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e We establish the asymptotic theory of the test, propose a bootstrap procedure for the test and justify its validity.
e Simulations are conducted for our proposed test in comparison with Wooldridge’s Wald test.
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1. Introduction

With the availability of a wealth of sources of panel data,
researchers usually estimate a textbook panel data model in Baltagi
(2013), Hsiao (2014) or Wooldridge (2010):

y,»tzx,f[ﬂ—i—oei—l—u,»t, i=12,...,N,t=1,2,...,T, (1.1)

where y;; is the dependent variable for individual i at time period
t, xir is a k x 1 vector of explanatory variables, «; represents an
unobserved individual effect, and u;; is the idiosyncratic error.
Depending on whether «; is correlated with x; or not, it is
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referred to as either fixed effects or random effects. Due to the
prevailingness of correlation between x;; and ¢; in empirical works,
the fixed effects approach has received more attention than the
random effects approach.

For a fixed effect model, both the fixed effects (FE) estimator
and the first-difference (FD) estimator, which adopt within-group
and first-difference transformation to eliminate «;, respectively,
have been employed in empirical works. One standard assumption
to ensure the +/N-consistency of these estimators in the large N
and fixed T framework is the strict exogeneity of x;. For some
recent empirical applications to panel data sets adopting the strict
exogeneity assumption, see Boumparis et al. (2015), Earnhart
(2004), and Papageorgiadis and Sharma (2016), among others.

However, strict exogeneity of x;; may not hold in many applica-
tions due to the possible existence of feedback effects or economic
periodicity. Wooldridge (2010, p. 324) has showed that the FE esti-
mator is generally biased and inconsistent, and its probability limit
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is different from the FD estimator when x;; is not strictly exoge-
nous. Due to the important role of this assumption, it is necessary
to develop a formal test to detect its violation. The only available
test in the literature of linear panel data models is constructed by
Wooldridge (2010), who introduces a simple test based on an aug-
mented regression, where a subset (w; ;1) of the first order leading
term x; 4+ is included in the level equation as additional regres-
sors. Under the null hypothesis of strict exogeneity, the coefficient
of wj ;41 should be equal to zero. Then one can construct a Wald
test that is robust to arbitrary serial correlation and heteroskedas-
ticity of unknown form. Nevertheless, the test only includes a sub-
set of the first leading explanatory variables, which implies that
the test may have power only when x;; is correlated with u;.
Clearly, it may not detect a potentially more general structure of
intertemporal correlation between {u;} and {x;}. To fill the gap,
we propose a practical test for strict exogeneity of regressors in
this paper, which generalizes the test by Wooldridge to detect all
orders of intertemporal correlation between {u; } and {x;; }. Because
the limiting distribution of our test statistic is nonstandard, we will
propose a bootstrap method to obtain the p-values and justify its
asymptotic validity.

The rest of this paper is organized as follows. We formalize
the hypotheses in Section 2. We introduce the test statistic in
Section 3, and study its asymptotic properties in Section 4. We
evaluate the finite sample performance of our proposed test in
Section 5. Section 6 concludes. Proof of the theorems are relegated
to the Appendix A.

Notation. Let ¢, be an a x 1 vector of ones, O, be ana x b
matrix of zeros and I, be an a x a identity matrix. We use ||A| =
[tr (A’A)]"/? to denote the Euclidean norm of matrix A. Denote
ACit = Cit — Cit—1 and ¢; = ¢ — C;, where ¢; = T-1 ZZ:] Cis.
The symbols —, and — 4 denote convergence in probability and
in distribution, respectively.

2. The hypothesis

Let x; = (xj1, ..., X;7). The strict exogeneity used in the linear
panel data model with fixed effects can be stated as

E (uje|x;, i) = 0; (2.1)

see (10.14) in Wooldridge (2010, p. 288). A direct implication of
this assumption is that the explanatory variables at a given time
period are uncorrelated with the idiosyncratic errors at any given
time period:

E (ugxi) =0 foralltands. (2.2)

Then we have E (Au; Ax;;) = 0and E (i;:x;;) = 0 for all t, ensuring
the consistency of the FD and FE estimators for 8, respectively.
Since the conditions in (2.2) are essential for consistency
and the fixed effects are wiped out through transformation, we
can consider a test for (2.1) based on the implication of (2.1).
Wooldridge (2010) proposes a simple test for strict exogeneity by
testing whether y = 0 in the following augmented regression:

/ /
Yit = Xitﬁ + wi7t+1‘y + o + Uit

where w; ;41 is a subset of x; ;1. Clearly, under the null hypothesis
of strict exogeneity, y = 0 and we can carry out the test using
FE estimation. However, since Wooldridge’s test only includes
a subset of x;.41, the test may not be able to detect general
intertemporal correlation between u;; and x;s when |t — s| > 2. To
improve the power, we propose to check all possible intertemporal
correlations between u;; and x; for [t — s| > 1.

Following the idea of Wooldridge (2010), we consider a
sequence of augmented linear panel regressions

Vie = X B + X (05 + i + Ui, S € 7 (2.3)

where 8y = {—-Ty, —-T5...,—1,1,..., T3, L}, ' and T, = T —a
for any positive integer a such thata < T — 1. When s > 0, all
observations witht = 1,...,T — s are used in the estimation
of B and §; in (2.3); similarly, when s < 0, all observations with
t =1-s,..., T areused in the estimation. Under the assumption
of strict exogeneity, §; = O for all s € $7. Consequently, we can test
the strict exogeneity assumption by testing the null hypothesis

Hp:8, =0 forallse 47
against the alternative
H; : s # 0 forsomes € $r.

Under Hy, §; = 0 implies that the idiosyncratic error u; does not
include any further information about x; (4, and thus there is no
need to include x; ;4 as regressors in model (1.1).

3. The test statistic

We construct our test statistic based on a sequence of
estimators 35, s € 4r.0ne way to check whether all §;’s being equal
to zero simultaneously or not is to consider the following sup-Wald
test statistic

supWy = sup {NSS’\A/S_l&}
sedr

where \75 is a data-dependent normalizing matrix, often taken
as the estimator of the asymptotic variance of VNS, ie, U, =
@(\/ﬁss). Under some assumptions to be specified in the
next section, we can establish the consistency and asymptotic
distribution for supWy.

To state how to obtain & and Vi, we define “;‘{?’d
ity .-+ &irra) ford > 0, where & = y, x, or u. Define a series
of Tiy x 1 vectors or Tjs) x k matrices as follows,

T—s T—s
© _ Y, s> 0 © _ X1, s> 0
Yi - T 0 Xi - T O
Yit—sy S < Xi1—s» S <
T T—s
©) Xi14so >0 ©) Ui, s>0
Xoi =1 Fis and u” =1 7
’ X1, s<0 U s$<0.

Then the model in (2.3) can be rewritten as

Y =X B+ X5 + aury +u, se s (3.1)

or in a vector form

(s) (s) (s)
Y] X] Xa,l
ol (][
= B+ |5
© © ®
Yy X Xan
iy Orgxa Oy x1 oy
Ongx1 iy Ongx1 | | o2
OT|5‘><1 OT|S‘><] LT‘S‘ N

1 First, if we are certain about that E (u;x;s) = 0 fors < t, then we can set 8 =
{1,..., T3, T, }. This is relevant when we believe that u;, affects x;s in the future but
not in the past, i.e., x;; is sequentially exogenous. When 8 = {—T,, —Ts, ..., -1},
we test the sequential exogeneity of x;; given x;; being weak exogenous. In general,
41 can be any subset of {—T>, ..., -1,1,..., T,}. Second, as in Wooldridge (2010),
we can also replace x; ;s by a subset wj ;.
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