(@ 8.) o Qay (BLa)™"

Equations (33), (36), and Lemma 1 reveal that the m — ¢ smallest solutions of (7)
normalized by n converge to those of the equation

1 1 1
'p / GGl — ( / GudCL 3, + w) aL (@) Soal) " d) (m / GG, + \P)‘ 0,
JO JO JO
(37)
as stated. [

Proof of Theorem 1

Part (a) Let ICy, (r) denote the information criterion defined in (2) when the true
cointegration rank is rg. Cointegrating rank is estimated by minimizing IC;, (r) for
0 < r < m. To check the consistency of this estimator, we need to compare [C,, (r)
with ICy, (o) for any r # ro.

When r > rg, using (2) and (11), we have
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ICy, (r) — ICy, (19)

= 3 o (1= 4) + G (= ) = (20 )

= Z log (1 - 5\Z> + Cont(r —rg) (2m — 7 —19) . (38)
i=ro+1

In order to consistently select rg with probability 1 as n — oo we need

Z log (1 — 5\1) + Cun ™t (r — 1) (2m — 7 — 1rg) > 0, (39)
i=ro+1

with probability 1 as n — oo for any rg < r < m. From (21), we know that Ai is
Op (n_l) for all i =rg+1,...,r. Expanding log (1 — 5\1) , we have

Z log (1 - 5\1) =— Z Ai + op (nil) =0, (nil) . (40)

i=ro+1 i=ro+1

Using (40) and Lemma 2, we then have

n ( i log (1 - 5\z> + Con ™t (r —ro) (2m — 1 — r0)>
i=ro+1

== Y ndi+Cu(r—ro)(2m—r—1r9) +0, (1), (41)
i=ro+1

where n\; for i = 7o+ 1,....r are Op (1). As such, as long as C;, — 0o as n — oo, the
second term on the right side of (41) dominates, which leads to (39) as n — oo. Hence,
if the penalty coefficient C,, — oo, cointegrating rank r > rg will never be selected.
So, too few unit roots will never be selected in the system in such cases. Thus, the
criteria BIC and HQ will never select excessive cointegrating rank as n — oco. On the
other hand the AIC penalty is fixed at C,, = 2 for all n, so we may expect AIC to
select models with excessive cointegrating rank with positive probability as n — oc.
This corresponds to a more liberally parametrized system.
When r < rg,

— Z log (1 — 5\1) + Cynt ((2mr — r2) — (2mr0 — 7’3))
i=r+1
70
= — Z log (1 — 5\1) + Cpon (= 1g) (2m — 17 —10) . (42)
i=r+1
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In order to consistently select rg with probability 1 as n — oo, we need

L0
— Z log (1 — 5\1) +Con t(r—rg) (2m —r —19) >0, as n — ooc. (43)
i=r+1

From Lemma 2, we know that 0 < N <lfori=r+ 1,...,79. So the first term on the
right side of (42) is a positive number that is bounded away from 0 and the second term
on the right side of (42) is a negative number of order O (Cr,n™') . In order for (43)
to hold as n — oo, we therefore require only that C),/n = o(1), i.e. that the penalty
coefficient must pass to infinity slower than n. For each of the criteria AIC, BIC and
HQ, the penalty coefficient C}, — oo slower than n. Hence, these three information
criterion all select models with insufficient cointegrating rank (or excess unit roots)
with probability zero asymptotically.

Combining the conditions on C),, for r > rg and r < rg, it follows the informa-
tion criterion will lead to consistent estimation of the cointegration rank provided the
penalty coefficient satisfies C;,, — oo and C),/n — 0 as n — 0.

Part (b) Under AIC, C, = 2. The limiting probability that AIC(ry) < AIC(r)

for some r < rg is given by

lim P{AIC(ro) < AIC(r)}

n—oo

ro
= lim P {— Z log (1 - ;\Z) + 207t (r —1g) (2m — 1 —79) > 0}
1=r+1

= lim P{ TZO log <1 —5\1> <207 (r — o) (Zm—r—ro)} =1, (44)

n—o00
i=r+1

because 0 < \; < 1 for ¢ = r + 1,...,1 are the g — r smallest solutions to (20) and
then 37 log (1 —\;) <0, giving (44). Hence, when rq is the true rank, AIC will
not select any r < rg as n — o0, i.e.,

lim P (Fa7c =7r|r <rg) =0. (45)

n—oo

Let &, .41 > ... > &, be the ordered roots of the limiting determinantal equation
(21). When ¢/ > r > ro, AIC(r) < AIC(r") iff

7,,/

Z log (1 — 5\1) +Cpnt (7" - 7’) (2m —r = r) > 0,
i=r+1
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so that the limiting probability that r will be chosen over 7’ is

lim P {AIC(r) < AIC(r')}

,rl
= n@;op{‘ S () (mr ) > 0}

:P{i£i<2(7“'—7“)(2m—7“'—7“)}. (46)

i=r+1
Accordingly, the probability that AIC will select rank r is equivalent to the probability
that r is chosen over any other 1’ > 1. This probability is

lim P (Fa7c = r|r > o)

n—0o0

r{( B Sserenenn))o
(;ﬁ;{i &>2(r—1") (2m—r—r’)}>}7 (47)

where the first part is the limiting probability that r is chosen over all 7’ > r and the
other part is the probability that r is chosen over all rg < r’ < r. Any rank less than rq
is not taken into account here because those ranks are always dominated in the limit
by 7o from (45).

The probability that the cointegration rank rg is consistently estimated by AIC as
n — oo is

lim P <7A’AIC = T’())

n—oo

r::{jﬂ { Z & <2(r—mro)(2m—r— 7’0)}] . (48)

1=ro+1

=P

This is a special case of (47) with r = ro. O

The unit root case

When the system order is m = 1, the procedure provides a mechanism for unit root
testing. If rg = 0, i.e. the model has a unit root, we have by (48)

lim P(TA’AIC:HTOZO) = P{fl>2}:1—P{§1<2} and
lim P (7fa7c =0|rg =0) = P{& < 2}, (49)
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where &, is the solution to (21) when m =1 and ro = 0. In this case, we see that
) 2 2

(Jy Gudc 8y + )" (fy BudBy+2)
(fol GuGL> Zoo (fol Bﬁ) 200

since Gy, = By, = 1,8, = l,and ¥ = X in this case.
If 1o = 1, when the model is stationary, we have

1:

lim P (fajc =0lrg=1)=0and lim P (fasc =1ro=1)=1, (50)

n—oo

using (44) . These results for the scalar case m = 1 are consistent with those in Phillips
(2008). O
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