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of the break to be unknown. The tests assume that the time-dimension of the panel (T) is
fixed (finite) while the cross-section (N) is large. Under the null hypothesis of unit roots,
they are similar to the initial conditions of the model and its individual effects. Extensions
of the tests to the AR(2) model are provided. These highlight the difficulties in extending

I;Z{]:/logg; models the tests to higher order serial correlation of the error terms. Monte Carlo experiments
Unit roots indicate that the small sample performance of the tests is very satisfactory. Application of
Structural breaks the tests to the trade openness variable of the non-oil countries indicates that evidence
Sequential tests of persistence of this variable can be attributed to trade liberalization policies adopted by
Bootstrap many developing countries since the early nineties.

Trade openness © 2012 Elsevier B.V. All rights reserved.

1. Introduction

The autoregressive panel data model of lag order one (denoted as AR(1)), which assumes that the time dimension of
the data (denoted as T) is fixed (finite) while its cross-sectional (denoted as N) is large, has been extensively used in the
literature to study the dynamic behavior of many economic time series across different units, i.e. countries or industries
(see Arellano, 2003, Arellano and Honoré, 2002 and Baltagi and Kao, 2000, inter alia). Of particular interest is the use of this
model to examine if economic series contain a unit root in their autoregressive component (see Hlouskova and Wagner,
2006, for a recent survey). Recent economic applications of panel data unit root tests include investigation of the following:
the economic growth convergence hypothesis (see de la Fuente, 1997, for a survey), the random walk hypothesis of stock
prices and dividends (see, e.g., Harris and Tzavalis, 2004 and Lo and MacKinlay, 1995), the long-run validity of purchasing
power parity (see Culver and Papell, 1999, inter alia) and, finally, the permanent effects of liberalization policies on trade
(see, e.g., Wacziarg and Welch, 2004).

This paper extends Harris’ and Tzavalis (1999) panel unit root tests assuming fixed-T to allow for a potential structural
break in the deterministic components of the AR(1) panel data model, namely its individual effects and/or linear trends, at
a known or unknown date. This is a very useful extension given recent evidence suggesting that the presence of a unit root
in the autoregressive component of many economic series can be attributed to the existence of structural breaks in their
deterministic components, which are ignored by standard unit root testing procedures (see Perron, 1989, 1990, for single
time series analysis). The panel data approach offers an interesting and unique perspective to investigate if evidence of unit
roots can be falsely attributed to the existence of structural breaks, which is not shared by single series methods. The cross-
sectional units of panel data can provide important sample information which can help to distinguish permanent stochastic
shifts of economic time series from changes in their deterministic components (see, e.g., Bai, 2010).

In contrast to the vast literature for single time series, there are few studies that consider panel data unit root tests
allowing for structural breaks (see Bai and Carrion-i-Silvestre, 2009, Carrion-i-Silvestre et al., 2005 and Chan and Pauwels,
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2011). However, these tests assume that the time-dimension of the panel model T is large and, more importantly, that it
grows larger than N. Thus, they are more appropriate for panel data sets where T is bigger than N, referred to as large panels.
As shown in Harris and Tzavalis (1999), application of large-T panel unit root tests to short panels, which assume fixed-T,
leads to serious size distortions and power reductions, since their sample distribution is not well approximated in panels
with small T. In the literature which assumes fixed-T panel data unit root tests, there are also few studies which suggest
unit root tests allowing for structural breaks (see Carrion-i-Silvestre et al., 2002, Tzavalis, 2002 and, more recently, Hadri
et al., forthcoming). These studies are mainly interested in pursuing ideas on how to test for a unit root in the AR(1) panel
data model allowing for a common break in its individual effects. They mainly consider the case of a known date break and
they assume that the error terms of the AR(1) panel data model are normally distributed.

The main goal of this paper is to extend the above fixed-T panel unit root tests, considering a common break in the
deterministic components of the AR(1) panel data model, to allow for an unknown break point. This is done under quite
general distributional assumptions of the error terms. The proposed test statistics are similar (invariant) under the null
hypothesis to the initial conditions and/or the individual effects of the panel data model. This property of the tests is very
useful for the following two reasons. First, it does not require any assumption about the initial conditions of the panel and,
second, it does not involve estimation of its individual effects. As recently shown by Kim and Perron (2009), unit root testing
procedures relying on estimation of these effects in a first step perform poorly in small samples. Our suggested tests can
be applied to the case of a two-way error component panel data model, which allows for cross-correlation across the error
terms. This can be done by taking deviations of the individual series of the panel from their cross-section mean at each point
in time t (see O’Connell, 1998), in the first step.

To apply the tests in the case of an unknown break point, the paper relies on the sequential testing procedure
recommended in single time series analysis by Zivot and Andrews (1992) (see also Andrews, 1993 and Perron, 1997). This
procedure calculates the minimum value of one-sided standardized test statistics which assume a known date break. These
statistics are sequentially computed for each possible break point of the sample that the break can occur. The limiting
distribution of these sequential test statistics is that of the minimum value of a fixed number of correlated standard normals.
The paper derives analytically the correlation matrix of these variables and tabulates critical values of the distribution of
their minimum based on Monte Carlo simulations. Finally, the paper shows how to extend the tests to the case of a panel data
autoregressive model of lag order two, which may describe some economic series (see, e.g., Cati et al., 1999). This extension
highlights some of the difficulties of generalizing the tests to allow for serially correlated error terms when T is fixed.

The paper is organized as follows. Section 2 derives the limiting distributions of the test statistics suggested by the paper
for the cases that the break point is considered as known and unknown. This section also proves the consistency of the tests
under the alternative hypothesis of stationarity. Section 3 extends the tests to the case of AR(2) panel data model. Section 4
carries out a Monte Carlo study which evaluates the small sample performance of the tests. Section 5 implements the tests to
investigate if trade liberalization policies introduced at the end of eighties and/or the early nineties in the non-oil countries
have permanently fostered international trade. Section 6 concludes the paper.

2. The test statistics and their limiting distribution

2.1. The date of the break point is known

Consider the following non-linear AR(1) panel data models, denoted asm = {M1, M2}, allowing for a common structural
break in their deterministic components at time point Ty:

M1:yi =@y + (1 —@)@ae® +a' ey fu;, i=1,2,...,N and (1)

M2 :yi = gyi1+ e+ (1—¢)(ae® +al' Ve ™) + (1 - ) (Bt + VM) +u, (2)
where y; = (¥i1, ..., yir) is a vector which collects the time series observations of panel data series y;;, fort = 1,2, ..., T,
across the cross-sectional units of the paneli = 1,2,...,N,yi_1 = (Yio,...,Yir—1) is vector y; lagged one period back,
ui = (uj, ..., ur) is the vector of error terms uy, for all t, Bie is defined as Bie = ;Si('\)e(” + ,Bi(l_k)e“‘*), where e
is a (TX1)-dimension vector of unities, and e® and e('~* are (TX1)-dimension vectors defined, respectively, as follows:
e?) = 1ift < Ty and 0 otherwise, and eil_k) = 1ift > Ty and O otherwise. These vectors are appropriately designed

to capture a possible common break in the individual effects of models (1) and (2), a;, before and after the break occurs,

denoted respectively as af” and ai“_'\), where A denotes the fraction of the sample that this break occurs. A is defined as
rel={[1]. [%] s, [I=4]} for model M1 and A € I = {[%] , [%] ey [TT’Z]} for model M2, where [-] denotes the
integer part. In addition to a common break in individual effects a;, model (2) also allows for a common break in the slope

coefficients of the individual linear trends of the panel, ;, denoted as * and ", for all i. Vectors t® and (» collect

the time points of these trends. More specifically, the elements of these vectors are defined as follows: rtm =tift <Tp

and 0 otherwise, while r[“_'\) =t ift > Ty and O otherwise.
The AR(1) panel data models M1 and M2, given by Eqs. (1) and (2), can be employed to obtain panel data unit root test
statistics which are similar (invariant) under null hypothesis Hy : ¢ = 1 to the initial conditions of the panel y;o and/or
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