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Abstract

In this paper we propose a test statistic to determine the cointegration rank of VAR
processes in panel data allowing for cross-section dependence among the time series in
the panel data. The cross-section dependence is accounted for through the specifica-
tion of an approximate common factor model, which covers situations where there is
cointegration among the cross-section dimension. The framework that is considered
in the paper embedes as a particular case the situation where time series in the panel
data set are cross-section independent. Finite sample performance is investigated via
a Monte Carlo experiment. We show that not accounting for common factors when
they are present can lead to over estimate the cointegrating rank.
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1 Introduction

Since the pioneering work of Engel and Granger (1987) and Johansen (1988, 1991, 1995),
the literature on cointegration grew at a rapid pace. Even though this topic has been cov-
ered extensively in time series, the analysis of cointegration in panel data is in early stages
of development. The two main approaches to the analysis of cointegration in panels are
the residual-based and the system-based approaches. Regarding the residual-based approx-
imation, we can find in the econometric literature proposals that specify either the null
hypothesis of no cointegration — see Pedroni (1999, 2004) and Kao (1999), among others —
or the null hypothesis of cointegration — see McCoskey and Kao (1998). The system-based
approach relies on the panel extension of Johansen’s methodology. Thus, based on the vector
autoregressive model (VAR) framework, Larsson, Lyhagen and Lothgren (2001) propose the
panel Johansen’s test analog to determine the rank of the cointegrating space.

The proposals mentioned above define the so-called first generation of panel cointegration
tests, in which the time series (individuals) that define the panel data set are assumed to
be cross-section independent. Unfortunately, this assumption is crucial for the limiting
distributions that are obtained in these papers and, in most cases, it is not satisfied from
an empirical point of view. Violation of the cross-section independence assumption implies
that Central Limit Theorems (CLT) cannot be applied and, hence, the panel data based
statistics do not converge to the standard normal distribution. Provided that in most cases
the economic time series of different sectors, cities, regions or countries are closely related,
the use of these panel data statistics to analyse the presence of cointegration can lead to
misleading conclusions. The challenge to overcome this limitation has given rise to the
so-called second generation of panel cointegration tests.

Proposals that consider the presence of cross-section dependence among the time se-
ries that define the panel data set include Bai and Carrion-i-Silvestre (2005), Banerjee and
Carrion-i-Silvestre (2006) and Gengenbach, Palm and Urbain (2006) for the single equation
framework, and Groen and Kleinberger (2003) and Breitung (2005) for the vector error cor-
rection (VECM) framework. For a more detailed literature review on panel cointegration
see Breitung and Pesaran (2007).

The aim of this paper is to solve some limitations of the existing literature on panel
cointegration analysis. To this end, we propose a test statistic to determine the cointegrating
rank in a panel system of equations allowing for the presence of cross-section dependence
across the systems of variables in the panel setup. We deal with cross-section dependence
by means of approximate common factor models as proposed in Bai and Ng (2004), Bai
and Carrion-i-Silvestre (2005), Banerjee and Carrion-i-Silvestre (2006), and Gengenbach,
Palm and Urbain (2006), among others. The novelty of our approach is that it takes into
account the possibility that there might be more than one cointegrating relationship among
the variables that define the system for each individual, and at the time that it controls for
the presence of cross-section dependence among the different systems in a parsimonious way
through the use of common factors. This situation has not been addressed in the literature.
Finally, simulations have revealed that the consideration of common factors is even required
when we conduct the analysis for only one individual, i.e., the system for only one individual
of the panel data set. The presence of unattended common factors can bias the analysis
towards the over estimation of the cointegrating rank.



Our proposal relates to other test statistics that are available in the literature to determine
the number of stochastic trends in individual systems. Thus, the statistic determines the
number of stochastic trends using the principal component approximation as in Stock and
Watson (1988) and Bai and Ng (2004). Other statistics that are based on the degeneration
of the moment matrix that involves the time series in the system are the ones in Phillips and
Ouliaris (1990), Shintani (2001), Harris and Poskitt (2004) and Cai and Shintani (2006).
However, none of these approaches considers the case where the variables in the model are
affected by global stochastic trends, which in our setup are captured by the common factors.

In order to investigate the small-sample properties of the panel cointegration rank test
that we propose, we conduct a Monte Carlo simulation. We estimate two different models
depending on the form of the deterministic component: one model where the deterministic
term consists of only the constant and another where the deterministic term consists of the
constant and the linear time trend. The results of the simulation study indicate that, in
general, panel data statistic performs better than the univariate one.

The remainder of the paper is organized as follows. Section 2 presents the model, the
assumptions and the test statistic that is used to determine the cointegrating rank. In Section
3, we discuss the way in which the individual statistics can be combined to specify a panel
data cointegrating rank statistic. Section 4 analyses the finite sample of our approach, both
in an individual-by-individual framework and in a panel setup, by means of Monte Carlo
simulation. Finally, some concluding remarks are presented in Section 5. The Appendix
collects all the proofs.

2 Model and assumptions

Let Y;; be a (k x 1) vector of stochastic process, where k is assumed to be finite throughout
the paper, with the data generating process (DGP) defined as:

Yi: = Dit+uiy (1)
Ui = NIy + ey (2)
(I-L)F, = C(L)w (3)
(I—L)eir = Gi(L)eiy, (4)

where D;; denotes the deterministic component, which in this paper can be either D;; = p;
— henceforth, this specification is denoted as the only constant case — or D;; = p; + 0;t —
hereafter, the linear time trend case -t =1,...,T and 7 = 1,..., N. Note that the case of
non-deterministic components D;; = 0 is also covered in our framework as a particular case
of the only constant case. The component F; denotes a (¢ X 1) vector of common factors
and \; is a (k x ¢) matrix of factor loadings. Finally, e;; is a (k x 1) vector that collects the
idiosyncratic stochastic component. Despite the operator (1 — L) in equations (3) and (4),
neither F; or e;; have to be I(1). In fact, F; and e;; can be I(0), I(1), or a combination of
both, depending on the rank of C'(1) and G; (1). For instance, if C'(1) = 0, then F; is I(0). If
C(1) is of full rank, then each component of F; is I(1). If C'(1) # 0, but not full rank, then
some components of F; are I(1) and some are I(0). The same applies for G; (1).

It is worth mentioning that the presentation of the model is done in a general way, so
that the case where there are no common factors at all, i.e., \; = 0 Vi, can be embedded in
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our framework — further specific comments on this concern are given below. Let M < oo
be a generic positive number, not depending on 7" and N. Throughout the paper, we use
| A to denote the Euclidean norm trace (A’A)"? of matrix A. The stochastic processes that
participate on the definition of the DGP are assumed to satisfy the following assumptions:

Assumption A: (i) for non-random \;, | A;|| < M; for random X, E ||\ |* < M, (ii)
~ Zf\il M 2 24, a (¢ X q) positive definite matrix.

Assumption B: (i) wy, ~ iid (0,%,), E ||w]|* < M, and (i) Var (AF,) = > i CiEuCy >
0, (iii) > 27207 IC;ll < M; and (iv) C (1) has rank ¢;, 0 < ¢ < g.

Assumption C: (i) for each i, ;4 ~ iid(0,%.,), F|leis|* < M, (ii) Var (Asy;) =
>0 Gi e, Gr > 0, (i) 227707 |Gigll < M; and (iv) G (1) has rank .

Assumption D: The errors €;,, wy, and the loadings \; are three mutually independent
groups.

Assumption E: E || Fy|| < M, and for every i = 1,..., N, E|le; o] < M.

The definition of the (k x ¢) loading matrix J\; is given by

A = { Aii1 A2 } ’

Ai21 Ai22

so that we can impose restrictions on how the factors affect the elements of Y;; in (1). Thus,
some of the factors can only affect one subset of the variables, say, the series that defines
the cointegrating space, but not the other variables, and the other way round. Therefore,
situations where \; 12 = 0 and/or \; 21 = 0 are covered in this setup. Note that it is possible
that both \; 12 # 0 and A; 21 # 0, which is the general situation that is assumed henceforth.

The unobservable common factors are estimated using the principal component approach
suggested in Bai and Ng (2002, 2004). Let us consider the general deterministic component
given by D;; = u; + 0;t. Taking the first difference of the model we have

AYjy = 0; + NAF, + Aey. (5)

We can define the idempotent matrix M = Ip_y — ¢ (/1) " ¢/, with ¢ a (T — 1) x 1 vector of
ones. Then,

MAY, = MAFX + MAe;,

Note that when the deterministic component is D;; = p;, taking first differences removes
the constant term, so that in this case we can define M = I;_; and the rest of our discussion
applies without sole modification. The common factors are extracted as the ¢ eigenvectors
corresponding to the ¢ largest eigenvalues of the (7' — 1) x (7' — 1) matrix yy’, where y =
[y1,...,yn] is a (T' — 1) x kN matrix that is defined using the (7" — 1) x k matrices vy;,
1 =1,...,N. The matrix of estimated weights, A= (5\1, .. .,S\N>, is given by A= y’f.

Ant

We can obtain an estimate of z; from 2@: Yi — f)\iA, as in Bai and Ng (2004). Note that
we can recover the common factors as F; = Zz‘:z f; and the idiosyncratic component as

~ t ~
Cit = D jo Zij-



Cointegration analysis can be then performed focusing on the idiosyncratic component
once the effects of the common factors have been removed. This gives further insight on the
cointegration analysis, since as we shown in the Monte Carlo analysis, the inference on the
cointegrating rank can be distorted if common factors are not accounted for.

In this paper we propose to determine the rank with a test statistic that is based on the
multivariate version of the square of the modified Sargan-Bhargava (MSB) statistic proposed
in Stock (1999). The definition of the testing procedure builds upon the different rates
of convergence of the elements on the Qse, = T~ 'é/é; matrix under the null hypothesis.
Without loss of generality, let us assume that the rank of the cointegrating space is 0 <
r < k. We can define the orthogonal matrix A = [A;: As] with A; a (k X r) matrix
and A, a (k x m) matrix, m = k — r, such that the first r elements of the rotated vector
ety = Aeiy = ((Alesy) (A’zei,t)/)/ are 1(0) and the other m elements are I(1). Accordingly,
we partition the long-run variance matrix as

_ A . A _16-1/2 A—1/2
We have 7 (T 1QéiéiQAéiAéi> =7 (T 1Qé?éfQAég“Aé{‘> =7 (T 1QAé;{‘Aé;“Qé§4éfQAééAéf>’
where 7 (-) denotes the eigenvalues of the matrix between parentheses. The determination
of the number of stochastic trends in the system relies on the following sequential testing

procedure:
1. First, assume that the cointegrating rank is zero, i.e., set m = k.

2. Specify the null hypothesis that there are [ = m common stochastic trends (Hy : | = m)
against the alternative hypothesis that there are | < m common stochastic trends
(Hl < m)

3. Estimate A, as the m eigenvectors that corresponds with the m largest eigenvalues of
T Qeye,-

4. Define the univariate MSB statistic as

MSB;;(m) = i (T_lQé.A%f“? Q: )

LAg A sAg
e, Ag;

= (T*QJ” ORPH s )

el2 Ae Ae2 Ae?
= T1, (6)

where the subscript j = {u, 7} refers to the deterministic component that is used in the
model — p for the D, = p,; deterministic specification and 7 for the D, ; = u,; + d;t one
— being m;; < --- < 7, the eigenvalues of Tleéfzé?Q Q;é Az g g2 sorted in ascending

order, and 7™ (-) denoting the minimum eigenvalue operator.

5. Compare the value of the M SB;; (m) statistic with the corresponding critical values
from the left tail of the distribution - i.e., the null hypothesis is rejected if M .SB;; (m)
is smaller than the critical value.



6. If the null hypothesis of Hy : [ = m common stochastic trends is rejected, specify
[ =m — 1 and return to step 2. The process continues till either the null hypothesis is
not rejected or when [ = 0 is achieved.

The estimation of €2 4, can be obtained in a parametric way from the estimation of

6?2 Ae;
the VECM model specification. Expressed in matrix notation, we have

AB?Q (I =Tip (L) = efLHi + &
Ae = e T, (I — Ty, (L) & (I =Ty, (L),

Ae? = efﬁlﬂi + AeiAQFi,pi (L) + &

(2

where p; denotes the number of lags of Aeff that are considered. Following Ng and Perron
. R -1\’ . -1
(2001), we define 4, 4, = ((I —Lip, (1)> ) T-1elg; (I — Ty, (1)) , where the lag

order of the model p; is estimated using the modified information criterion in Perron and Qu
(2007) assuming that the cointegrating rank is zero — note that under the null hypothesis we
assume that there are m stochastic trends in the system defined by the m variables of ef}f.

The limiting distribution of the MSB;; (m) statistic, j = {p, 7}, is established in the
following Theorem.

Theorem 1 Let Y, i=1,...,N,t=1,...,T, be a (k x 1) vector of stochastic processes
with the DGP given by (1) to (4) and satisfying Assumptions A to E. Under the null hypoth-
esis that there are m = k—r common stochastic trends, with p; — oo and p?/ min [T, N] — 0
as T — 0o, N — 0o, N/T — 0, the MSB statistic given in (6) converges to:

(a) For the only constant model: MSB,,; (m) = 7™» (fol W (s) W (s) ds)
(b) For the linear trend model: ~ MSB,; (m) = 7™ (fol Vi (s) Vi (s) ds) :

where = denotes weak convergence, W; (s) is an (m x 1) wvector of independent standard
Brownian motions, and V; (s) = W; (s) —sW; (1) is an (m x 1) vector of independent Brown-
tan bridges.

The proof of Theorem 1 is given in the Appendix. It has to be stressed that our framework
treats as a special case the situation in which the time series are assumed to be cross-section
independent — in this case we only need to impose A\; = 0 Vi in (2). The estimation of
the parameters of the deterministic component can be done specifying the model in first
differences so that y; = z;, where y; = MAY; and z; = M Ae; — as before, M = Iy_ for the
constant and M = Ip_1 — ¢ (! L)il ¢ for the time trend deterministic specifications. Then,
defining ¢é;; = Z§:2 y;; the computation of the MSB statistic proceeds as above, giving
rise to test statistics with the limiting distribution given in Theorem 1. The critical values
for the MSB; (m) statistic, j = {u, 7}, are reported in Table 1 for different sample sizes.
These finite sample critical values are computed using the autoregressive spectral density
estimator At aeh2 defined above. Following Ng and Perron (1998), we have specified the
upper bound for p; as p/"®® = T3 for T = {100, 200,500}. The asymptotic critical values
are obtained using 7' = 1,000 observations assuming that the disturbance terms are #:d.
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The MSB statistic that is presented in the paper is consistent under the alternative
hypothesis that there are less common stochastic trends than the ones specified under the
null hypothesis. The following Theorem presents the rate at which the MSB statistic diverges
under the alternative hypothesis.

Theorem 2 Let Y, i=1,...,N,t=1,...,T, be a (k x 1) vector of stochastic processes
with the DGP given by (1) to (4) and satisfying Assumptions A to E. Under the alterna-
tive hypothesis that there are | < m common stochastic trends we have that M SB;; (m) =

Op (T71), j = {p, 7}

The proof is given in the Appendix. The result in Theorem 2 shows that the MSB
statistic converges to zero at rate 7' under the alternative hypothesis so that it is consistent.

3 Panel data cointegrating rank tests

The individual MSB statistics can be pooled to define panel data statistics, which are ex-
pected to increase the performance of the statistical inference when estimating the cointe-
grating rank. In this section we define up to four different panel data statistics depending
on the way in which the individual information is combined. In all cases, the null hypothesis
is that all N individual systems have the same common stochastic trends (m) while the
alternative hypothesis is that there are less than m stochastic trends, i.e.

Hy: [;,=m Yi=1,...,N
Hy: [; <m for some i '

The performance of these four alternatives is analyzed by simulation in the next section.
The first panel data MSB (PMSB) statistic is based on the standardized mean of the
individual statistics

VN(MSB; (m) — E(MSB; (m)))

PMSBY (m) = /Var(MSB; (m))

: (7)

where MSB; (m) = N~* Zf\il MSB;;(m), and E(MSB;(m)) and Var(MSB;(m)) are
the mean and the variance of the MSB; (m) statistic computed from (6). The limiting
distribution of the PMSB statistic is given in the following Theorem.

Theorem 3 Let Yy, i=1,...,N,t=1,...,T, be a (k x 1) vector of stochastic processes
with the DGP given by (1) to (4) and satisfying Assumptions A to E. Under the null hypoth-
esis that there are m = k—r common stochastic trends, with p; — oo and p?/ min [T, N] — 0
as T — 0o, N — 0o, N/T — 0, the PMSB statistic given in (7) converges to:

PMSB? (m) = N(0,1), j = {u,7}.

The proof is given in the appendix. The mean and the variance of the M SB; (m) statistic,
Jj = {u, 7}, that have been computed by simulation are presented in Table 2.



It is possible to define panel data statistics based on the combination of the individual p-
values. Maddala and Wu (1999) defines the panel data Fisher-type statistic PMSBS (m) =
—23°N Ingp, ~ X3y, Where ¢; denotes the p-value of the MSB;, (m) statistic, j = {u, 7}.
Although the PMS B]F (m) statistic is valid for finite NV, Choi (2001) suggests to compute
the following tests when N — oo:

—2 szil Inp, — 2N

PMSB! = = N (0,1
7t (m) VAN (0,1)

PMSBC? (m) = %Z@l(%)jmo,n,

where ® () denotes the standard cumulative distribution function.

4 Monte Carlo simulation

We now analyse the small sample performance of the MSB panel cointegration rank test for
the two deterministic specifications that are considered in this paper. The DGP that is used
in this section is based on the ones in Toda (1995) and Saikkonen and Liitkepohl (2000) and
has the following form:

Yi: = Dit+NEF+eiy

(
€1,i,t Y, 0 €1,4,t—1 €1t
)ty — K3 sy _'_ g} 9
( €2t ) ( 0 Ip, ) ( €21 ) < €2t ) (
£y

)
)
= ij_l + OpWy (10)
)

y I, 0
gir = 1idN (0,( 0. I, )), (11

wherei=1,...,N,t=1,...,T and j =1,...,q. Note that when there is not cointegration
among any of the time series (rank = 0) equation (9) reduces to e;; = ;-1 + €;; with
gir ~ tid N (0,Ir). On the other hand, when all time series are stationary (rank = k)
equation (9) reduces to e;; = ;€41 + €4.

The parameter sets are defined as follows. We consider a system defined by k = 3 vari-
ables. For the deterministic component, we have set D;; = p; + 0;t, with p; ~ U [—1,1]
and §; ~ U [—0.5,0.5], where U denotes the uniform distribution. The idiosyncratic cointe-
grating rank is investigated using ¢, = al, with a = {0.5,0.8,1}. Furthermore, we define
0; = bl,(k—r) Where 1, (_r) denotes a r x (k — r) matrix of ones, and b = {0,0.4,0.8}. Note
that 6; controls the correlation among the ¢;; disturbance terms. As for the common factor
component, we specify \; ~ N (1,1), p = {0.9,0.95,1}, 0% = {0.5,1,10} and w; ~ N (0,1),
j=1,...,q, with ¢ = {1,3} common factors. The number of common factors is estimated
using the panel Bayesian information criterion (BIC) in Bai and Ng (2002) using ¢max = 6
as the maximum number of common factors.

The simulations are performed in GAUSS using the COINT 2.0 library. The empirical
size and power of the statistics are obtained using 1,000 replications with the nominal size
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set at the 5% level of significance for all different combinations of individuals N = {1, 20,40}
and time series observations 7" = {100, 200, 500}. For conciseness, we report only the results
for N = 1 and for N = 20. The results for N = 40 are qualitatively similar to those for
N = 20 so they are not reported to save space — these results are available upon request.
The simulations use either the critical values or the mean and the variance in Tables 1 and
2.

Our analysis focuses on two different situations. First, we analyse the effects on the
cointegrating rank determination when we fail to consider the presence of common factors.
This experiment shows the extent that this misspecification error can have on the statistical
inference. Second, we proceed to study the case where common factors are taken into account.

4.1 Cross-section dependence is not considered
4.1.1 Unit-by-unit analysis

In this section we investigate the performance of the statistic when N = 1. To motivate
the importance of the presence of common factors, we first simulate the M SB statistic for
both the only constant and the linear time trend models when the common factors are
not accounted for. In order to save space, we only report the results for a = 0.5 for the
deterministic specification given by a constant term D;; = p;, although the complete set of
results is available upon request — similar conclusions are obtained for the other cases that
have been analysed.

In Panel A of Table 3 we present the results when the true number of stochastic trends
is 0. When the common factor is stationary (,oj < 1), the most frequently estimated number
of stochastic trends coincides with the true one, although this depends on 7" and on the
importance of the common factors (J%J-). Thus, note that for 7' = 100 and for a given
value of p;, the MSB statistic tends to increase the frequency that 7 = 1 is selected as
0%, increases. This missclassification error reduces as the sample size increases, so that the
procedure leads to the right classification when T' = 500 regardless of the values of p; < 1
and U%J- that are used. The picture changes when the common factor is non-stationary
(pj = 1). Now the M SB statistic tends to detect more stochastic trends than there exist,
leading to incorrect conclusions.

Panel B of Table 3 presents the results when the true number of stochastic trends is 1.
Again the results depend on whether the common factor is stationary and on the sample
size. When p; < 17 =1 is selected most of the times, although the presence of stationary
common factors tends to bias the analysis to conclude that there are fewer stochastic trends
than there exist. For instance, when p; = 0.95 and T' = 100 the percentage of times that
r = 0 is selected for 0%,; = 0.5 is 7.3, for 0%,; = 1 is 9.5 and for ¢%; = 10 is 22.7. When
T = 200 the percentages are 13, 23.8 and 56.8 respectively, whereas for 7" = 500 they
are 23.1, 26.6 and 67.4, respectively. Therefore, we can see that as the importance of the
stationary common factor and the sample size increases, the M S B statistic tends to detect
fewer stochastic trends than there exist. This problem does not appear if the common factor
is non-stationary, since in all cases r = 1 is selected in 95% of cases.

Similar results are obtained if we look at Panels C and D of Table 3. As the sample size
increase we observe a tendency to select fewer stochastic trends than exist. The novelty now



is that this feature is obtained even if the common factor is non-stationary.

The overall conclusion that is obtained from this analysis indicates that the presence of
common factors biases the analysis leading to conclude that there are fewer stochastic trends
than there really are, i.e., to conclude that there are more cointegration relationships than
there exist.

4.1.2 Panel data analysis

Table 4 presents the results for the PMSB? statistic when N = 20, a = 0.5 and the
deterministic component is given a constant term. As before, the complete set of results are
available upon request, although the conclusions are similar to the ones reported below.

Panel A of Table 4 indicates that the presence of stationary factors does not affect
the statistical inference, since in almost all cases the proportion that the true number of
stochastic trends is selected is 1. However, this does not happen when the common factor
is non-stationary. In this case the statistic tends approximately to indicate half of the times
that » = 0 and the other half that » = 1.

Panel B of Table 4 presents the results when r = 1. If the common factor is stationary,
it can be seen that the proportion of times that » = 0 is erroneously selected increases with
T and o2 ;- For instance, when p; = 0.95 and T' = 100 the percentage of times that r = 0
is selected for 0%; = 0.5 is 41.4, for 0%; = 1is 71.1 and for 0%,; = 10 is 95.9. For T' = 200
these proportions are 51.9, 91.3 and 99 8, respectively. Fmally, for T' = 500 we have 60.5,
86.1 and 100, respectively. Only in those cases where the common factor is non-stationary
we obtain that the percentage of selecting that r = 1 instead of zero is larger, although the
PMSB? statistic can lead to indicate half of the times that r = 0 and the other half that
7 =1 when ¢%; = 10. Panels C and D of Table 4 reveal that as T" and o7%,; increases, the
tendency is to mdlcate that there are fewer stochastic trends than there exist, even if the
common factor is non-stationary.

Overall, we observe that the presence of unattended common factors can lead to obtain
distorted conclusions, since we have obtained that there is a bias to indicate that there
are more cointegrating relationships than there exist in our system. This evidences the
importance of accounting for cross-section dependence both in unit-by-unit and panel data
analyses.

4.2 Cross-section dependence is considered
4.2.1 Unit-by-unit analysis

Table 5 reports the results for the only constant case with ¢ = 0.5 and N = 1. Before
discussing the simulation results it should be stated that the use of the panel BIC always de-
tected the true number of common factors. The simulations reveal some important features,
regardless of the deterministic component that is used.

First, we can see that the results do not depend on the stochastic properties of the com-
mon factor, provided that the performance of the MSB statistics is similar regardless of
whether the common factor is I1(0) or I(1), and regardless of the magnitude of the distur-
bance variance that participates in the generation of the common factors (0%). Second, the
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performance of the M SB statistic depends on how close the autoregressive parameter a is
to one. Thus, for a = 0.5 we can see in Table 5 that the statistical procedure that has been
proposed in this paper selects the correct number of stochastic trends in most cases. As
expected, the behaviour of the procedure worsens for a = 0.8, although it tends to select the
correct number of stochastic trends as 7' increases — these results are not presented in the
paper, however they are available upon request.

Finally, note that this picture is in sharp contrast with the one that was obtained above
when the common factors are not considered. Therefore, we can see that even in the case
that the practitioner is only interested in the unit-by-unit analysis, the presence of cross-
section dependence should be taken into account provided that there is a risk to conclude
that there are more cointegration relationships than there exist.

4.2.2 Panel data analysis

Table 6 collects the simulation results for the PM SB?# statistic when the common factors
are accounted with N = 20. Here we only focus on the PM SB? statistic, provided that
similar results have been obtained when we have analysed the statistics that are based on
the combination of the p-values, i.e., the PMSBY, PMSBC! and PMSB®? statistics. We
can see that the statistic has substantially better performance than the one exhibited for
univariate situation. This improvement is noticeable for the smaller sample size that we
have considered, where the use of the panel data based statistic reduces the tendency shown
by the individual M S B statistic to overestimate the number of common stochastic trends.
Another interesting issue is that these results do not depend on the stochastic properties of
the common factor and the importance of the common factor. These conclusions are also
reached for the other configurations that have been essayed in the Monte Carlo experiment,
and for the linear time trend deterministic component.

5 Conclusion

In this paper we propose a new test statistic to estimate the cointegrating rank both in
a unit-by-unit analysis and in a panel data framework. Our proposal covers the case of
cross-section dependence through the specification of approximate common factor models,
which is a relevant situation from both theoretical and empirical point of views. This setup
allows to cover strong cross-section dependence cases, i.e., cases where the time series of
one individual systems are cointegrated with times series of other individual systems. This
situation can be considered as the multivariate extension of the cross-cointegration concept
defined earlier in the literature.

The performance of the proposal is investigated with Monte Carlo simulations. In general,
the panel data based MSB statistic provides better estimation of the number of stochastic
trends that are present in each individual system. More interestingly, the simulations have
revealed that the presence of common factors can lead to misleading conclusions even if the
analysis is carried out unit-by-unit. This is relevant from an empirical point of view if we
think that in most cases cointegration analysis is conducted focusing on one country whose
economic system is related to that of other countries or ruled by international organizations

11



such as in the case of the European Union. Therefore, the theoretical proposal presented in
this paper has a significant contribution from an empirical point of view.
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A Mathematical appendix

A.1 Proof of Theorem 1

A.1.1 The only constant case

Note that the estimated difference of the idiosyncratic stochastic term is:
Zit=Zig + Nift — ;\zft
Following Bai and Ng (2004), we can express the model as
50 =z F NHUHf = NH o+ NHLf = Aofs
= Zit+ NHT! (Hft - ft) — (5\2 — )\in1> ft
= Zit+ NH o, — dift, (12)
where v; = (H fi— ft> and d; = (5\1 - NH _1>. Let us define the partial sum process using

!/
the estimated residuals as é;; = Z;’:2 Zij = 23:2 ([M Aé;] j) , where []; denotes the j-th
row of the matrix between brackets. The idiosyncratic disturbance terms can be expressed
as €4 = e;; + Ay with Ay = —e;1 + NH 'V, — d;F,. Denote by é;:(l) the [-th element
of the (k x 1)-vector &, I = 1,....k. If &, (1) ~ 1(0) then T-23"/,¢%,(I) = O, (T 1),
whereas if é;; (1) ~ I (1) then we have

T T T T
T2 ) =T e, ()+2072> e (DA () + T2 A2 (1) =T+ 1I+1I1
=2 t=2 t=2

t=2

Part [ is O, (1) and, from Bai and Ng (2004), II1 is O, (Cy%) for all i, with Cyr =
min [\/N, \/T] Let us now focus on I1:

T T T
T2Y (DA () = =T euWen () +T> e N () H'Y,
t=2 t=2 t=2

T
~T72> e (D di (D F,
t=2
= a+b+c

where \; (1) and d; (I) denote the [-th row of the (k x ¢) matrices \; and d;. Element a is
O, (T7'?) = 0, (Cyr), while b is

T 1/2 T 1/2
bl < (T‘QZHei,t(Z)Ai(l)Hz) <T_QZHH_1VtH2>

= 0,(1)0, (N?) =0, (Cyr) -

13



Finally, element ¢

T 1/2
el < (szuei,t(l)di(l)“z) (T

= 0,(T7'*)0,(1) =0, (Cx})

1/2
2)

given that d; (I) = O, (min [N, T7'/?]) — see Lemma 1(c) in Bai and Ng (2004). Taking all
these elements together we have that 11 is O, (Cyy). Consequently, if é;; (1) ~ I (1)

T

T
T2 Z e, ()=T" Z e, (1) + 0, (Cyr) -
t=2

t=2
For subsequent results we note that Bai and Ng (2007) showed that averaging part 11 across
N gives NN 77231 e (1) Aiy (1) = O, (Cy2) provided that N/T — 0.

If we rotate the vector é;, and define ézt = Ae;, = ((A’ éir) (A élt)')/ we have that

T-12ALé;; = o, (1) provided that A ¢é;; defines the stationary relationships and T-1/2A}¢; , =
O, (1) given that A%é;, defines the I(1) stochastic trends. Therefore, as " — oo

—1 o —2,A12A
T™ Qeaen = T77¢77¢]

7

0 0
- [ 0 Q7 [ Wi (s) Wi (s) ds Qb } ’

where W; (s) denotes a k—r vector of independent standard Brownian motions with W; (0) =
0 and given that T—2Alele; A1 = 0, (1), T2Alele; Ay = 0, (1) and T2Alele; Ay = O, (1).
Therefore, using these elements the limiting distribution of the multivariate MSB statistic is
given by:

MSB,;(m) = ™" lQezez Ae7Ae7)

(
(

19‘1/2 e AQ‘W )

mlIl

AAAA AN

S e ( / Wi () Wi (s) ds> ,

. A P P . .
rovided that Qa:anza — QA aa.a, where — denotes convergence in probability.
p Aéf Aei Aei Aei 9 p Y.

A.1.2 The linear time trend case

The proof for this deterministic component follows the one for the constant case, but now
éi,t:ei,t ezT+A1tW1thAzt_ 611+T 1611+>\H 1‘/;5 dFt 611+)\H 1‘/;

d;F,. If é;, (l) ~ 1(0) then 77231 ¢ &, (1) = O, (T7"), whereas if ¢, (l) ~ I (1) then we

14



T T + 1 2 T + 1
72N () = T2 oyt 972 oy t=t A,
>t > (e ger®) #2032 (6~ e (0) 40
T
+T72Y A7 (1)
t=2
= I+ II+III
Part [ is O, (1) and, as before, I11 is O, (Cy3) for all i. Part I1 is given by
T T + T
_ —2 _ —2 —1
I = —T ;T_lew(l)ei,l(l)—i—T ;e”(m(z V,— T~ Ze” F,

= a+bt+ct+d+e+f.
The first component is a = O, (T‘l/ 2) = 0, (C](,lT), and from the previous proof, b =
0, (Cyr) and ¢ = O, (Cyy). Consider d

d = (T—1) QTZi 2 (T+1)t—T) esr (1) ein (1)

Component e is given by

T
< (1772 t-
el < >

ezT /\z (l)

= Op (T_1/2) + Op (T_1/2) + Op (T_3/2) = Op (OﬁlT) :
=2 T -

o 1/2 T 1/2
) ()
t=2
= 0,(1 Op( 1/2) Op( )
Finally, component f is

t—l )\ /2
TR ( H) ( S|4 )

= 0,(T" 1/2) 0, (1) =0, (Cxr) -

N

Therefore, part 11 = O, (Cyr), so that if é;, () ~ I (1)

1Y) =12 Y (- 15 ) <0, (Chb).

t=2 t=2
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As already mentioned above, Bai and Ng (2007) showed that averaging part I/ across N
gives N"' SN 723 e (1) Aiy (1) = O, (Cy%) provided that N/T — 0.

As before, we define é7, = A'¢;, = ((A’léi7t)',(A’2éi,t)')/, with T-Y241é;, = 0, (1) and
T-Y2A4%5;: = O, (1) provided that A%¢é;, defines the I(1) stochastic trends. Then,

/

T2 A% = (0], Q3% (Wi (s) = sWi (1))
which implies that

T_lQéAéA - T_2é;4,é{4

(2

0 0
- [ 0 Q3% [ Vi(s) Vi(s) ds Q357 } ’

where V; (s) = W; (s) — sW; (1) is a vector of independent Brownian bridges. Therefore,
‘ 1
MSB,;(m) = ™" ( / Vi (s) Vi (s) ds) ,
0

A.2 Proof of Theorem 2

Let us consider the null hypothesis that there are m = k — r stochastic trends. From
the proof of Theorem 1 we have that T 'Ajele;A; = O, (1), T 'Alele;As = O, (1) and
T—2ALele; Ay = O, (1), so that T-2A%ele;A; = O, (T ') and T 2Alele;Ay = O, (T71).
Consequently, under the alternative hypothesis that there are I < m stochastic trends the
rank of the matrix T’ _1QéiAéiA will be [ < m. Using these elements, we can see that the

cross-products involving I(0) stochastic processes in T7*Qza.4 tend to zero at rate O, (T 1).
Let us now focus on the estimate of the long-run covariance matrix. Note that under

both the null and the alternative hypotheses 712/, = O (1), with T-'&/¢; % %.,. Since

all roots of the determinant of <I — f‘m}i (L)) lie outside the unit circle interval, we can

define Z; o (L) = (I — Ty (L)> , with 2, (L) = (I + E;1L +Z;2L* +---) and where
the sequence of matrix coefficients {Z;,} -, is absolutely summable. Then, Z; ., (1) < 0o so

that Qppapnsa — 2 (1) 22,00 (1) = Qapappa. Therefore, the long-run covariance matrix

estimator coinvergeé to a positive definite matrix under both the null and the alternative
hypotheses — note that this result can be seen as the generalization of the one in Perron and
Ng (1998) and Stock (1999).

Finally, note that under the alternative hypothesis that there are [ (< m) stochastic

trends rank (T‘lQ pApA Qgi AN A) = [, where the elements that cause rank deficiency tend to
zero at rate O, (T'). This proves the consistency of the MSB statistic under the alternative
hypothesis.
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A.3 Proof of Theorem 3

Let us first focus on the only constant specification. Note that for any real symmetric (k x k)
matrix, say B; = Zsele;, it is true that 720 (B;) < T723°, €2, (1) for I = 1,... k. Using
this inequality we have

T T
7}1',1 — i1 < T Z ézz,t (l) -7 Z 6?,75 (l) = Op (C]:f%l‘) ) (13)
t=2 t=2

where 7 = 7™ (L éé;) and 7, = 70 (Lele;), given that T-23",_,é2, (1) = T2, €2, (I)+
o, (C NT) Therefore,
g <mix+ 0, (Cyr) - (14)

The same result is achieved for the time trend specification, but replacing T2 Z;:TZQ eit (1)

by T2 30, (61 () — 1=hear ()

Bai and Ng (2007) show that averaging the O, (Ciy3:) component in (13) and (14) across
N produces a term that is O, (C’NT) provided that N/T — 0 — see the order of magnitude
of part II in equation (6) of Bai and Ng (2007). Consequently, under the null hypothesis
that there are m stochastic trends

VN(MSB; (m) — E(MSB; (m)))
V/Var(MSB; (m))
VN NN (i1 + 0, (Cyk)) — E(MSB; (m))
_ V/Var(MSB; (m))
VN N S, mia — E(MSB, (m)>] . VN
V/Var(MSB; (m)) min [N, T
VN [N mi — E(MSB; (m)]

B — /Var(MSB, (m) oo (1),

PMSB? (m)

for j = {u,7}. Therefore, as T — oo, N — oo, with N/T — 0, and assuming fi-
nite second moments of the random Varlables characterlzed as Browman motion function-

alsT—< (fo Z (s)'d ) (fo Z ds>) PMSBZ (m) = N (0,1),
j ={u,7}, by the Lmdberg—Levy Central Limit Theorem. Theorem 3 has been proved.
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B Tables that are available upon request (included here
only for the referees)

These tables collect the simulation results for those configurations of the Monte Carlo exper-
iment that are mentioned in the paper, but for which we have not included their results in
the paper. However, they have been made available upon request to those interested readers.
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