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Abstract

This paper generalises the monthly seasonal unit root tests of Franses (1991) for a heterogeneous
panel following the work of Im, Pesaran, and Shin (2003), which we refer to as the F-IPS tests. The
paper presents the mean and variance necessary to yield a standard normal distribution for the tests,
for different number of time observations, T', and lag lengths. However, these tests are only applicable
in the absence of cross-sectional dependence. Two alternative methods for modifying these F-IPS
tests in the presence of cross-sectional dependency are presented: the first is the cross-sectionally
augmented test, denoted CF-IPS, following Pesaran (2007), the other is a bootstap method, denoted
BF-IPS. In general, the BF-IPS tests have greater power than the CF-IPS tests, although for large
T and high degree of cross-sectional dependency the CF-IPS test dominates the BF-IPS test.
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1 Introduction

Im, Pesaran, and Shin (2003) IPS proposed a test for the presence of unit roots in dynamic heterogeneous
panels, that combines information from the time-series dimension with that from the cross-section
dimension, so that fewer time series observations are required for the test to have power. The IPS
test was developed to test for the presence of unit roots in non-seasonal time series. However, many
macroeconomic time series display seasonal behaviour and several tests have been proposed to test for
the presence of unit roots at seasonal frequencies; see for example Ghysels and Osborn (2001) for a
review of these tests. Of the tests that have been proposed in the literature, the one by Hylleberg,
Engle, Granger, and Yoo (1990) HEGY has proved to be the most popular when dealing with quarterly
time series and this test has been extended by Franses (1991) and Beaulieu and Miron (1993) to the
case of monthly data.

The objective of this paper is to generalise the tests of Franses (1991) to cover a heterogenous panel,
in line with previous work by Dreger and Reimers (2005), Otero, Smith, and Giulietti (2005) and Otero,
Smith, and Giulietti (2007), who test for panel seasonal unit roots using quarterly data.

The paper is organised as follows. Section 2 sets up the model used to develop the panel version of
the Franses (1991) monthly seasonal unit root test, which we shall refer to as the Franses-IPS (F-IPS)
test. The proposed F-IPS test is based on the Franses statistics averaged across the individuals of the
panel, and the mean and variance required for standardisation are obtained by Monte Carlo simulation.
Section 3 considers the potential effect of cross-sectional dependence on the F-IPS test. We find that
the test suffers from size distortions in the presence of cross section dependence, and so we consider two
alternative procedures to correct for these distortions: the first one uses a generalisation of the cross
sectionally augmented IPS (CIPS) test put forward by Pesaran (2007), and the second one applies
a bootstrap methodology advocated by Maddala and Wu (1999). Section 4 offers some concluding

remarks.

2 Franses-IPS panel seasonal unit root test

IPS consider a sample of NV cross section units observed over 1" time periods. The IPS test averages the
(augmented) Dickey-Fuller (Dickey and Fuller (1979)) statistic obtained across the N cross-sectional
units of the panel, and show that after a suitable standardisation the resulting statistic follows a
standard normal distribution.

Generalising the Franses (1991) test to a panel in which there is a sample of N cross sections

observed over T monthly time periods:



©i(L)ysit = T1Ytit—1 + T2iY2it—1 + T33Y3it—1 + TaiY3it—2 + TsiYait—1 + T6iYdit—2 (1)

FT7Y5it—1 + T8iYsit—2 + T9i¥6it—1 + T10iY6it—2 + T11iY7it—1 + T12iY7it—2 + My + Eit,

s—1
wherei=1,... ., N, t=1,....T, p;y = c; + B;t+ >_ vi;Djt, Dji are monthly seasonal dummy variables,
j=1

¢;(L) is a pi" ordered polynomial in the lag operator, L, gz ~ N (0, Ugi), and:

yig = (L+L)(1+L% (14 L"+ L®) ya,

yoir = —(1—L)(1+L%) (1+L*+ L?) s,

ysie = —(1—L%) (1+L*+ L?) ya,

pie = — (1= LY (1= LV3+L2) (1+ L2 + LY) g,
pie = — (1= L) (14 LV3+L2) (1+ L2 + LY) g,
veir = —(1—L*) (1—L*+L*) (1 - L+ L% ya,
yre = —(1—L*) (1—L*+ LY (14 L+ L?) yu,
ysie = (1— L") yy.

The parameters of (1) can be estimated by ordinary least squares. Franses (1991) shows that testing
the significance of the m-coefficients is equivalent to testing for seasonal and non-seasonal unit roots,
so that in estimating equation (1) for the i*® group, the t statistic on 71; tests the existence of the
non-seasonal unit root 1, while the ¢ statistic on mo; tests the presence of the bimonthly (seasonal) unit
root —1; in turn, the F statistics on {ms;, m4;}, {msi, m6i}, {77, 7s8i}, {moi, m10i}, and {m114,w12;} test
the presence of the other complex seasonal unit roots. Furthermore, Franses (1991) considers a joint
test for the presence of the complex unit roots, i.e. {7ms;, ..., m12;}, and subsequent work by Franses and
Hobijn (1997) suggest a joint test for the presence of seasonal unit roots, i.e. {ma;, ..., T12;}-

Within a panel data context, and following IPS, the null hypothesis to test, for example, the presence
of the zero frequency (non-seasonal) unit root 1 becomes Hy : w1; = 0 Vi against Hy : 71; < 0 for
1=1,2...,Ny,m; =0fori= Ny +1, N1 +2,...,N. Notice that under the alternative hypothesis,
this specification allows some, but not all, of the individual series to have a unit root at the zero
frequency. To test the existence of the bimonthly (seasonal) unit root —1, the null hypothesis becomes
Hy : m9; =0 Vi, and similarly to test for the presence of the other seasonal unit roots.

Denote in (1) the estimated ¢ statistics as tj;7 (j = 1,2), and the corresponding F statistics as
Fisayirs Fsepirs Frogyrs Fronopr: Fuiieyr Flo, 1oy and Fig 1oy For a fixed T define the

average statistics:
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Following IPS, consider the standardised statistics:

- 1 N ~
\/N {tjbarNT - N Z E [tjiT(pi70|7ri = 0)]}
=1

F-IPS;; = = N(0,1), (2)
1 X ~
N Z V(M" [tjz'T(pi, O’?Ti = 0)]
i=1
for j=1,2, and
- 1 N -
\/N{FjbaTNT — N Z E |:FjiT(p1'70|7Tz’ = O):| }
F-IPSp; = = = N(0,1), (3)

1N ~
= ;Var [FjiT(pi,O‘ﬂ'i _ 0)]

for j = {3,4},{5,6},{7,8},{9,10},{11,12},{2,...,12},{3,...,12}. In (2), E [¢jir(pi,Olm; = 0)] and
Var [fjiT(pi, O|r = O)] denote the mean and variance of £;;7, when 71; = ... = m1; = 0 in the (1). Sim-

ilarly, in (3), E [F}iT(pi, 0|m; = 0)} and Var {FjiT(pi, 0|m; = O)} correspond to the mean and variance
of ﬁ}zT

Table 1 reports the means and variances required to standardise fjbarNT, for j = 1,2, and FjbarNT,
Jj = {3,4},{5,6},{7,8},{9,10},{11,12}{2,...,12}, {3,...,12}. As in IPS, these moments have been
computed via Monte Carlo simulations with 20,000 replications, for different values of T and p;, and
for different combinations of deterministic components, namely constant (c), constant and trend (c,t),
constant and seasonal dummy variables (c,s), and constant, trend and seasonal dummy variables (c,s,t).!
The simulation experiments were carried out for data generated by ysi: = ¥+ — y+—12 = €it, where i = 1,
t=1,...T and g4 ~ N(0,1). From the simulation experiments it appears that for the first and second
moments of fjiT and FﬂT to exist (when p; =0, ...,12), it is required that 7" > 48.

To examine the size (at the 5% significance level) of the F-IPS tests, we carry out simulations under

the null hypothesis 71; = ... = m19; = 0 in the equation:

Pi
Ysit = Yit — Yit—12 = Mgt T PYit—12 + Z PjiY8it—j T Eit, (4)
j=1

Tt should be noted that the results for the specification with no constant, no trend and no seasonal dummy variables
are not reported since it is too restrictive for practical purposes.



where p = 0, p; = 0, and ¢z ~ N(0,1). The simulation experiments are based on 2,000 replications,
and were carried out for values of N = 5, 15, 25, 40 and T = 48, 60, 96, 120, 240, 360, 480, with the
first 100 time observations for each cross-sectional unit being discarded.

Table 2 reports the size and power of the tests when there is no serial correlation and the model
includes a constant and a constant and a trend as deterministic components. Both the F-IPS;; and F-
IPS;s tests are approximately correctly sized. However, both the F-IPSg(y 19y and the F-IPSp(3 19y
tests are slightly over-sized especially for smaller N and T'. To calculate power, the data are generated
as:

Vit = 0.9Yit—12 + it

As expected, the results in Table 2 show that for given N power increases with 7. Also, it can be

seen that for fixed T, power increases with N.2

3 Cross sectional dependence

An important assumption underlying the F-IPS tests is that of cross section independence among
the individual time series in the panel. Table 3 shows the empirical size results of the F-IPS test
based on equation (4) when, as in O’Connell (1998), E(eyej) = w = (0.3,0.5,0.7,0.9) for ¢ # j.
As can be seen from the Table, the F-IPS tests suffer from severe size distortions in the presence of
cross-sectional dependence, the magnitude of which increases as the strength of the cross-sectional
dependence increases.

A number of procedures have been suggested to allow for cross-sectional dependence in panel unit
root tests that focus on the zero or long run frequency. In this paper we consider two such approaches.
First, we follow Pesaran (2007), who augments the standard ADF regressions with the cross section
averages of lagged levels and first-differences of the individual series in the panel. The corresponding

cross-sectionally augmented Franses regression is given by:

Ysit = T1Ylit—1 + T2iY2i—1 + T3:Y3it—1 + TaiY3it—2 + T5iYait—1 + T6iYait—2 (5)
+77Y5it—1 + T8 Ysit—2 + T9iYeit—1 T T10:Y6it—2 + T11iY7it—1 + T12iY7it—2
+015Y11—1 + 02iY2t—1 + 03:Y3t—2 + O04iY3t—1 + O5:Yai—1 + O6iYar—1

+07:Ust—1 + 03iYst—1 + O9:Ust—2 + 010i¥6t—1 + O11:Y7t—1 + O12iY7e—1
p p

+ Z 0ijYst—j + Z PijY8it—j T Mit + Eits
j=0 J=1
where 71, is the cross section mean of yy;;, defined as g1; = (N )_1 Zf\; 1 Y1it, and similarly for o, ...,

yst. The cross-sectionally augmented versions of the Franses-IPS tests, denoted as CF-IPS, are then:

2We only report the power probabilities of the F»
than the other joint F' tests.

,,,,,,,,,, 12barnT tests because they exhibit more power



N
CF-IPS; = N~! > e §=12,
i=1

where t, ., denotes the t—ratio on 7j; in equation (5) and
N
CF-IPSp, = NS Frt j= (3.4}, (5.6}, {7,8},{9,10} , {11,12} ,{2,.... 12} , {3,..., 12},
i=1

where Fi ., denotes the F'—test of the joint significance of {m3;, m4i}, {7m5i, 76i}, {77i, 78i}, {moi, T10:},
{7114, m12i }5 {726, ..., T12i} and {ms;, ..., m12; }, also in equation (5).

Critical values of the CF—IPStj and CF-IPS F, tests are reported in Table 4, for different combinations
of deterministic components, based on a Monte Carlo simulation (with 20,000 replications) when the
underlying data are generated as in (4), with p = 0, p; = 0, N = 5, 15, 25, 40, T' = 48, 60, 96, 120,
240, 360, 480 and g;; ~ N(0,1).

As an alternative procedure to test for the presence of unit roots in panels that exhibit cross-sectional
dependency, Maddala and Wu (1999) and more recently Chang (2004) have considered bootstrapping
unit root tests which, in the context of the F-IPS test, denoted as BF-IPS. In order to implement this
procedure, we start off by resampling the restricted residuals ysi; = yir — yit—12 = €t after centering,
since y;; is assumed to be a seasonally integrated series under the null hypothesis; this is what Li and
Maddala (1996) refer to as the sampling scheme S3 which is appropriate in the unit root case. To
preserve the cross-correlation structure of the error term within each cross section 4, and following
Maddala and Wu (1999), we resample the restricted residuals with the cross-section index fixed. Also,
in order to ensure that initialisation of €};, i.e. the bootstrap samples of ¢;;, becomes unimportant, we
follow Chang (2004) who advocates generating a large number of €}, say T'+ @) values and discard the
first @ values of €}, (in our simulations we choose @) equal to 100). Lastly, the bootstrap samples of 7,
are calculated by taking partial sums of €},. These Monte Carlo simulation results are based on 2,000
replications each of which uses 200 bootstrap repetitions.

With dependent data, serial correlation can be accounted for by resampling from the restricted

residuals (after centring) that result from fitting to each individual series AR processes, that is:

p
Ysit = Z VirYsit—r T Eit- (6)

r=1

Next, yg; , is generated recursively from &7, as:

P
Ysit = Z YirYsit—r T Eits (7)

r=1
where 4,, are the coefficient estimates from the fitted regressions (6). Once again, to minimise the effects

of initial values in equation (7), we follow Chang (2004) by setting them equal to zero, generating a



larger number of €7, (say T+ @ values), and discarding the first ) values. The bootstrap samples of
y, are calculated as yf, = yi + S pq €5

The empirical size of the CF-IPS and BF-IPS tests when E(eycj) = w = (0.3,0.5,0.7,0.9) for
i # j, are approximately correct (with 95% critical values of 4.04-5.96 for an empirical 5% signficance
level), and a subset of these tests for F-IPS;;, F-IPS;a, F-IPSggo 19y and F-IPSpy3 193 are reported
in Tables 5 and 6 for the cases with only a constant and a constant and trend, respectively. These
tables also report the power of these tests at the 5% significance level when in equation (4) p = —0.1.
In general, we observe that the BF-IPS test outperforms the CF-IPS test. However, the extent of this
dominance falls as the degree of cross-sectional correlation increases and as N increases. For large T
and high w there are cases in which the CF-IPS test dominates. Similar results are observed when

other deterministic components are included in the test regressions.

4 Concluding remarks

In this paper the seasonal unit root test of Franses (1991) is generalised to cover a heterogenous panel.
In particular, following the lines of Im, Pesaran, and Shin (2003), the testing procedure proposes
standardised tpq- and Fpe, statistics, denoted F-IPS tests, based on the Franses statistics averaged
across the individuals of the panel. The mean and variance required to standardise the test statistics
are obtained by Monte Carlo simulation. In addition, the size and power properties of the tests are
analysed for different deterministic components.

Monte Carlo simulation results show that the F-IPS tests suffer from severe size distortions in the
presence of cross sectional dependence. To correct for this, we consider two alternative methods for
modifying the F-IPS tests. The first one is the cross-sectionally augmented approach, denoted CF-IPS,
following Pesaran (2007), and the second one is the bootstap approach, following Maddala and Wu
(1999), denoted BF-IPS. In general, the BF-IPS tests have greater power than the method CF-IPS
tests, although for large T and high degree of cross-sectional dependency the CF-IPS test dominates
the BF-IPS test.
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Table 4. Critical values of the cross-sectionally augmented F-IPS test

CF-IPS4; CF-IPS;2
N Level | T=48 60 96 120 240 360 480 | T=48 60 96 120 240 360 480
Model: ¢
5 1% -2.21  -231  -249 -256 -2.69 -2.72 -2.76 -1.69 -1.78 -1.93 -2.01 -2.11 -2.13 -2.14
5% -1.91  -2.04 -220 -2.28 -2.41 -2.44 -2.46 -1.40 -149 -163 -1.70 -1.80 -1.81 -1.84
10% -1.76  -1.88 -2.06 -2.12 -2.25 -2.30 -2.30 -1.24  -1.33 -1.48 -1.53 -1.62 -1.65 -1.67
15 1% -1.80 -1.92 -2.09 -2.17 -2.30 -2.35 -2.35 -1.32  -141 -1.57 -1.61 -1.73 -1.77 -1.78
5% -1.63 -1.75 -1.93 -2.00 -2.12 -2.17 -2.19 -1.15  -1.24  -1.39 -1.43 -1.54 -1.58 -1.60
10% -1.55 -1.66 -1.85 -1.91 -2.03 -2.08 -2.09 -1.05 -1.14 -1.29 -1.33 -143 -1.46 -1.48
25 1% -1.70  -1.81 -2.00 -2.07 -2.20 -2.24 -2.26 -1.22 -1.31 -1.47 -1.53 -1.64 -1.68 -1.69
5% -1.56  -1.68 -1.87 -1.93 -2.05 -2.10 -2.12 -1.09 -1.18 -1.33 -1.38 -1.49 -1.53 -1.54
10% -1.48 -160 -1.79 -1.85 -1.98 -2.02 -2.04 -1.01 -1.10 -1.25 -1.30 -1.39 -1.43 -1.44
40 1% -1.64 -1.75 -1.94 -2.00 -2.13 -2.17 -2.19 -1.16  -1.26 -1.42 -1.47 -1.58 -1.62 -1.63
5% -1.52  -1.64 -1.82 -1.89 -2.02 -2.06 -2.08 -1.04 -1.14 -129 -1.34 -1.45 -1.48 -1.50
10% -1.45 -1.57 -1.76 -1.82 -1.95 -1.99 -2.01 -0.98 -1.07 -1.22 -1.27 -1.37 -1.40 -1.41
Model: c,t
5 1% -2.67 -2.73 -291 -3.00 -3.16 -3.19 -3.22 -1.67 -1.77 -1.93 -2.00 -2.11 -2.13 -2.14
5% -2.33  -2.44  -2.64 -2.72 -2.89 -2.92 -295 -1.38  -1.48 -1.63 -1.69 -1.80 -1.81 -1.84
10% -2.16  -2.29 -2.49 -2.58 -2.74 -2.78 -2.80 -1.22 -1.33 -1.47 -1.53 -1.62 -1.65 -1.66
15 1% -2.22  -2.32  -2.52 -2.61 -2.76 -2.80 -2.82 -1.31  -1.41 -1.56 -1.61 -1.73 -1.77 -1.78
5% -2.04 -2.16 -2.37 -245 -2.60 -2.65 -2.67 -1.13  -1.23  -1.39 -1.43 -1.54 -1.58 -1.60
10% -1.94  -2.07 -2.29 -237 -2.52 -257 -2.60 -1.04 -1.14 -1.29 -1.33 -143 -1.46 -1.48
25 1% -2.11  -2.23  -2.42 -2.50 -2.65 -2.70 -2.73 -1.21 -1.31 -1.46 -1.53 -1.64 -1.69 -1.70
5% -1.96  -2.09 -2.30 -2.38 -2.53 -2.58 -2.60 -1.07 -1.18 -1.33 -1.38 -149 -1.53 -1.54
10% -1.88  -2.02 -2.23 -2.31 -246 -2.51 -2.54 -0.99 -1.10 -1.25 -1.30 -1.39 -1.43 -1.44
40 1% -2.03 -2.16 -2.37 -2.44 -2.59 -2.64 -2.66 -1.15  -1.25 -1.42 -1.46 -1.58 -1.62 -1.63
5% -1.92  -2.05 -2.26 -2.33 -2.48 -2.54 -2.56 -1.03 -1.14 -1.29 -1.34 -145 -1.48 -1.50
10% -1.85  -1.98 -2.20 -2.27 -2.42 -248 -2.50 -0.97 -1.07 -1.22 -1.27 -1.37 -1.40 -1.41
Model: ¢, s
5 1% -2.02  -2.18 -241 -2.50 -2.66 -2.70 -2.74 -2.03 -2.17 -240 -2.52 -2.65 -2.71 -2.75
5% -1.70  -1.89 -2.13 -2.22 -2.38 -242 -245 -1.71 -1.88 -2.12  -2.22  -2.37 -2.42 -2.45
10% -1.53  -1.73 -1.98 -2.07 -2.22 -2.27 -2.29 -1.54  -1.72  -1.98 -2.07 -2.22 -2.27 -2.29
15 1% -1.62  -1.78 -2.03 -2.12 -2.27 -2.33 -2.34 -1.61  -1.79 -2.04 -2.13 -2.28 -2.31 -2.34
5% -1.43  -161 -1.87 -1.95 -2.10 -2.15 -2.17 -143  -1.62 -1.87 -1.95 -2.10 -2.15 -2.17
10% -1.34  -1.53 -1.79 -1.86 -2.01 -2.06 -2.08 -1.33  -1.53  -1.79 -1.86 -2.01 -2.06 -2.08
25 1% -1.51  -1.69 -1.95 -2.02 -2.18 -2.22 -2.25 -1.51  -1.70  -1.95 -2.02 -2.17 -2.22 -2.25
5% -1.36 -1.55 -1.81 -1.88 -2.03 -2.08 -2.11 -1.36 -1.56 -1.81 -1.89 -2.04 -2.08 -2.11
10% -1.28 -148 -1.73 -1.81 -1.96 -2.01 -2.03 -1.28  -1.48 -1.74 -1.81 -1.96 -2.01 -2.03
40 1% -1.45 -1.64 -1.88 -1.96 -2.10 -2.15 -2.18 -1.44  -1.63 -1.89 -1.95 -2.11 -2.15 -2.18
5% -1.31 -1.52  -1.77 -1.85 -2.00 -2.04 -2.07 -1.31 -1.51  -1.78 -1.85 -1.99 -2.04 -2.06
10% -1.24  -145 -1.70 -1.78 -1.93 -1.98 -2.00 -1.24  -145 -1.71 -1.78 -1.93 -1.97 -1.99
Model: c,s,t
5 1% -2.46  -2.58 -2.81 -294 -3.13 -3.16 -3.20 -1.99 -2.16 -2.39 -2.51 -2.65 -2.71 -2.75
5% -2.07 -2.27 -255 -2.66 -2.86 -2.80 -2.93 -1.67 -1.87 -2.12 -2.22 -2.37 -2.42 -2.45
10% -1.88  -2.11  -2.41 -2.51 -2.71  -2.76 -2.79 -1.50  -1.71  -1.98 -2.07 -2.22 -2.27 -2.29
15 1% -1.98  -2.18 -2.46 -2.55 -2.73 -2.78 -2.80 -1.59  -1.78 -2.04 -2.12 -2.28 -2.31 -2.34
5% -1.78  -1.99 -2.30 -2.40 -2.57 -2.63 -2.66 -1.40 -1.61 -1.87 -1.95 -2.10 -2.15 -2.17
10% -1.67 -1.90 -2.21 -2.32 -249 -2.55 -2.58 -1.30  -1.52  -1.78 -1.86 -2.02 -2.06 -2.08
25 1% -1.86  -2.08 -2.36 -2.45 -2.62 -2.68 -2.71 -1.48  -1.69 -195 -2.01 -2.17 -2.23 -2.25
5% -1.69 -1.93 -2.23 -2.32 -2.50 -2.56 -2.59 -1.33  -1.55 -1.81 -1.89 -2.04 -2.09 -2.11
10% -1.59 -1.85 -2.16 -2.26 -2.43 -2.49 -2.52 -1.25  -147 -1.74 -1.81 -1.96 -2.01 -2.03
40 1% -1.80 -2.02 -2.30 -2.39 -2.56 -2.62 -2.65 -1.42  -1.62 -189 -1.96 -2.11 -2.15 -2.18
5% -1.64 -1.88 -2.19 -2.28 -2.45 -2.52 -2.54 -1.28 -1.50 -1.78 -1.85 -1.99 -2.04 -2.06
10% -1.57  -1.82  -2.13  -2.22  -2.40 -2.46 -2.49 -1.21 -144 -1.71 -1.78 -1.93 -1.98 -2.00
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Table 4 (continued). Critical values of the cross-sectionally augmented F-IPS test

CF-IPS (3,4

CF-IPS (5.6}

N Level | T=48 60 96 120 240 360 480 | T=48 60 96 120 240 360 480
Model: ¢
5 1% 3.22 337 371 385 418 436 4.38 3.26 3.37 3.73 3.83 417 427 4.34
5% 249 266 297 3.11 337 3.49 3.52 2.3 2,67 297 3.08 3.38 3.46 3.53
10% 2.15 233 261 272 297 3.06 3.10 2.17 231 261 271 298 3.06 3.10
15 1% 2.44 255 287 3.00 332 3.41 3.50 2.38 255 287 3.01 331 338 3.50
5% 2.03 218 249 260 287 296 3.00 2.01 219 249 261 287 294 3.01
10% 1.85 2.00 228 239 263 271 275 1.83 2.00 228 240 263 271 2.77
25 1% 2.19 236 269 281 3.12 320 3.27 2.17 235 267 280 3.08 320 3.28
5% 1.91 2.06 237 249 273 283 2.89 1.90 2.06 236 249 2.73 284 2.90
10% 1.76  1.92 221 231 254 263 2.67 1.76 191 219 231 255 264 2.69
40 1% 2.08 223 255 265 295 3.09 3.13 2.04 223 256 268 297 3.06 3.14
5% 1.84 199 230 241 265 276 281 1.82 1.99 229 240 2.67 276 2.82
10% 1.72  1.87 215 225 249 258 2.63 1.70  1.86 2.15 226 2.50 2.59 2.64
Model: c,t
5 1% 3.17  3.32 3.68 3.82 415 4.34 4.37 3.14 3.28 3.68 3.82 4.17 4.25 434
5% 2.43 262 293 3.08 335 3.49 3.1 243 261 294 3.06 336 3.45 3.53
10% 2.10 228 2.57 270 296 3.05 3.09 2.08 226 258 269 297 3.06 3.09
15 1% 2.38 249 283 298 331 3.41 3.50 230 250 284 299 330 3.38 3.50
5% 1.99 2.14 246 2.58 286 296 3.00 1.94 2.13 246 259 286 293 3.01
10% 1.80 1.96 226 237 2.63 271 275 1.77 195 225 238 263 270 2.76
25 1% 2.13 231 266 279 312 320 3.26 2.09 229 264 278 3.07 3.19 3.28
5% 1.86 2.03 234 247 2.72 282 2.88 1.84 2.01 233 247 272 284 290
10% 1.72  1.88 2.18 230 2.53 262 2.67 1.70 1.87 217 229 254 264 2.69
40 1% 2.03 219 253 263 295 3.08 3.13 1.97 218 253 266 296 3.06 3.14
5% 1.79 195 227 239 265 275 281 1.75 1.94 227 238 266 276 2.82
10% 1.68 1.83 2.13 224 248 258 2.62 1.65 1.82 2.12 224 249 259 2.64
Model: c, s
5 1% 4.61 4.78 548 5.64 6.33 6.64 6.76 456 4.70 542 575 643 6.61 6.70
5% 3.45 3.80 4.56 4.77 542 565 5.75 3.39 3.79 455 480 547 5.65 5.78
10% 294 335 412 435 496 5.16 5.29 291 335 411 438 499 5.16 5.29
15 1% 3.40 3.63 435 4.61 523 546 5.55 3.32 357 434 463 518 5.43 554
5% 2.81 3.15 387 4.13 4.71 490 5.00 2.75 3.12 386 4.14 470 4.90 4.99
10% 2.54 289 3.63 387 442 462 4.71 2.50 289 3.61 3.89 443 4.61 4.70
25 1% 3.12  3.36 4.10 4.37 495 517 5.26 3.00 334 411 436 494 5.13 5.26
5% 2.64 298 3.70 3.98 453 4.72 4381 2.58 297 372 397 453 4.71 4.82
10% 2.42 278 351 3.78 429 449 457 2.38 279 350 3.76 430 4.48 4.59
40 1% 2.84 317 394 422 477 497 5.07 2.83 3.18 393 420 4.79 497 5.08
5% 2.51 286 3.62 3.87 441 4.61 4.70 2.47 287 3.61 3.88 444 4.61 4.72
10% 2.33 271 344 3.69 422 440 449 230 271 344 3.70 423 440 4.51
Model: ¢,s,t
5 1% 4.67 4.71 544 562 6.34 6.64 6.75 442 4.62 538 572 640 6.61 6.69
5% 3.39 3.73 453 476 541 564 5.76 3.25  3.70 451 4.78 546 5.64 5.78
10% 2.89 3.28 4.09 434 496 5.15 5.28 2.79 3.27 407 436 498 5.15 5.29
15 1% 3.39 3.57 433 4.60 523 546 5.54 3.23 350 431 460 5.18 5.42 5.53
5% 2.76 3.08 3.85 4.11 470 4.89 4.99 2.66 3.06 3.84 4.12 470 490 4.99
10% 2.48 284 3.60 386 441 461 4.71 239 282 358 388 443 4.61 4.70
25 1% 3.07 329 4.09 435 494 517 525 2.92 3.28 4.08 435 495 5.13 5.26
5% 2.58 293 3.68 397 453 4.72 4381 247 290 3.69 396 452 470 4.81
10% 2.36 273 349 3.76 429 4.48 4.57 2.27 272 348 3.74 429 448 4.59
40 1% 2.78 3.14 392 421 477 497 5.07 2.73 3.12 390 4.18 4.79 496 5.08
5% 245 281 359 386 441 4.60 4.69 2.38 281 358 3.86 443 4.61 4.72
10% 2.28 266 342 3.68 4.22 440 4.49 2.21 265 342 3.69 4.23 4.40 4.52
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Table 4 (continued). Critical values of the cross-sectionally augmented F-IPS test

CF-IPS (7.8}

CF-IPS (9,10}

N Level | T=48 60 96 120 240 360 480 | T=48 60 96 120 240 360 480
Model: ¢
5 1% 3.56 3.7 377 392 422 430 4.32 3.23 335 372 386 419 435 431
5% 2.69 279 3.01 3.14 338 346 3.51 250 265 295 3.10 3.36 3.45 3.53
10% 2,32 242 263 276 298 3.06 3.11 2.15 230 260 273 297 3.06 3.12
15 1% 2.59 266 292 3.04 332 341 347 2.39 255 289 3.00 328 3.43 345
5% 2.16 226 2.52 262 285 294 3.00 2.02 218 249 260 286 296 3.00
10% 1.98 2.07 232 241 262 271 275 1.84 199 228 239 263 271 275
25 1% 234 245 271 285 3.09 320 3.28 2.18 233 268 280 3.12 320 3.26
5% 2.04 214 240 250 2.74 282 2.89 1.90 2.07 237 247 2.73 284 2.88
10% 1.89 1.99 222 232 254 263 2.68 1.76 192 221 230 254 263 2.68
40 1% 2.17 231 258 269 296 3.08 3.14 2.03 222 254 268 297 3.07 3.14
5% 1.94 2.06 231 242 267 276 281 1.82 1.99 228 240 2.68 276 2.82
10% 1.82 1.93 217 227 250 258 2.62 171 1.87 215 225 250 259 2.63
Model: c,t
5 1% 3.80 3.69 3.82 3.93 422 429 434 3.11 329 371 382 4.18 434 431
5% 2.88 288 3.02 3.15 339 345 3.51 241 258 292 3.08 334 344 3.53
10% 246 249 266 276 298 3.06 3.10 2.07 225 257 270 296 3.06 3.12
15 1% 276 273 296 3.04 331 3.40 347 2.32 250 286 297 3.28 3.43 345
5% 231 233 253 262 286 294 3.00 1.96 2.13 247 258 286 295 3.00
10% 2.09 213 232 241 261 271 275 1.78 195 226 237 262 271 275
25 1% 2.46 251 272 284 3.09 3.19 3.27 2.12 228 264 279 311 3.19 3.25
5% 2.14 219 240 251 274 282 2.89 1.84 2.02 235 246 2.73 2.83 2.88
10% 1.99 2.03 223 233 254 263 2.68 1.70 1.87 2.18 228 2.53 2.63 2.68
40 1% 229 235 258 270 296 3.08 3.13 1.97 217 251 266 296 3.07 3.14
5% 2.04 210 232 242 2.67 275 2.81 1.76 1.94 226 239 2.67 276 2.82
10% 191 1.98 217 227 250 258 2.62 1.65 1.82 2.12 224 249 259 2.63
Model: c, s
5 1% 449 4.67 547 569 641 6.71 6.81 471 480 547 572 649 6.62 6.81
5% 3.40 3.76 455 480 551 5.65 5.77 3.45 3.82 453 485 546 5.64 5.79
10% 293 332 411 439 5.00 5.15 5.27 294 335 410 439 498 5.17 5.25
15 1% 3.33 3.56 434 4.62 526 547 5.55 335 3.64 436 4.61 524 541 554
5% 2.76 3.11 3.88 4.13 4.73 4.89 4.99 2.78 3.13 388 4.14 471 490 5.00
10% 2.50 288 3.63 390 443 461 4.71 2.52 289 3.64 388 443 462 4.71
25 1% 3.01 3.34 4.08 4.37 494 517 5.26 3.01 3.38 4.10 436 497 5.19 5.24
5% 2.59 298 3.72 398 452 4.72 482 2.61 299 371 3.98 453 4.73 4.81
10% 239 279 351 3.78 431 449 458 241 281 350 3.77 431 4.48 4.58
40 1% 2.81 317 394 419 478 495 5.05 2.87 3.22 395 424 478 497 5.09
5% 247 287 3.61 3.87 442 4.60 4.69 2.51 289 3.60 3.89 442 4.60 4.71
10% 2.30 271 343 3.69 423 440 449 2.33 272 344 3.71 422 440 4.50
Model: ¢,s,t
5 1% 497 481 550 573 6.38 6.71 6.78 460 4.68 542 568 648 6.62 6.80
5% 3.61 3.84 456 480 549 5.65 5.78 3.31 3.74 449 482 544 563 5.78
10% 3.10 3.39 411 439 5.00 5.14 526 2.84 3.29 4.07 437 497 516 5.25
15 1% 3.61 3.67 435 4.61 525 546 5.54 3.29 354 432 459 523 541 554
5% 294 3.18 3.88 4.13 471 4.88 4.99 2.69 3.06 3.85 4.12 470 4.90 5.00
10% 2.65 292 364 389 443 461 4.71 243 283 361 386 442 461 4.70
25 1% 3.23 342 4.07 437 494 516 5.26 294 330 4.07 434 496 5.18 5.24
5% 2.74  3.02 372 398 452 4.72 4381 2.53 292 3.68 397 453 4.72 4381
10% 2.52 283 352 3.77 430 4.48 4.57 2.32 274 348 3.75 430 4.48 4.57
40 1% 2.98 3.23 394 419 478 495 5.04 2.79 3.15 393 4.22 478 497 5.09
5% 2.59 290 3.61 3.87 442 459 4.69 241 282 358 3.87 442 4.60 4.70
10% 2.41 274 344 3.69 423 440 4.49 2.24 267 342 3.69 422 440 4.50

22



Table 4 (continued). Critical values of the cross-sectionally augmented F-IPS test

CF-IPS 11,12}

CF-IPSp{2,... 12}

N Level | T=48 60 96 120 240 360 480 | T=48 60 96 120 240 360 480
Model: ¢
5 1% 3.26  3.44 3.71 3.83 421 432 433 2.74 272 277 280 292 293 297
5% 253 269 297 3.09 339 348 3.52 2.32 234 243 247 258 260 2.63
10% 2.18 235 261 272 298 3.06 3.11 2.11 216 226 231 241 245 247
15 1% 2.41 258 290 3.00 331 3.43 348 2.26 230 241 246 256 259 2.62
5% 2.05 220 249 259 284 296 3.01 2.03 2.08 221 225 237 240 243
10% 1.87 2.02 229 239 262 272 277 1.92 198 210 2.15 226 230 2.32
25 1% 2.25 236 2.67 282 3.07 320 3.27 2.14 220 232 238 249 254 255
5% 1.95 2.08 236 249 274 283 2.89 1.97 2.02 215 220 231 235 237
10% 1.79 1.92 221 231 254 263 2.68 1.87 1.93 206 211 221 226 2.28
40 1% 2.09 224 254 269 294 3.07 3.13 2.07 213 226 232 244 248 251
5% 1.86 2.01 229 241 266 2.76 2.81 1.92 198 2.11 217 229 232 235
10% 1.74 1.88 2.15 226 249 258 2.63 1.84 191 2.03 208 220 224 226
Model: c,t
5 1% 3.28 3.41 3.69 3.81 421 431 431 275 271 276 279 291 292 296
5% 252  2.67 295 3.07 3.38 3.47 3.52 2.32 232 242 246 257 260 2.63
10% 2.18 232 259 271 297 3.05 3.10 2.11 214 225 230 241 244 247
15 1% 241 256 288 299 331 3.43 348 2.25 227 239 245 256 259 2.62
5% 2.03 217 248 258 2.84 295 3.01 2.03 206 220 224 236 239 242
10% 1.86 1.99 227 237 261 272 276 1.91 196 2.08 214 226 229 232
25 1% 224 233 266 280 3.06 320 3.26 2.14 218 230 237 248 253 2.55
5% 1.94 2.05 235 248 2.73 283 2.89 1.96 2.00 2.13 219 230 235 237
10% 1.78 1.91 219 230 253 262 2.68 1.86 1.91 2.05 210 221 225 2.28
40 1% 2.08 222 252 267 294 3.06 3.13 2.07 211 225 231 243 248 251
5% 1.85 1.98 227 239 265 275 281 1.91 196 2.10 2.16 2.28 232 235
10% 1.73 1.85 2.13 224 248 258 2.63 1.83 1.88 2.01 207 219 224 226
Model: c, s
5 1% 4.66 4.71 544 575 641 6.60 6.71 499 4.62 478 4.86 507 5.13 5.14
5% 3.45 3.80 456 4.85 550 5.64 5.73 4.04 3.97 427 438 4.64 471 4.75
10% 295 336 4.12 438 499 5.15 5.24 3.59 3.67 4.02 414 443 450 4.54
15 1% 3.36 3.58 437 4.64 523 540 5.53 3.95 388 4.14 430 455 4.61 4.64
5% 2.80 3.12 388 4.13 4.72 489 4.99 3.45 3.50 3.87 4.01 429 437 441
10% 2.54 289 3.63 388 443 460 4.71 3.21 3.32 373 387 416 424 4.28
25 1% 3.07 3.35 411 434 492 513 524 3.66 3.68 4.02 4.14 440 4.50 4.53
5% 2.61 298 371 397 453 4.71 4.80 3.28 339 377 392 420 429 4.33
10% 241 278 351 3.77 430 4.48 4.58 3.09 325 365 381 4.09 4.19 4.24
40 1% 2.85 3.18 3.93 421 477 496 5.07 3.51 3.54 393 4.07 435 4.42 447
5% 2.51 287 3.62 3.87 443 4.60 4.71 3.19 331 372 3.87 4.15 424 428
10% 2.34 271 344 3.69 423 4.40 4.50 3.04 3.19 362 3.76 4.05 4.14 4.20
Model: ¢,s,t
5 1% 4.80 4.67 542 572 640 6.59 6.72 511 459 476 483 5.06 5.13 5.14
5% 3.50 3.76 454 484 549 563 5.74 4.06 3.95 425 436 4.63 4.71 4.75
10% 295 331 4.08 437 498 5.15 5.24 3.61 3.63 4.00 4.12 442 450 4.54
15 1% 3.41 3.57 434 4.61 523 540 5.54 4.00 3.83 4.13 4.27 454 4.61 4.64
5% 2.81 3.09 386 4.11 471 4.88 4.99 3.47 347 385 4.00 429 437 441
10% 2.54 286 3.61 387 443 459 4.71 3.21 329 371 385 4.15 424 4.28
25 1% 3.08 3.32 4.08 433 492 5.13 5.23 3.69 3.65 399 4.13 439 4.49 4.53
5% 2.62 295 3.68 396 452 4.70 4.80 3.27 335 375 391 420 4.29 4.33
10% 241 276 349 3.75 430 4.48 4.58 3.09 3.22 364 380 4.09 4.18 4.23
40 1% 2.86 3.15 391 420 4.77 495 5.07 3.50 3.50 391 4.06 4.34 4.42 447
5% 2.51 284 3.60 3.86 442 459 4.71 3.19 3.28 3.70 3.86 4.15 4.24 4.28
10% 2.33 268 342 3.68 4.23 4.40 4.50 3.03 3.16 359 3.75 4.05 4.14 4.19
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Table 4 (continued). Critical values of the cross-sectionally augmented F-IPS test
CF-IPSpys,... 12}

N Level | T=48 60 96 120 240 360 480

Model: ¢

5 1% 2,74 275 279 281 295 299 3.00

5% 231 234 244 250 260 2.64 2.66

10% 211 215 227 232 242 247 249

15 1% 225 229 242 247 259 262 2.66

5% 2.02 208 221 226 238 241 245

10% 191 1.97 210 215 227 231 2.34

25 1% 214 219 233 239 251 256 259

5% 196 2.01 215 221 232 237 240

10% 1.86 192 2.06 212 222 227 229

40 1% 2.07 213 226 233 246 251 2.54

5% 1.90 198 211 217 230 234 2.37

10% 1.83  1.90 2.03 2.08 221 225 228

Model: c,t

5 1% 2,74 273 278 280 295 297 299

5% 232 232 242 248 259 264 2.66

10% 211 214 225 231 242 246 249

15 1% 225 228 240 245 259 261 2.65

5% 2.02 206 220 225 238 241 245

10% 1.90 195 2.09 214 226 230 2.33

25 1% 213 217 231 238 250 256 2.58

5% 1.95 200 214 220 232 236 2.39

10% 1.85 1.90 2.04 210 222 227 229

40 1% 2.06 212 225 232 245 250 2.54

5% 1.90 196 2.10 216 229 233 2.36

10% 1.82  1.88 2.01 2.07 220 225 227

Model: c, s

5 1% 490 458 476 485 511 516 5.21

5% 3.93 392 426 437 465 474 479

10% 3.51  3.61 4.00 4.12 444 453 4.56

15 1% 3.88 3.83 4.13 429 457 4.64 4.67

5% 337 346 3.85 4.00 430 439 443

10% 3.14 327 3.71 385 416 4.26 4.30

25 1% 3.58 3.64 4.00 4.14 442 452 455

5% 3.20 335 376 391 421 430 4.35

10% 3.02  3.20 3.63 3.79 4.09 419 425

40 1% 3.44 349 391 4.06 436 444 449

5% 3.12 326 3.70 3.85 4.16 4.25 4.30

10% 296 3.14 359 3.74 4.05 4.15 4.21

Model: ¢,s,t

5 1% 5.01 456 474 482 510 516 5.21

5% 3.96 3.89 424 435 4.65 4.74 4.78

10% 3.52 358 398 410 443 452 456

15 1% 3.92  3.79 411 427 456 4.64 4.67

5% 3.39 342 382 398 430 4.38 4.43

10% 3.14 324 368 384 416 4.25 4.30

25 1% 3.61 3.61 397 4.12 441 452 455

5% 3.21 331 3.74 3.89 420 430 4.35

10% 3.02 3.16 3.61 3.78 4.09 4.19 4.24

40 1% 3.43 346 3.88 4.05 436 443 449

5% 3.12 323 3.68 3.84 415 424 4.30

10% 295 3.11 3.57 3.73 4.05 4.14 4.20
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