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ABSTRACT

We study the distribution of Durbin-Wu-Hausman (DWH) and Revankar-Hartley (RH) tests for ex-
ogeneity from a finite-sample viewpoint, under the null and alternative hypotheses. We consider
linear structural models with possibly non-Gaussian errors, where structural parameters may not be
identified and where reduced forms can be incompletely specified (or nonparametric). On level con-
trol, we characterize the null distributions of all the test statistics. Through conditioning and invari-
ance arguments, we show that these distributions do not involve nuisance parameters. In particular,
this applies to several test statistics for which no finite-sample distributional theory is yet available,
such as the standard statistic proposed by Hausman (1978). The distributions of the test statistics
may be non-standard — so corrections to usual asymptotic critical values are needed — but the char-
acterizations are sufficiently explicit to yield finite-sample (Monte-Carlo) tests of the exogeneity
hypothesis. The procedures so obtained are robust to weak identification, missing instruments or
misspecified reduced forms, and can easily be adapted to allow for parametric non-Gaussian error
distributions. We give a general invariance result (block triangular invariance) for exogeneity test
statistics. This property yields a convenient exogeneity canonical form and a parsimonious reduc-
tion of the parameters on which power depends. In the extreme case where no structural parameter
is identified, the distributions under the alternative hypothesis and the null hypothesis are identical,
so the power function is flat, for all the exogeneity statistics. However, as soon as identification
does not fail completely, this phenomenon typically disappears. We present simulation evidence
which confirms the finite-sample theory. The theoretical results are illustrated with two empirical
examples: the relation between trade and economic growth, and the widely studied problem of the
return of education to earnings.

Keywords: Exogeneity; Durbin-Wu-Hausman test; weak instrument; incomplete model; non-
Gaussian; weak identification; identification robust; finite-sample theory; pivotal; invariance; Monte

Carlo test; power.

JEL classification: C3; C12; C15; C52.



Contents

List of Definitions, Assumptions, Propositions and Theorems

1.

2.

°

Q F P

Introduction
Framework

Exogeneity tests
3.1. Teststatistics . . . . . .. ... .. ....

3.2. Regression-based formulations of exogeneity statistics . . . . . . . .. . .. ..

Incomplete models and pivotal properties
4.1. Distributions of test statistics under exogeneity
4.2. Exact Monte Carlo exogeneity tests . . . . .

Block-triangular invariance and exogeneity canonical form

Power

Simulation experiment
7.1.  Size and power with the usual critical values
7.2. Performance of the exact Monte Carlo tests .

Empirical illustrations
8.1. Tradeand growth . . .. ... ... ....
8.2. Education and earnings . . . . . .. . ...

Conclusion
Wu and Hausman test statistics
Regression interpretation of DWH test statistics

Proofs

il

iii

o)}

10
10
12

13

15

18
19
20

20
20
30

31

32

33

36



List of Tables

Size and power of exogeneity tests with Gaussian errors at nominal level 5% . . .
Size and Power of exogeneity tests with #(3) errors at nominal level 5% . . . . .
Size and power of exact Monte Carlo tests with Gaussian errors at nominal level 5%
Size and power of exact Monte Carlo tests with 7(3) errors at nominal level 5% . .
Exogeneity in trade and growthmodel . . . . . . . . .. ... ...,
Exogeneity in education and earning model . . . . . . ... ... o000

AN N KW=

List of Definitions, Assumptions, Propositions and Theorems

Assumption 2.1 : Conditional scale model for the structural error distribution . . . . . . .
Assumption 2.2 : Conditional mutual independence ofeandV. . . . . . . . . .. .. ..
Assumption 2.3 : Homoskedasticity . . . . . . . . . .. ...
Assumption 2.4 : Orthogonality betweeneand V. . . . . . . . . . . ... ... ... ..
Assumption 2.5 : Endogeneity-parameter distributional separability . . . . . . . . . . ..
Assumption 2.6 : Reduced-form linear separability forY . . . . .. ... ... ... ..
Proposition 4.1 : Quadratic-form representations of exogeneity statistics . . . . . . . ..
Theorem 4.2 : Null distributions of exogeneity statistics . . . . . . . .. . .. ... ...
Proposition 5.1 : Block-triangular invariance of exogeneity tests . . . . . . . . . .. ..
Theorem 6.1 : Exogeneity test distributions under the alternative hypothesis . . . . . . .
Theorem 6.2 : Invariance-based distributions of exogeneity statistics . . . . . . . . . ..
Theorem 6.3 : Invariance-based distributions of exogeneity statistics components with
Gaussian errors . . .. ...
Theorem 6.4 : Doubly noncentral distributions for exogeneity statistics . . . . . . . . ..
Lemma A.1 : Difference of matrix inverses . . . . . . . . . . . . .. .. ... ... ...
Lemma C.1 : Properties of exogeneity statistics components . . . . . . . . . . . ... ..
Proof of Lemma C.1 . . . . . . . . . . . ..
Proof of Proposition 4.1 . . . . . . . .. L
Lemma C.2 : Properties of weighting matrices in exogeneity statistics . . . . . . . . . ..
Proofof Lemma C.2 . . . . . . . . . . ..
Proof of Theorem 4.2 . . . . . . . . . . . .
Proof of Proposition 5.1 . . . . . . . .. L Lo
Proof of Theorem 6.1 . . . . . . . . . . ... ...
Proof of Theorem 6.2 . . . . . . . . . . . .. . .
Proof of Theorem 6.3 . . . . . . . . . . ..
Proof of Corollary 6.4 . . . . . . . . . . L

ii

21
23

27
29
30

(@)WY, BV, TN SN Y



1. Introduction

The literature on weak instruments is now considerable and has often focused on inference for the
coefficients of endogenous variables in so-called “instrumental-variable regressions” (or “IV re-
gressions”); see the reviews of Stock, Wright and Yogo (2002), Dufour (2003), Andrews and Stock
(2007), and Poskitt and Skeels (2012). Although research on tests for exogeneity in IV regressions
is considerable, most of these studies either deal with cases where instrumental variables are strong
(thus leaving out issues related to weak instruments), or focus on the asymptotic properties of ex-
ogeneity tests.! To the best of our knowledge, there is no study on the finite-sample performance
of exogeneity tests when IVs can be arbitrary weak, when the errors may follow a non-Gaussian
distribution, or when the reduced form is incompletely specified. The latter feature is especially im-
portant to avoid losing the validity of the test procedure when important instruments are “left-out”
when applying an exogeneity test, as happens easily for some common “identification-robust” tests
on model structural coefficients [see Dufour and Taamouti (2007)].

In this paper, we investigate the finite-sample properties (size and power) of exogeneity tests
of the type proposed by Durbin (1954), Wu (1973), Hausman (1978), and Revankar and Hartley
(1973), henceforth DWH and RH tests, allowing for: (a) the possibility of identification failure
(weak instruments); (b) model errors with non-Gaussian distributions, including heavy-tailed dis-
tributions which may lack moments (such as the Cauchy distribution); and (c) incomplete reduced
forms (e.g., situations where important instruments are missing or left out) and arbitrary heterogene-
ity in the reduced forms of potentially endogenous explanatory variables.

As pointed out early by Wu (1973), a number of economic hypotheses can be formulated in
terms of independence (or “exogeneity””) between stochastic explanatory variables and the distur-
bance term in an equation. These include, for example, the permanent income hypothesis, expected
profit maximization, and recursiveness hypotheses in simultaneous equations. Exogeneity (or “pre-
determination’) assumptions can also affect the “causal interpretation” of model coefficients [see
Simon (1953), Engle, Hendry and Richard (1982), Angrist and Pischke (2009), Pearl (2009)], and
eventually the choice of estimation method.

To achieve the above goals, we consider a general setup which allows for non-Gaussian distribu-
tions and arbitrary heterogeneity in reduced-form errors. Under the assumption that the distribution
of the structural errors (given IVs) is specified up to an unknown factor (which may depend on 1Vs),
we show that exact exogeneity tests can be obtained from all DWH and RH statistics [including
Hausman (1978) statistic] through the Monte Carlo test (MCT) method [see Dufour (2006)]. The
null distributions of the test statistics typically depend on specific instrument values, so “critical

ISee, for example, Durbin (1954), Wu (1973, 1974, 1983a, 1983b), Revankar and Hartley (1973), Farebrother (1976),
Hausman (1978), Revankar (1978), Dufour (1979, 1987), Hwang (1980, 1985), Kariya and Hodoshima (1980), Hausman
and Taylor (1981), Spencer and Berk (1981), Nakamura and Nakamura (1981, 1985), Engle (1982), Holly (1982, 19835,
1983a), Holly and Monfort (1983), Reynolds (1982), Smith (1983, 1984, 1985, 1994), Thurman (1986), Rivers and
Vuong (1988), Smith and Pesaran (1990), Ruud (1984, 2000), Newey (1985a, 1985b), Davidson and Mackinnon (1985,
1985, 1989, 1990, 1993), Meepagala (1992), Wong (1996, 1997),, Ahn (1997), Staiger and Stock (1997), Hahn and
Hausman (2002), Baum, Schaffer and Stillman (2003), Kiviet and Niemczyk (2006, 2007), Blundell and Horowitz (2007),
Guggenberger (2010), Hahn, Ham and Moon (2010), Jeong and Yoon (2010), Chmelarova and Hill (2010), Kiviet and
Pleus (2012), Lee and Okui (2012), Kiviet (2013), Wooldridge (2014, 2015), Caetano (2015), Doko Tchatoka (2015a),
Kabaila, Mainzer and Farchione (2015), and Lochner and Moretti (2015).



values” should also depend on the latter. Despite this, the MCT procedure automatically controls
the level irrespective of this complication, and thus avoids the need to compute critical values. Of
course, as usual, the null hypothesis is interpreted here as the conjunction of all model assumptions
(including “distributional” ones) with the exogeneity restriction.

The finite-sample tests built in this way are also robust to weak instruments, in the sense that
they never over-reject the null hypothesis of exogeneity even when IVs are weak. This entails
that size control is feasible in finite samples for all DWH and RH tests [including the Hausman
(1978) test]. All exogeneity tests considered can also be described as identification-robust in finite
samples. These conclusions stand in contrast with ones reached by Staiger and Stock (1997, Section
D) who argue — following a local asymptotic theory — that size adjustment may not be feasible due
to the presence of nuisance parameters in the asymptotic distribution. Of course, this underscores
the fundamental difference between a finite-sample theory and an asymptotic approximation, even
when the latter is “improved”.

More importantly, we show that the proposed Monte Carlo test procedure remains valid even if
the right-hand-side (possibly) endogenous regressors are heterogenous and the reduced-form model
is incompletely specified (missing instruments). Because of the latter property, we say that the
DWH and RH tests are robust to incomplete reduced forms. For example, robustness to incomplete
reduced forms is relevant in macroeconomic models with structural breaks in the reduced form: this
shows that exogeneity tests remain applicable without knowledge of break dates. In such contexts,
inference on the structural form may be more reliable than inference on the reduced form. This is
of great practical interest, for example, in inference based on IV regressions and DSGE models.
For further discussion of this issue, see Dufour and Taamouti (2007), Dufour, Khalaf and Kichian
(2013) and Doko Tchatoka (2015b).

We study analytically the power of the tests and identify the crucial parameters of the power
function. In order to do this, we first prove a general invariance property (block triangular invari-
ance) for exogeneity test statistics — a result of separate interest, e.g. to study how nuisance pa-
rameters may affect the distributions of exogeneity test statistics. This property yields a convenient
exogeneity canonical form and a parsimonious reduction of the parameters on which power depends.
In particular, we give conditions under which exogeneity tests have no power, and conditions under
which they have power. We show formally that the tests have little power when instruments are
weak. In particular, the power of the tests cannot exceed the nominal level if all structural parame-
ters are completely unidentified. Nevertheless, power may exist as soon as one instrument is strong
(partial identification).

We present a Monte Carlo experiment which confirms our theoretical findings. In particular,
simulation results confirm that the MCT versions of all exogeneity statistics considered allow one
to control test size perfectly, while usual critical values (under a Gaussian error assumption) are
either exact or conservative. The conservative property is visible in particular when the two-stage-
least-squares (2SLS) estimator of the structural error variance is used in covariance matrices. In
such cases, the MCT version of the tests allows sizable power gains.

The results are also illustrated through two empirical examples: the relation between trade and
economic growth, and the widely studied problem of the return of education to earnings.

The paper is organized as follows. Section 2 formulates the model studied, and Section 3 de-



scribes the exogeneity test statistics, including a number of alternative formulations (e.g., linear-
regression-based interpretations) which may have different analytical and numerical features. In
Section 4, we give general characterizations of the finite-sample distributions of the test statistics
and show how they can be implemented as Monte Carlo tests, with either Gaussian or non-Gaussian
errors. In Section 5, we give the general block-triangular invariance result and describe the as-
sociated exogeneity canonical representation. Power is discussed in Section 6. The simulation
experiment is presented in Section 7, and the empirical illustration in Section 8. We conclude in
Section 9. Additional details on the formulation of the different test statistics and the proofs are
supplied in Appendix.

Throughout the paper, I, stands for the identity matrix of order m. For any full-column-rank
T x m matrix A, P[A] = A(A’A)~' A’ is the projection matrix on the space spanned by the columns of
A, and M[A] = I — P[A]. For arbitrary m x m matrices A and B, the notation A > 0 means that A is
positive definite (p.d.), A > 0 means A is positive semidefinite (p.s.d.), and A < Bmeans B—A > 0.
Finally, ||A|| is the Euclidian norm of a vector or matrix, i.e., ||A|| = [tr(A’A)] 2.

2. Framework
We consider a structural model of the form:
y=YB+X\y+u, (2.1)

Y =¢(X1, X, X3,V, 1), (2.2)

where (2.1) is a linear structural equation, y € R’ is a vector of observations on a dependent vari-
able, Y € RT*C is a matrix of observations on (possibly) endogenous explanatory variables which
are determined by equation (2.2), X; € RT*% is a matrix of observations on exogenous variables
included in the structural equation (2.1), X> € RT*k and X3 € RT*% are matrices of observations
on exogenous variables excluded from the structural equation, u = (uy, ..., ur) € RT is a vector of
structural disturbances, V = [V}, ..., VT]’ € RT*G is a matrix of random disturbances, B e RC and
y € R¥ are vectors of unknown fixed structural coefficients, and [7 is a matrix of fixed (typically
unknown) coefficients. We suppose G > 1, k; > 0, ky > 0, k3 > 0, and denote:

X=X, X%]=kx,....,xr], X=[X1,X,X3]=[%1,..., %], (2.3)
Y=[V.Xi]|, Z=[YV.X,Xo]=|z1,....zr|", Z=[V, X1, X, Xs] =[21,..., Z1]’, (2.4)
U= [u, ] (U Url". (2.5)

Equation (2.2) usually represents a reduced-form equation for Y. The form of the function g(-) may
be nonlinear or unspecified, so model (2.2) can be viewed as “nonparametric” or “semiparametric”.
The inclusion of X3 in this setup allows for Y to depend on exogenous variables not used by the
exogeneity tests. This assumption is crucial, because it characterizes the fact that we consider here
“incomplete models” where the reduced form for ¥ may not be specified and involves unknown
exogenous variables. It is well known that several “identification-robust” tests for 8 [such as those
proposed by Kleibergen (2002) and Moreira (2003)] are not robust to allowing a general reduced



form for Y such as the one in (2.2); see Dufour and Taamouti (2007) and Doko Tchatoka (2015b).
We also make the following rank assumption on the matrices [Y, X] and [P[X]Y, X |:

¥, X] and [P[X]Y, X;] have full-column rank with probability one (conditional on X).  (2.6)

This (fairly standard) condition ensures that the matrices X, M[X;]Y and M[X]Y have full column
rank, hence the unicity of the least-squares (LS) estimates when each column of Y is regressed on
X, as well as the existence of a unique two-stage-least-squares (2SLS) estimate for 8 and y based
on X as the instrument matrix. Clearly, (2.6) holds when X has full column rank and the conditional
distribution of Y given X is absolutely continuous (with respect to the Lebesgue measure).
A common additional maintained hypothesis in this context consists in assuming that g(-) is a
linear equation of the form
Y=XM+Xlh+V=XIN+V 2.7)

where [1; € R*G and 1, € R%*G are matrices of unknown reduced-form coefficients. In this case,
the reduced form for y is
y=Xim+Xom+v (2.8)

where 1y = y+ T 3, 1, =, B, and v = u+ V3. When the errors u and V have mean zero (though
this assumption may also be replaced by another “location assumption”, such as zero medians), the
usual necessary and sufficient condition for identification of this model is

rank(/,) =G. (2.9)

If 1, = 0, the instruments X; are irrelevant, and (3 is completely unidentified. If 1 < rank(/1;) < G,
B is not identifiable, but some linear combinations of the elements of 3 are identifiable [see Dufour
and Hsiao (2008) and Doko Tchatoka (2015b)]. If I, is close not to have full column rank [e.g.,
if some eigenvalues of I'Ié 1, are close to zero], some linear combinations of 3 are ill-determined
by the data, a situation often called “weak identification” in this type of setup [see Dufour (2003),
Andrews and Stock (2007)].

We study here, from a finite-sample viewpoint, the size and power properties of the exogeneity
tests of the type proposed by Durbin (1954), Wu (1973), Hausman (1978), and Revankar and Hart-
ley (1973) for assessing the exogeneity of Y in (2.1) - (2.7) when: (a) instruments may be weak; (b)
[u, V] may not follow a Gaussian distribution [e.g., heavy-tailed distributions which may lack mo-
ments (such as the Cauchy distribution) are allowed]; and (c) the usual reduced-form specification
(2.7) is misspecified, and Y follows the more general model (2.2) which allows for omitted instru-
ments, an unspecified nonlinear form and heterogeneity. To achieve this, we consider the following
distributional assumptions on model disturbances (where P[-] refers to the relevant probability mea-
sure).

Assumption 2.1 CONDITIONAL SCALE MODEL FOR THE STRUCTURAL ERROR DISTRIBUTION.
For some fixed vector a in R®, we have:

u=Va+e, (2.10)



82(81,...,67")/:0'1()_()8, .11

where 01(X) is a (possibly random) function of X such that P[o|(X) # 0|X] = 1, and the condi-
tional distribution of € given X is completely specified.

Assumption 2.2 CONDITIONAL MUTUAL INDEPENDENCE OF ¢ AND V. V and € are indepen-
dent, conditional on X.

In the above assumptions, possible dependence between u and V is parameterized by a, while &
is independent of V (conditional on X), and 0 (X) is an arbitrary (possibly random) scale parameter
which may depend on X (except for the non-degeneracy condition P[g(X) # 0|X] = 1). So we
call a the “endogeneity parameter” of the model. Assumption 2.1 is quite general and allows for
heterogeneity in the distributions of the reduced-form disturbances V;, t =1,..., T. In particular, the
rows of V need not be identically distributed or independent. Further, non-Gaussian distributions
are covered, including heavy-tailed distributions which may lack second moments (such as the
Cauchy distribution). In such cases, 0 (X)? does not represent a variance. Since the scale factor
may be random, we can have g (X) = &(X, V, e). Of course, these conditions hold when u = O €,
where O is an unknown positive constant and € is independent of X with a completely specified
distribution. In this context, the standard Gaussian assumption is obtained by taking: & ~ NJ[0, Ir].
The distributions of € and g; may also depend on a subset of X, such as X = [X;, X»]. Note also
the parameter a is not presumed to be identifiable, and e may not be independent of V — though this
would be a reasonable additional assumption to consider in the present context.

In this context, we consider the hypothesis that Y can be treated as independent of « in (2.1),
deemed the (strict) exogeneity of Y with respect to u, so no simultaneity bias would show up if
(2.1) is estimated by least squares. Under the Assumptions 2.1 and 2.2, a = 0 is clearly a sufficient
condition for # and e to be independent. Further, as soon as V has full column rank with probability
one, a = 0 is also necessary for the latter independence property. This leads one to test:

Hy:a=0. (2.12)

We stress here that “exogeneity” may depend on a set of conditioning variables (X), though of
course we can have cases where it does not depend on X or holds unconditionally. The setup we
consider in this paper allows for both possibilities.

Before we move to describe tests of exogeneity, it will be useful to study how Hy can be reinter-
preted in the more familiar language of covariance hypotheses, provided standard second-moment
assumptions are made.

Assumption 2.3 HOMOSKEDASTICITY. The vectors U, = [u;, V!, t =1, ..., T, have zero means
and the same (finite) nonsingular covariance matrix:

2 /
o: oy,

“ ”}>0, t=1,...,T. (2.13)

E[UU |X] =5 =
U, K] [J )

where Gi, Ov, and Xy may depend on X.



Assumption 2.4 ORTHOGONALITY BETWEEN ¢ AND V.  E[V,e¢/|X] =0, E[e,|X] = 0 and
E[e?|X] = 0% fort=1,..., T.

Under the above assumptions, the reduced-form disturbances
VVI:[VH‘/ZI]/:[MI+‘/¢/B"//},’ le,...,T, (214)
also have a nonsingular covariance matrix (conditional on X),

o_ | gitBEvB+2Bov B3v+oay, 2.15)
ZyB+ oy, v ' '

In this context, the exogeneity hypothesis of Y can be formulated as
Ho: 0y, =0. (2.16)

Further,
Oy, =32ya, 0:=0:+d3ya=0240y,5, oy, (2.17)

so Oy, =0 < a =0, and the exogeneity of Y can be assessed by testing whether a = 0. Note,
however, that Assumptions 2.3 and 2.4 will not be needed for the results presented in this paper.

In order to study the power of exogeneity tests, it will be useful to consider the following sepa-
rability assumptions.

Assumption 2.5 ENDOGENEITY-PARAMETER DISTRIBUTIONAL SEPARABILITY. [1 is not re-
stricted by a, and the conditional distribution of [V, e] given X does not depend on the parameter
a.

Assumption 2.6 REDUCED-FORM LINEAR SEPARABILITY FOR Y. Y satisfies the equation

Y:g(Xl,Xz,X3,I'I)+V. (2.18)

Assumption 2.5 means that the distributions of V and e do not depend on the endogeneity pa-

rameter a, while Assumption 2.6 means that V can be linearly separated from g(X;, X, X3, 1) in
(2.2).

3. [Exogeneity tests

We consider the four statistics proposed by Wu (1973) [.7], [ = 1,2,3,4], the statistic proposed by
Hausman (1978) [7#]] as well as some variants [.7%3, 73] occasionally considered in the literature
[see, for example, Hahn et al. (2010)], and the test suggested by Revankar and Hartley (1973, RH)
[#]. These statistics can be formulated in two alternative ways: (1) as Wald-type statistics for
the difference between the two-stage least squares (2SLS) and the ordinary least squares (OLS)
estimators of 3 in equation (2.1), where different statistics are obtained by changing the covariance
matrix; or (2) a F-type significance test on the coefficients of an “extended” version of (2.1), so



the different statistics can be written in terms of the difference between restricted and unrestricted
residual sum of squares.

3.1. Test statistics

We now give a unified presentation of different available DWH-type statistics. The test statistics
considered can be written as follows:

/\

Ti=ki(B—-B)'S —B), i=1,2,3 4, 3.1
H=T(B - f3) (B B), j=1,2.3, 3.2)
R =K R(y Yry/6%), (3.3)

where fi and B are the ordinary least squares (OLS) estimator and two-stage least squares (2SLS)
estimators of 3, i.e.
B=('MY) 'Y My, (3.4)

B =[(PY)M(PY)]"\(PY)'Miy= (Y'N\Y)"'Y'Nyy, (3.5)

while we denote { and y the corresponding OLS and 2SLS estimators of y, and

My =M[X], P=P[X], M=M[X]=Ir-P[X], Ni=MP, (3.6)
S51=8%A, 5,=63A, 3;=0%A, 5,=06%A, (3.7)
5, =820, -6’Q,J, 5,=06%A, 5,=06°A, (3.8)
A=0y -0/, Qn= %Y’le, Qrs= %Y’MIY, (3.9)
D=y—YB-Xiy=M(y—-YB), d=y-YB-X\y=Mi(y—YB), (3.10)

1 1 . A | . .
azzfﬁ’fp7(y—YB)’M1(y—YB), Uzzfu’uz;(y—YB)’Ml(y—YB), (3.11)

1 SO | . .
Of =70 —YBYNiy=YB) =0’ ~0;, Oc=(—YBYMOH-YB),  (.12)
o5=06"—(B-BYA'(B-B), (3.13)

_ ) 1.

—{M[Y]-M[Z]}, Or=YAy, A,= ?M[Z], (3.14)

= (/Q—G)/G, Ky = (T—kl —ZG)/G, Ky=Kys=T—-k; —G, and Kgr = (T—kl —kg—G)/kz.
Here, i is the vector of OLS residuals from equation (2.1) and &2 is the corresponding OLS-based
estimator of 0 (without correction for degrees of freedom) while il is the vector of the 2SLS
residuals and &2 the usual 2SLS-based estimator of 02; &7, &3, &> and 0 may be interpreted as
alternative IV-based scaling factors. Note also that PP = PP, = P, MM = MM, = M, and

Ny = MP=PM,=PMP=MPM, =NM, =MN, =NN,
— M, —M=P—P, =P[X]-P[X;] = P[MX;]. (3.15)



Each one of the corresponding tests rejects Hy when the statistic is “large”. We also set

1

V=:MY, Sy = T

42 (3.16)
i.e. Sy is the usual sample covariance matrix of the LS residuals (V) from the reduced-form linear
model (2.7).

The tests differ through the use of different “covariance matrix” estimators. .7 uses two dif-
ferent estimators of 02, while the others resort to a single scaling factor (or estimator of g2). We
think the expressions given here for .7,/ = 1,2, 3,4, in (3.1) are easier to interpret than those of
Wu (1973), and show more clearly the relation with Hausman-type tests. The statistic 7] can be in-
terpreted as the statistic proposed by Hausman (1978), while 7% and 773 are sometimes interpreted
as variants of 7] [see Staiger and Stock (1997) and Hahn et al. (2010)]. We use the above notations
to better see the relation between Hausman-type tests and Wu-type tests. In particular, 53 = 5, and
5,=55,50 = (k3/T)#4 and T = (K4/T).74. Further, 4 is a nonlinear monotonic transfor-
mation of Z: 2

Ka Kg
%_%—I—Kz_(Kz/e%)-l-l' ©-17
Despite these relations, the tests based on .75 and .74 are equivalent only if exact critical values are
used, and similarly for the pairs (74, 543) and (%, 74). We are not aware of a simple equivalence
between J7{ and .7;, i =1, 2, 3, 4, and similarly between .7; and J7;, j =1, 2, 3.

The link between the formulation of Wu (1973) and the one above is discussed in Appendix A.>
Condition (2.6) entails that Q;y, Q;¢ and 5y are (almost surely) nonsingular, which in turn implies
that A is invertible; see Lemma A.1 in Appendix. In particular, it is of interest to observe that

AV = Q4+ Qn(Qus— Q) ' Qv =Qw+ Qw5 ' Qry = Qrs 57 Qs — Qi

1 1
= ?Y’Nl [ +YY'MY) Y| NY = TY’Ml [Y(Y'MY)™'Y — I7]|M,Y . (3.18)
from which we see easily that A~ is positive definite. Further, A~! only depends on the least-
squares residuals M;Y and MY from the regressions of ¥ on X; and X respectively, and A~! can be
bounded as follows:

A A

Q <A1 < Q5 Qi (3.19)
so that
(B—B)Qw(B-B)<(B-B)A " (B-B)<(B—B) Qus5," Qus(B—B). (3.20)

To the best of our knowledge, the additive expressions in (3.18) are not available elsewhere.
Finite-sample distributional results are available for .7}, % and % when the disturbances u;, are

ZWhen the errors Uy, ..., Ur are i.i.d. Gaussian [in which case Assumptions 2.3 and 2.4 hold], the . test of Wu
(1973) can also be interpreted as the LM test of a = 0; see Smith (1983) and Engle (1982).



i.i.d. Gaussian. If u ~ N[0, 0%I7] and X is independent of u, we have:
%NF(GakZ_G)a %NF(GaT_kl_zG)v %NF(kZaT_kl_kZ_G)v (3.21)

under the null hypothesis of exogeneity. Furthermore, for large samples, we have under the null
hypothesis (along with standard asymptotic regularity conditions):

A5 Xx2(G),i=1,2,3and T 5 x2(G), =3, 4,

when rank(/,) = G.

Finite-sample distributional results are not available in the literature for 577, i = 1,2, 3 and .7,
[ = 3,4, even when errors are Gaussian and usual full identification assumptions are made. Of
course, the same remark applies when usual conditions for identification fail [rank(/T,) < G] or
get close to do so — e.g., some eigenvalues of [1;/1, are close to zero (weak identification) — and
disturbances may not be Gaussian. This paper provides a formal characterization of the size and
power of the tests when IVs may be arbitrary weak, with and without Gaussian errors.

3.2. Regression-based formulations of exogeneity statistics

We now show that all the above test statistics can be computed from relatively simple linear regres-
sions, which may be analytically revealing and computationally convenient. We consider again the
regression of # on V in (2.10):

u=Va+e (3.22)

for some constant vector a € RY, where e has mean zero and variance 02, and is uncorrelated with
V and X. We can write the structural equation (2.1) in three different ways as follows:

y = YB+X\y+Va+e. =20+e,, (3.23)
y = YB+X\y+Vb+e, =2.0,+e,, (3.24)
y = Yb+Xiy+Xoa+e=2Z.0+e, (3.25)

where
Z = [Y7 X17 V} ) 6 = (Blu y/7 al)/7 Z* = [?7 le ‘7]7 6* = (Bl7 V/’ b/)/7 Z* - [Ya X17X2] ) (326)

é:(blv Vl7al)/7b:B+a7 V:y_nlaa 67:—’_’20, (327)

Y =PX]Y, V=M[X]Y, e.=P[X]Va+te. (3.28)

Clearly, 3 = b if and only if a = 0. Equations (3.22) - (3.25) show that the endogeneity of Y in
(2.1)-(2.7) can be interpreted as an omitted-variable problem [for further discussion of this view,

see Dufour (1979, 1987) and Doko Tchatoka and Dufour (2014)]. The inclusion of V in equations
(3.23)- (3.24) may also be interpreted as an application of control function methods [see Wooldridge



(2015)]. We also consider the intermediate regression:
y—YB=XiV+Xod+ e, =X0..+e.. (3.29)

where fﬂ is the 2SLS estimator of 3.

Let 8 be the OLS estimator of 6 and 90 the restricted OLS estimator of 8 under the constraint
Hy:a=0 [in (3.23)], B, the OLS estimator of 8, and 92 the restricted OLS estimate of 8, under
H : B =b [in (3.24)], O the OLS estimate of 8 and 8" the restricted OLS estimate of 8 under
Hy : a=0[in (3.25)]. Similarly, the OLS estimate of 0., based on (3.29) is denoted @**, while
92* represents the corresponding restricted estimate under Hy : @ = 0. The sum of squared error
functions associated with (3.23) - (3.25) are denoted:

S(0)=ly—26|?, S$.(6.)=y-2.0.% S(8)=y-Z8|", (3.30)
S(8.) = ly—YB —X6..|%. (3.31)
Using Y =¥ +V, we see that:

S(8) =S.(8.)=5(8"), s(8°)=5.(8)=3(6

~0 PN A0 A
%:M( S(Aeo)_f(?) >=K1<~SA(09)_~S(A9) ) (3.34)
5.(6.) —5(0..) 5(6..) —5(0..)
A0 A A0 A A0 A
P <S(9)tS(9)>’ 7 S(G)AS(9)>’ 7, (5] 05(9)>’ 339
5(0) S.(6,) S(
~0 A A0 A
%:T<W | %:T(W>, (336
$.(8.) S(6)
% = Kkg[S(8") —5(9)]/5(D). (3.37)

Details on the derivation of the above formulas are given in Appendix B.

(3.36) - (3.37) provide simple regression formulations of the DWH and RH statistics in terms
of restricted and unrestricted sum of squared errors in linear regressions. However, we did not
find such a simple expression for the Hausman statistic .77. While DWH-type tests consider the
null hypothesis Hy : a = 0, the RH test focuses on the null hypothesis Hj : @ = —[l,a = 0. If
rank(/T,) = G, we have: a = 0 if and only if @ = 0. However, if rank(1,) < G, a = 0 does not
imply a = 0: Hy entails Hjj, but the converse does not hold in this case.

The regression interpretation of the .7 and .73 statistics was mentioned earlier in Dufour (1979,
1987) and Nakamura and Nakamura (1981). The & statistic was also derived as a standard regres-
sion test by Revankar and Hartley (1973). To our knowledge, the other regression interpretations
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given here are not available elsewhere.

4. Incomplete models and pivotal properties

In this section, we study the finite-sample null distributions of DWH-type and RH exogeneity tests
under Assumption 2.1, allowing for the possibility of identification failure (or weak identification)
and model incompleteness. The proofs of these results rely on two lemmas of independent interest
(Lemmas C.1 - C.2) given in Appendix.

4.1. Distributions of test statistics under exogeneity

We first show that the exogeneity test statistics in (3.1) - (3.3 ) can be rewritten as follows, irrespec-
tive whether the null hypothesis holds or not.

Proposition 4.1 QUADRATIC-FORM REPRESENTATIONS OF EXOGENEITY STATISTICS. The
exogeneity test statistics in (3.1) - (3.3) can be expressed as follows:

Wy
ZZK,(y,A ) forl=1,2,3,4, 4.1)
A =T WDy) =T (Cy) [(/As0) Ot — ' Ay) Q141 (Cry), (4.2)
y"H)y) (y"H)y <y Ww)
=T . HB=T (4.3
? Y3y : YAy "Ny )
where
1 1
A= NMINYING, Ao =M,y (TM[MlY] — 4{,) M, (4.4)
1 1o 1 -
Ny = M Ny NoMy, Ay = ?M[Y] = fMlM[Mly]Ml ; 4.5)
Wi =C 570 = [ Ay Q' — YAy Q4] T, (4.6)

and ¥, By, Cy, Y and /\, are defined as in Lemma C.1.

The following theorem characterizes the distributions of all exogeneity statistics under the null
hypothesis of exogeneity (Hp : a = 0).

Theorem 4.2 NULL DISTRIBUTIONS OF EXOGENEITY STATISTICS. Under the model described
by (2.1)- (2.6), suppose Assumption 2.1 holds. If Hy : a = 0 also holds, then the test statistics
defined in (3.1) - (3.3) have the following representations:

gWe
T =K (8//\ > forl=1,234, 4.7
A =T (e Wele) =T (Cre) (€M) Q) — (€M) Q] (Cre), (4.8)

11



gy e gye g'Yre
=T ) H/=T ), #=k, (22, 4.9
: <£’/\3£> : <£’/\4£> K (e’/\Rs) (43)

where Y, Ay, ...,\a, ¥, Wk and N\, are defined as in Proposition 4.1. If Assumption 2.2 also holds,
the distributions of the test statistics 71, S, T, Tu, H4, 7, 76 and X, conditional on X and Y,
only depend on the conditional distribution of € given X, as specified in Assumption 2.1, and the

values of Y and X.

The last statement of Theorem 4.2 comes from the fact that the weighting matrices defined in
(4.4)-(4.6) only depend on X, Y and €. Given X and Y, the null distributions of the exogeneity test
statistics only depend on the distribution of €: provided the distribution of €| X can be simulated,
exact tests can be obtained through the Monte Carlo test method [see Section 4.2]. Furthermore,
the tests obtained in this way are robust to weak instruments in the sense that the level is controlled
even if identification fails (or is weak). This result holds even if the distribution of €| X does not
have moments (the Cauchy distribution, for example). This may be useful, for example, in financial
models with fat-tailed error distributions, such as the Student ¢ distribution. There is no further re-
striction on the distribution of € |X. For example, the distribution of & |X may depend on X, provided
it can be simulated.

It is interesting to observe that the distribution of V plays no role here, so the vectors Vi,..., Vr
may follow arbitrary distributions with unspecified heterogeneity (or heteroskedasticity) and serial
dependence. In addition to finite-sample validity of all the exogeneity tests in the presence of
identification failure (or weak identification), Theorem 4.2 entails robustness to incomplete reduced
forms and instrument exclusion under the null hypothesis of exogeneity. No further information is
needed on the form of the reduced form for Y in (2.2): g(-) can be an unspecified nonlinear function,
[ =, , ;] an unknown parameter matrix, and V may follow an arbitrary distribution. This result
extends to the exogeneity tests the one given in Dufour and Taamouti (2007) on Anderson-Rubin-
type tests (for structural coefficients).

As long as the distribution of & (given X and Y) can be simulated, all tests remain valid under
Hp, and test sizes are controlled conditional on X and Y, hence also unconditionally. In particular,
Monte-Carlo test procedures remain valid even if the instrument matrix X3 is not used by the test
statistics. A similar property is underscored in Dufour and Taamouti (2007) for Anderson-Rubin
tests in linear structural equation models. This observation is also useful to allow for models with
structural breaks in the reduced form: exogeneity tests remain valid in such contexts without knowl-
edge of the form and timing of breaks. In such contexts, inference on the structural form may be
more reliable than inference on the reduced form, a question of great relevance for macroeconomic
models; see Dufour et al. (2013). However, although the exclusion of instruments does not affect
the null distributions of exogeneity test statistics, it may lead to power losses when the missing
information is important.

4.2. Exact Monte Carlo exogeneity tests

To implement the exact Monte Carlo exogeneity tests of Hy with level a (0 < o < 1), we suggest
the following methodology; for a more general discussion, see Dufour (2006). Suppose that the
conditional distribution of € (given X) is continuous, so that the conditional distribution, given X,

12



of all exogeneity statistics is also continuous. Let # denotes any of the DWH and RH statistic in
(3.1)-(3.3). We can then proceed as follows:

1. choose a* and N so that [N+ 1
a*N|+
Qa=——"— 4.10
N+1 ( )

where for any nonnegative real number x, I[x] is the largest integer less than or equal to x;

2. compute the test statistic #(*) based on the observed data;

3. generate N i.i.d. error vectors el) = [ng), ey S(Tj)]’, j=1,...,N, according to the specified
distribution of € |X , and compute the corresponding statistics w, j=1,...,N, following
Theorem 4.2; the distribution of each statistic does not depend on 3, under the null hypothe-
Sis;

4. compute the empirical distribution function based on “//U), j=1,...,N,

~ S L) <A
E = 4.11
v (x) N+l (4.11)

or, equivalently, the simulated p-value function

_ 1+ 3%, 17 0) > 4]

N 4.12)

Pl

where 1[C] = 1 if condition C holds, and 1[C] = 0 otherwise;

5. reject the null hypothesis of exogeneity, Hy, at level a when #(©) > FA? ! (1—a*), where
Ey'(q) = inf{x: Fy(x) > g} is the generalized inverse of Fy(-), or (equivalently) when
ﬁN[W(O)] <a.

Under Hy,
PO >E(1—a)] =Ppy# V) <a] =a (4.13)

so that we have a test with level a. The property given by (4.13) is a finite-sample validity result
which holds irrespective of the sample size T, and no asymptotic assumption is required. If the dis-
tributions of the statistics are not continuous, the Monte Carlo test procedure can easily be adapted
by using “tie-breaking” method described in Dufour (2006).

It is important to note here that the distributions of the exogeneity test statistics in Theorem 4.2
generally depend on the specific “instrument matrix” X used by the tests (especially when £ is not
Gaussian), so no general valid “critical value” (independent of X) is available. The Monte Carlo test
procedure transparently controls the level of the test irrespective of this complication, so there is no
need to compute critical values.

3Without correction for continuity, the algorithm proposed for statistics with continuous distributions yields a con-
servative test, i.e. the probability of rejection under the null hypothesis is not larger than the nominal level (o). Further
discussion of this feature is available in Dufour (2006).
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5. Block-triangular invariance and exogeneity canonical form

In this section, we establish invariance results for exogeneity tests which will be useful to study the
distributions of the test statistics under the alternative hypothesis. This basic invariance property is
given by the following proposition.

Proposition 5.1 BLOCK-TRIANGULAR INVARIANCE OF EXOGENEITY TESTS. Let

Ry O
R= 5.1
[ Ry Ry ] SR

be a lower block-triangular matrix such that Ry # 0 is a scalar and Ry, is a nonsingular G X G
matrix. If we replace y andY by y* = yR1 + YRy and Y* = YRy, in (3.1) - (3.14), the statistics J;
(i=1,2,3,4), ¢ (j=1,2,3) and % do not change.

The above result is purely algebraic, so no statistical assumption is needed. However, when it is
combined with our statistical model, it has remarkable consequences on the properties of exogeneity
tests. For example, if the reduced-form errors Vi, ..., Vr for Y have the same nonsingular covariance
matrix 2, the latter can be eliminated from the distribution of the test statistic by choosing Ry, so
that R),, > Ry, = I. This entails that the distributions of the exogeneity statistics do not depend on
2 under both the null and the alternative hypotheses.

Consider now the following transformation matrix:

= [ a1k } | G2
Then, we have [y*, Y*| = [y, Y]R with
yo = y-YB+a)=YB+Xiy+Vat+e-Y(B+a)=p,(a)+e, (5.3)
Yy* =y G4
where [, (a) isa T x 1 vector such that
My (@) = Xiy+ [V —g(X1, Xo, X3, V, M)]a. (5.5)

The (invertible) transformation (5.3) - (5.4) yields the following “latent reduced-form” represen-
tation:
y*:X1y+[V—g(X1,X2,X3,V,ﬁ)]a—i—e, (56)

Y =¢(X1,X,X3,V, ). (5.7

We say “latent” because the function g(-) and the variables X3 are unknown or unspecified. An
important feature here is that the endogeneity parameter a can be isolated from other model param-
eters. This will allow us to get relatively simple characterizations of the power of exogeneity tests.
For this reason, we will call (5.6) - (5.7), the “exogeneity canonical form” associated with model
(2.1)-(2.2) along with Assumption 2.1.
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In the important case where reduced-form error linear separability holds (Assumption 2.6) in
addition to (2.1) - (2.2), we can write

Y:g(Xl,Xz,X3,I7)+V:[JY+V (5.8)

which, by (2.1), entails
y=Hy(a)+(u+VB)=H,(a)+v (5.9)

where py is a T x G matrix and g is a T x 1 vector, such that

Hy =8(X1, X2, X3, 1), Hy(a)=g(X, X2, X3, [T)B+ X1y, (5.10)
v=u+VB=e+V(B+a). (5.11)

Then
Uy (a) = py(a) — Py (B+a) =Xiy—g(Xi, X2, X3, [M)a (5.12)

does not depend on V, and the exogeneity canonical form is:

Y =Xiy—g(Xi, X2, X3, M)a+e, (5.13)

Y=g(X1, X2, X3, 1)+ V. (5.14)

6. Power

In this section, we provide characterizations of the power of exogeneity tests. We first consider the
general case where only Assumption 2.1 is added to the basic setup (2.1)- (2.6). To simplify the
exposition, we use the following notation: for any 7" x 1 vector x and T x T matrix A, we set

St[x, Al = Tx'Ax. (6.1)

Theorem 6.1 EXOGENEITY TEST DISTRIBUTIONS UNDER THE ALTERNATIVE HYPOTHESIS.
Under the model described by (2.1) - (2.6), suppose Assumption 2.1 holds. Then the test statistics
defined in (3.1) - (3.3) have the following representations:

o (S@w)y
I =K, (Sﬂu(d),/\ﬂ) , forl=1,234, (6.2)
=T @) W@ u@)y, AHB=T <W> CMA=T <m> L (6.3)
_ ST[u(a)v%}
7= ke <sf[u<->,AR1) ’ 4

whereu(a) =Va+¢,a = a(X) 'a,

Wiu(a)] = C;(Srlu(@), As) Qp' — Srlu(a), A Q78) ' Cy (6.5)

15



and C1, Y, W, Yr, Ny, A1, ..., Ay are defined as in Theorem 4.2. If Assumption 2.5 also holds, the
distributions of the test statistics (conditional on X) depend on a only through a in u(a ).

By Theorem 6.1, the distributions of all the exogeneity statistics depend on a, though possibly
in a rather complex way (especially when disturbances follow non-Gaussian distributions). If the
distribution of € does not depend on a — as would be typically the case — power depends on the way
the distributions of the quadratic forms Sz[u(a ), ¥] and Sr[u(a ), /A;] in (6.2) - (6.4) are modified
when the value of a changes. Both the numerator and the denominator of the statistics in Theorem
6.1 may follow different distributions, in contrast to what happens in standard F tests in the classical
linear model.

The power characterization given by Theorem 6.1 does not provide a clear picture of the param-
eters which determine the power of exogeneity tests. This can be done by exploiting the invariance
result of Proposition 5.1, as follows.

Theorem 6.2 INVARIANCE-BASED DISTRIBUTIONS OF EXOGENEITY STATISTICS. Under the
model described by (2.1) - (2.6), suppose Assumption 2.1 holds. Then the test statistics defined in
(3.1) - (3.3) have the following representations:

o (Stbr@ sy
<%—Kl <ST[yi'((j),/\[]> ) f = 17273747 (66)
L(a
A =Srlyr(a), ¥yr(a)l], %—T(W) (6.7)

ST[y$<a>,%]> <ST[y$<a>,%]>
6 =T ——— 1= R = _— 7= 6.8
: (sr[yﬂa),/w =\ shk@), Al ) 8
where
(@)= pyi(a)+Mie, (6.9)
fy.(a) =MV —g(X1,X,X3,V,M]a, a=o(X)a, (6.10)
Wyt (@) =Cl(Srly (@), As) Q! —Srlvt(a), A Q) ', (6.11)

and C1, W, ¥, Y, Ny, \1,..., A4 are defined as in Theorem 4.2. If Assumption 2.5 also holds,
the distributions of the test statistics (conditional on X and V) depend on a only through ﬂyﬁ (@) in

yi(a). If Assumption 2.6 also holds,
(@) = —Mig(Xi, X2, X3, 1) a. (6.12)

Following Theorem 6.2, the powers of the different exogeneity tests are controlled by ﬂyl*(d )
in (6.10). Clearly a = 0 entails p;((i ) = 0, which corresponds to the distribution under the null
hypothesis [under Assumption 2.5]. Note however, the latter property also holds when

M [V—g(X1, X, Xs5,V,1)] =0 (6.13)
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even if a # 0.

Under Assumption 2.6, V is evacuated from ﬂj*(d ) as given by (6.12). If Assumptions 2.5 and
2.6 hold, power is determined by this parameter. I_lﬁ (@ ) =0 when a = 0, but also when X; and
g(X1, X2, X3, I1) are orthogonal. Note also the norm of [1;(51 ) shrinks when 0(X) increases, so
power decreases when the variance of value of &, increases (as expected). Under Assumption 2.6,
conditioning on X and V also becomes equivalent to conditioning on X and Y.

Consider the special case of a complete linear model where equations (2.7) and (2.8) hold. We
then have:

g(X1, X2, X3, 1) = X, I, + X, T, Hﬁ](ﬁ) =—-MXola. (6.14)

When 1, = 0 (complete non-identification of model parameters), or M X, = 0 (X, perfectly
collinear with X;), or more generally when M X,I1, = 0, we have ﬂ;(& ) = 0. Then, under As-
sumption 2.5, the distributions of the exogeneity test statistics do not depend on a, and the power
function is flat (with respect to a).

Theorem 6.2 provides a conditional power characterization [given X and V (or Y)]. Even though
the level of the test does not depend on the distribution of V, power typically depends on the distri-
bution of V. Unconditional power functions can be obtained by averaging over V, but this requires
formulating specific assumptions on the distribution of V.

When the disturbances €1,. .., &7 are i.i.d. Gaussian, it is possible to express the power function
in terms of non-central chi-square distributions. We denote by x2[n; 8] the non-central chi-square
distribution with n degrees of freedom and noncentrality parameter o, and by F|n, ny; 91, 0,] the
doubly noncentral F-distribution with degrees of freedom (n;,n;) and noncentrality parameters
(81, 02), i.e. F ~ F[ny,ny; 81, 03] means that F can be written as F = [Q;/m] / [Q2/m>] where
Qpand Q, are two independent random variables such that Q1 ~ x?[n; 61] and Qs ~ X2[na; 8,];
see Johnson, Kotz and Balakrishnan (1995, Ch. 30). When 8, =0, F ~ F[n;,n2; &,] the usual
noncentral F-distribution.

Theorem 6.3 INVARIANCE-BASED DISTRIBUTIONS OF EXOGENEITY STATISTICS COMPO-
NENTS WITH GAUSSIAN ERRORS.  Under the model described by (2.1)- (2.6), suppose As-
sumptions 2.1 and 2.2 hold. If € ~ N|0, Ir], then, conditional on X and 'V, we have:

Srlye(a), W]~ x*[G:8(a, W], Srly(a), ]~ X*[ke—G: 8(a, Ar)], (6.15)

Srlyr (@), M) ~ X*[T —ki —2G: 8(a, \o)],  Srlya(a), Aa]~ X*[T —ki — G: 8(a, \4)], (6.16)
ST[y*L(a_),WR]NXZ[kQ;é(i L'UR)]a ST[y*L(d)vAR]NXZ[T_kl_kZ_G;a(dv/\R)]v (6.17)

where
3(a, W) =Srlmy(a), %], o(a M) =Sr[my(a), N, (6.18)
5(6_17 /\2) ZST[FI;;(d),/\z], 5(6_17 /\4) ZST[FI;(é),/M], (6.19)
6(577 %) = ST[I]}L* (d )7 %] ; 5(@, /\R) = ST“_‘}Lr* (d )7 /\R] ) (620)

and the other symbols are defined as in Theorem 6.2. Further, conditional on X and V, the random
variable St[y;(a ), W) is independent of Stly;-(a ), N1 and Stly-(a), 2], and Stly;(a ), Y& is

17



independent of St[y:-(a ), Ay

Note we do not have a chi-square distributional result for St[y-(a ), A3] which depends on the
usual 2SLS residuals. On the other hand, Sy [y; (@ ), /4] follows a noncentral chi-square distribution,
but it is not independent of St[y;-(a ), W,].

The noncentrality parameters in Theorem 6.3 can be interpreted as concentration parameters.
For example,

5(a,¥) = Tp(@)¥m.a))=T[p,(@) A~ Cip,a))
= {M] [V g(X],XQ, X3, V. ﬁ)]d} (C]Cl)flcl {M] [V—g(X],Xz, X3,V, ﬁ)]c_l}
= {Mi[V—g(Xi, X, X5, V, M)|a} P[CI{MI[V — g(X1, X2, X5, V, M)]a}  (6.21)

and, in the case of the simple complete linear model where (2.7) and (2.8) hold,
5(6_1, q—{)) = (Ml X, d)/p[C” (Ml X M d) = c_l/néX£M1p[CﬂM1 X Mha. (6.22)

For &(a, %)) to be different from zero, we need M;X>IM,a # 0. In particular, this requires that the
instruments X5 not be totally weak (I, # 0) and linearly independent of X; (M X, # 0). Similar in-
terpretations can easily be formulated for the other centrality parameters. In particular, in the simple
complete linear model, all noncentrality parameters are zero if M| X, I, a = 0. Note, however, this
may not hold in the more general model described by (2.1) -(2.6), because of the nonlinear reduced
form for Y and the presence of excluded instruments.

Theorem 6.3 allows us to conclude that .77, % and % follow doubly noncentral F-distributions
under the alternative hypothesis (conditional on X and V). This is spelled out in the following
corollary.

Corollary 6.4 DOUBLY NONCENTRAL DISTRIBUTIONS FOR EXOGENEITY STATISTICS. Under
the model described by (2.1) - (2.6), suppose Assumptions 2.1 and 2.2 hold. If € ~ N|0, I7], then
conditional on X and V, we have:

T ~F[G, ky—G; 8(a,¥),da,N), (6.23)

I ~F[G, T -k —2G; d(a, LI-{)), o(a, /\7)], (6.24)
K4

Ip=—-"—X D 6.25

4= P < ) 2, (6.25)

X~ Flky, T—k —ky—G; d(a, Y%), &(a, Yr)], (6.26)

where the noncentrality parameters are defined in Theorem 6.3.

In the special case where (2.7) and (2.8) hold, we have A, M;g(X|, X, X3, [1) =
N8(X1,X2, X3, M) =0 and 8(a, ¥%) =0, so Z ~ Flky, T — k| — ko — G; 8(a, Yk)] the usual non-
central noncentral F-distribution. When a = 0, the distributions of .77, % and Z reduce to the
central chi-square in (3.21) originally provided by Wu (1973) and Revankar and Hartley (1973).
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The setup under which these are obtained here is considerably more general than the usual linear
reduced-form specification (2.7) considered by these authors.

Note .7 is proportional to a ratio of two noncentral chi-square distributions, but it is not doubly-
noncentral chi-square due to the non-orthogonality of ¥, and Ny [W, A4 = T‘“-H), see (C.50)]. This
observation carries to .73 through the identity .73 = (T /K4).7,. The same applies to J#{ and %,
because of the presence of St[y;(a ), /3] in these statistics.

7. Simulation experiment

We use simulation to analyze the finite-sample performances (size and power) of the standard and
exact Monte Carlo DWH and RH tests. The DGP is described by equations (2.1) and (2.7) without
included exogenous instruments variables Xj, Y = [¥; : 15| € [RTXZ, the T x k, instrument matrix

X is a such that Xy, L. N(0, I,) for all t =1, ..., T, and is fixed within experiment. We set the
true values of B at B, = (2,5)" but the results are qualitatively the same for alternative choices
of . The matrix [T, that describes the quality of the instruments in the first stage regression is
such that T, = [,MMo1 : N,M2] € R2*2, where [[y; : M| is obtained by taking the first two
columns of the identity* matrix of order k. We vary both n, and n, in {0,0.01,0.5}, where
Ny =N, =0 is a design of a complete non-identification, n; = N, = 0.01 is a design of weak
identification, n, € {0,0.01}andn, = 0.5 or vice versa is a design of partial identification, and
finally, N, = n, = 0.5 corresponding to strong identification (strong instruments).
The errors u and V are generated so that

u=Va+e=Viai+Va, +e (7.1)

where a; and a, are fixed scalar coefficients. In this experiment, we set a = (aj,a;)’ = A ap, where
ap = (0.5,0.2) and A € {—20—5,0,1,100} but the results do not change qualitatively with alter-
native values of g and A. In the above setup, A controls the endogeneity of Y: A = 0 corresponds
to the exogeneity hypothesis (level), while values of A different from zero represent the alterna-
tive of endogeneity (power). We consider two specifications for the joint distribution of [e,V]. In
the first one, (e;,V/)' ~N(0, ) forallt =1,..., T (Gaussian errors). In the second one, ¢, and
Vir, j=1,2, follow a ¢(3) distribution and are uncorrelated for all # = 1, ..., T. In both cases, V,
and V; are independent. The sample size is T = 50, and the Monte Carlo test p-values are computed
with N = 199 pseudo-samples. The simulations are based on 10000 replications. The nominal level
for both the MC critical values and the standard tests is set at 5%.

7.1. Size and power with the usual critical values

Tables 1-2 present the empirical rejections of the standard DWH and RH tests for both Gaussian
errors (Table 1) and #(3) errors (Table 2). The first column of each table reports the statistics, while
the second column contains the values of k; (number of excluded instruments). The other columns

4We run the experiment where [ITo; : IMgy] is the k» x 2 matrix of ones, and we found similar results as those presented
here.
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report, for each value of the endogeneity measure (A) and IV qualities 1), and n,, the rejection
frequencies of the tests. The results confirm our theoretical analysis.

First, the rejection frequencies of all tests under the null hypothesis of exogeneity (A = 0) are
equal or smaller than the nominal 5% level, whether identification is weak (n,,n, € {0,0.01}),
partial (n; € {0,0.01}andn, = 0.5 or vice versa), or strong (N, = N, = 0.5), with or without
Gaussian errors. Thus, all DWH-type and RH tests are valid in finite samples and robust to weak
instruments (i.e., level is controlled). This confirms the analysis of Section 4. As expected, the tests
D, Ty, 74, and Z have rejections close to the 5% nominal level. Meanwhile, .73, 77 and 743 are
highly conservative when identification is weak [1;,n, € {0, 0.01} in the tables].

Second, all tests have power when identification is partial (columns A # 0 and n, €
{0,0.01}andn, = 0.5 or vice versa) or strong (columns A # 0 and N, = n, = 0.5), with and
without Gaussian errors. Their rejection frequencies are close to 100% when A # 0 and identifica-
tion is strong (1, = N, = 0.5), despite the relatively small sample size (T = 50). However, all tests
have low power when all instruments are irrelevant (A # 0 and n,,n, € {0,0.01}). In particular,
the rejection frequencies are close to 5% when A # 0, with n,,n, € {0, 0.01}, thus confirming the
results of Theorems 6.2 and 6.3. The simulations also suggest that the tests %, 743, 4, and Z
have greater power than the others. However, this is not also always the case after size correction
through the exact Monte Carlo test method, as shown in the next subsection.

7.2. Performance of the exact Monte Carlo tests

We now examine the performance of the proposed exact Monte Carlo exogeneity tests. Tables 3 -4
present the results for Gaussian errors (Table 3) and #(3) errors (Table 4). The results confirm our
theoretical findings.

First, the rejection frequencies under the null hypothesis of exogeneity (A = 0) of all Monte
Carlo tests are around 5% whether identification is weak (n,,n, € {0,0.01}), partial (n; €
{0,0.01}andn, = 0.5 or vice versa), or strong (I, = 1, = 0.5), with or without Gaussian er-
rors. This represents a substantial improvement for the standard .73, 5% and Hausman (1978) 7
statistics.

Second, when A # 0 (endogeneity), the rejection frequencies of all tests improve in most cases.
This is especially the case for 73, 47 and 7. For example, with Gaussian errors and k = 5
instruments, the rejection frequencies of .73, 77 and % have increased from 34.1%, 20.9% and
36.8% (for the standard tests) to 60.7%, 56.5% and 60.7% (for the exact Monte Carlo tests); see
the columns for A =1 (n; = 0.5 and ), = 0) in Tables 1 and 3. The results are more remarkable
with #(3) errors and k; = 5 instruments. In this case, the rejection frequencies of the exact Monte
Carlo .73, 77 and % tests have tripled those of their standard versions; see A =1 (n; = 0.5 and
N, = 0) in Tables 2 and 4. The results are essentially the same for other values of k, A and IV
strength (17, and n),). Moreover, except for .7}, the other exact Monte Carlo tests exhibit power
with or without Gaussian errors, including when identification is very weak (n; = 0.01, n, =0)
and endogeneity is large (A = 100 for example). Note that the standard exogeneity tests (including
7, and R) perform poorly in this case. Thus, size correction through the exact Monte Carlo test
method yields a substantial improvement for the exogeneity tests considered. In addition, observe
that after size correction, even the Hausman (1978) statistic (.7#]) becomes attractive in terms of
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Table 1. Size and power of exogeneity tests with Gaussian errors at nominal level 5%

A=-20 A=-5 A=0 A=1 A =100
ky | ny=0 n=.01 n=5|n=0 n=0 n=5|n=0 n=0 n=5|nm=0 n=0 n=5|n=0 n=0 n=35
N,=0 1n,=0 1nN,=0]nN,=0 1nNp,=0 nNp=0|n=0 1npy=0 np=0]n=0 n,=0 1n,=01]n,=0 1np,=0 1n,=0
A 5 5.0 4.8 74.2 53 4.8 67.7 4.7 5.0 5.1 5.1 4.8 21.1 53 4.4 74.1
) - 4.6 12.4 100.0 5.1 5.7 100.0 4.7 52 49 5.0 49 57.7 5.1 69.8 100.0
T3 - 0.0 0.0 98.4 0.0 0.0 97.8 0.0 0.0 0.7 0.0 0.0 34.1 0.0 3.6 98.4
T4 - 4.3 11.8 100.0 4.7 5.2 100.0 4.5 4.9 4.6 4.7 4.5 56.4 4.8 69.2 100.0
JA - 0.0 0.0 92.4 0.0 0.0 90.6 0.0 0.0 0.3 0.0 0.0 20.9 0.0 2.1 92.1
6 - 0.0 0.0 98.5 0.0 0.0 98.0 0.0 0.0 0.8 0.0 0.1 36.8 0.0 4.5 98.5
T4 - 5.0 12.9 100.0 54 6.0 100.0 5.0 5.5 52 53 52 58.7 5.5 70.4 100.0
4 - 52 18.6 100.0 5.1 5.8 100.0 4.6 4.7 4.8 53 5.1 44.8 52 100.0 100.0
T 10 4.9 39 99.5 5.0 4.7 98.1 4.7 5.1 4.7 52 52 379 4.7 3.1 99.4
) - 4.8 9.7 100.0 5.0 5.1 100.0 4.8 4.8 5.1 5.1 52 59.1 4.8 44.6 100.0
T3 - 0.3 0.7 100.0 0.4 0.2 100.0 0.3 0.3 1.8 0.3 0.4 48.8 0.3 10.7 100.0
T4 - 4.5 9.2 100.0 4.6 4.8 100.0 45 4.6 4.8 4.8 49 57.8 45 43.8 100.0
J4 - 0.2 0.4 99.1 0.2 0.1 98.5 0.2 0.1 0.8 0.1 0.1 32.1 0.1 7.1 99.2
6 - 0.4 0.9 100.0 0.6 0.3 100.0 0.5 0.4 22 0.4 0.5 514 0.4 12.7 100.0
I - 5.0 10.1 100.0 53 5.5 100.0 5.1 5.1 5.5 54 5.5 60.0 5.1 45.6 100.0
4 - 5.1 21.5 100.0 4.8 5.6 100.0 5.4 4.9 5.6 53 52 37.8 5.0 100.0 100.0
T 20 52 3.4 99.9 53 5.1 99.4 4.7 4.7 5.1 4.9 5.0 41.7 4.7 1.5 99.9
D - 5.0 7.0 100.0 5.2 5.2 100.0 49 4.6 5.1 5.1 5.0 51.9 5.1 14.5 100.0
P - 1.8 2.8 100.0 1.9 2.1 100.0 2.1 1.7 33 2.0 2.0 47.8 2.0 74 100.0
T4 - 4.6 6.7 100.0 4.9 4.9 100.0 45 43 4.7 4.8 4.6 50.7 4.7 139 100.0
J4 - 1.1 1.7 99.7 1.2 1.2 99.4 1.4 1.0 1.2 1.1 1.2 30.6 1.2 5.0 99.8
6 - 2.3 34 100.0 2.4 2.6 100.0 2.5 22 39 2.5 2.6 50.3 2.4 8.5 100.0
J4 - 53 74 100.0 5.6 54 100.0 52 5.0 53 54 52 53.0 5.5 15.0 100.0
4 - 4.7 29.4 100.0 5.0 6.0 100.0 5.0 5.0 5.4 4.7 5.4 25.7 5.1 100.0 100.0
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Table 1 (continued). Size and power of exogeneity tests with Gaussian errors at nominal level 5%

A=-20 A=-5 A=0 A=1 A =100
ky | my=0 n=.01 n=5|n=0 mn=0 n=5|n=0 n=0 n=5|n=0 n=0 n=5|n=0 n=00 n=.35
M=.5 M=35 NM=5|Mm=5 Mm=>5 Mh=5]|Mm=5 Mm=>5 Mh=5|Mm=5 Mh=5 Mh=5|m=5 mMh=5 mn=.>5
A 5 63.4 64.1 78.2 37.6 39.8 725 4.7 49 52 7.1 7.7 232 66.7 66.0 78.3
D - 100.0 100.0 100.0 96.8 98.1 100.0 4.9 53 4.9 11.6 12.3 61.4 100.0 100.0 100.0
T3 - 97.3 97.0 98.4 81.7 84.0 98.1 0.6 0.7 1.1 3.1 3.1 39.1 97.2 97.8 98.6
T4 - 100.0 100.0 100.0 96.5 97.9 100.0 4.5 4.9 4.7 11.0 11.7 60.2 100.0 100.0 100.0
JA - 90.7 91.2 91.4 66.5 69.4 89.6 0.3 0.4 0.4 1.7 1.6 234 91.4 92.3 91.9
6 - 97.5 97.2 98.5 83.6 85.6 98.2 0.7 0.9 1.2 3.6 3.8 414 97.4 98.0 98.7
I - 100.0 100.0 100.0 97.1 98.2 100.0 52 5.6 53 12.2 12.8 62.5 100.0 100.0 100.0
4 - 100.0 100.0 100.0 94.7 96.5 100.0 5.0 53 54 9.3 9.5 48.4 100.0 100.0 100.0
T 10 98.8 98.9 99.7 79.4 81.4 99.0 4.8 53 5.4 10.3 11.2 433 99.4 99.2 99.8
D - 100.0 100.0 100.0 98.6 99.1 100.0 5.1 5.3 5.0 13.1 14.4 65.6 100.0 100.0 100.0
T3 - 100.0 100.0 100.0 97.3 98.1 100.0 1.7 1.7 1.8 7.1 8.3 574 100.0 100.0 100.0
T4 - 100.0 100.0 100.0 98.4 99.0 100.0 4.7 5.0 4.7 12.6 13.6 64.5 100.0 100.0 100.0
A - 99.2 99.0 98.1 87.5 90.6 97.2 0.7 0.5 0.4 33 39 33.0 99.1 99.1 98.4
6 - 100.0 100.0 100.0 97.7 98.4 100.0 2.1 2.0 2.2 8.1 9.5 59.9 100.0 100.0 100.0
I - 100.0 100.0 100.0 98.6 99.2 100.0 55 5.6 53 13.9 15.1 66.5 100.0 100.0 100.0
4 - 100.0 100.0 100.0 95.5 97.1 100.0 5.1 5.1 5.1 8.4 9.4 42.8 100.0 100.0 100.0
T 20 99.8 99.7 100.0 84.0 85.8 99.5 53 52 4.9 10.9 11.7 432 99.9 99.9 100.0
) - 100.0 100.0 100.0 95.3 96.5 100.0 5.1 5.0 5.1 12.1 12.8 54.6 100.0 100.0 100.0
T3 - 100.0 100.0 100.0 94.5 95.7 100.0 3.4 3.1 33 9.2 10.0 50.4 100.0 100.0 100.0
T4 - 100.0 100.0 100.0 95.0 96.2 100.0 49 4.6 4.7 115 12.2 533 100.0 100.0 100.0
JA - 99.7 99.7 98.9 85.2 87.2 97.7 1.1 1.2 0.8 4.2 4.4 26.9 99.8 99.8 99.0
6 - 100.0 100.0 100.0 95.2 96.4 100.0 4.0 3.7 3.8 10.5 11.3 532 100.0 100.0 100.0
I - 100.0 100.0 100.0 95.6 96.7 100.0 53 5.4 5.5 12.6 13.4 55.6 100.0 100.0 100.0
4 - 100.0 100.0 100.0 86.9 90.2 100.0 5.1 53 4.9 7.5 73 274 100.0 100.0 100.0
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Table 2. Size and Power of exogeneity tests with 7(3) errors at nominal level 5%

A =-20 A=-5 A=0 A=1 A =100
ky | ny=0 n=01 n=5|n=0 n=0 n=5|n=0 n=0 n=5|n=0 n=0 n=5|n=0 n=01 n=5
N=0 nNy=0 1N=0 ] Np=0 1Np=0  1Np=0|np=0 1npy=0 1np=0|n=0 1ny=0 1ny=01]n,=0 1n,=0 1np,=0
A 5 4.6 5.0 50.5 5.3 5.2 43.9 53 49 5.0 49 4.9 12.9 5.0 4.4 50.7
D - 4.8 7.8 99.9 49 5.2 99.5 5.2 5.0 4.8 5.1 5.2 33.7 5.1 52.6 99.9
T - 0.0 0.0 91.2 0.0 0.0 87.6 0.0 0.0 0.4 0.0 0.0 10.6 0.0 1.5 91.2
T - 4.5 7.3 99.9 4.6 49 99.4 49 4.7 4.5 4.7 49 32.6 4.7 51.7 99.9
4 - 0.0 0.0 85.3 0.0 0.0 79.4 0.0 0.0 0.2 0.0 0.0 6.4 0.0 0.8 84.8
I - 0.0 0.0 91.9 0.0 0.0 88.6 0.0 0.0 0.6 0.0 0.0 12.3 0.0 1.8 91.9
5 - 5.1 8.1 99.9 5.3 5.6 99.5 5.5 5.3 5.1 54 5.5 35.0 5.5 532 99.9
R - 49 9.8 100.0 5.0 5.4 99.6 5.0 5.2 49 5.3 5.6 27.8 5.2 92.0 100.0
TN 10 5.1 4.6 86.0 5.0 4.7 78.6 4.9 49 4.6 49 5.0 21.1 5.2 3.2 87.2
D - 5.1 6.2 99.8 5.3 5.0 99.2 49 5.1 5.2 5.0 4.6 34.2 5.0 294 99.8
T - 0.4 0.4 99.0 0.3 0.4 97.7 0.3 0.3 1.2 0.3 0.2 20.5 0.2 4.4 99.2
T - 4.8 5.7 99.8 5.0 4.7 99.2 4.5 4.7 4.8 4.6 4.4 33.2 4.6 28.4 99.8
JA - 0.1 0.1 97.9 0.1 0.2 95.5 0.1 0.1 0.6 0.1 0.1 13.3 0.1 2.5 98.1
p ) - 0.5 0.5 99.2 0.4 0.5 98.0 0.4 0.4 1.5 0.4 0.3 22.6 0.4 5.4 99.3
G - 5.4 6.6 99.9 5.6 5.3 99.2 5.1 5.4 5.4 53 49 35.1 5.2 30.2 99.8
R - 49 9.4 100.0 5.4 5.2 99.6 5.1 5.1 49 5.2 5.1 23.7 5.2 93.2 100.0
TN 20 4.8 4.4 97.9 4.6 4.6 94.6 5.1 49 5.4 49 4.9 29.8 49 1.6 98.4
P - 49 5.8 99.8 4.7 4.6 99.4 5.2 5.1 5.5 4.8 4.8 38.8 4.6 12.2 99.9
T - 1.8 2.3 99.8 1.7 1.9 99.3 2.1 2.0 33 1.7 1.9 33.5 1.7 5.7 99.8
T - 4.5 5.4 99.8 4.5 4.2 99.4 49 49 5.1 4.5 4.5 37.6 43 11.5 99.9
4 - 1.1 14 99.6 0.9 1.0 98.5 1.2 1.1 1.6 1.0 1.1 24.5 1.0 3.7 99.7
Pz - 2.3 2.8 99.8 2.1 2.2 99.4 2.5 2.4 3.8 2.1 2.3 359 2.2 6.7 99.8
I - 5.2 6.2 99.9 5.1 4.7 994 5.5 5.5 5.7 5.1 5.1 39.6 4.8 12.6 99.9
R - 5.2 11.8 100.0 49 5.4 99.4 5.1 4.7 4.7 5.0 4.9 23.0 4.4 98.0 100.0
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Table 2 (continued). Size and Power of exogeneity tests with #(3) errors at nominal level 5%

A=-20 A=-5 A=0 A=1 A =100
k | ,=0 n=01 n=5}|n=0 n=0 n=5|n=0 n=0 n=5|n=0 n=0 n=5|n=0 n=0 n=S5
Na=5 Mp=5 Np=5|N=5 Np=5 N=5|M=5 M=5 n=5|MN=5 N=5 Mnm=5]|nN=5 Nn=5 N=>5
A 5 47.0 47.6 67.0 26.4 27.2 59.0 4.5 4.8 5.4 6.6 7.1 18.3 50.6 49.9 68.3
D - 99.7 99.8 100.0 83.3 86.2 99.8 4.6 4.9 49 8.9 10.1 48.9 99.9 99.8 100.0
T - 89.8 89.9 97.1 51.0 54.9 95.9 0.5 0.4 0.7 1.4 1.6 26.1 91.1 91.3 97.7
T - 99.7 99.8 100.0 82.5 85.7 99.8 43 4.5 4.6 8.3 9.5 48.0 99.9 99.8 100.0
4 - 82.6 83.4 91.7 38.5 42.5 88.2 0.3 0.2 0.3 0.7 0.8 16.0 84.6 85.3 91.9
I - 90.8 90.8 97.3 54.1 57.7 96.3 0.6 0.5 0.8 1.7 1.8 28.3 91.8 92.1 97.9
5 - 99.7 99.8 100.0 83.8 86.7 99.8 4.8 5.1 52 9.3 10.7 50.0 99.9 99.8 100.0
R - 99.9 100.0 100.0 79.7 84.1 99.8 53 4.7 5.0 7.7 7.9 38.7 100.0 100.0 100.0
TN 10 90.5 90.1 98.5 57.3 59.2 95.7 53 4.9 5.1 8.7 9.2 34.1 92.2 92.4 98.8
D - 99.8 99.8 100.0 87.7 90.0 99.9 5.3 5.1 5.0 10.5 11.5 539 99.9 99.9 100.0
T - 99.5 99.4 100.0 80.5 83.5 99.8 1.4 1.4 1.6 4.6 49 43.1 99.5 99.6 100.0
T - 99.8 99.8 100.0 87.2 89.7 99.9 49 4.8 4.6 10.0 10.9 52.7 99.9 99.9 100.0
4 - 98.4 98.5 99.1 70.3 73.8 98.0 0.7 0.5 0.7 2.4 2.7 29.8 98.9 98.8 99.3
p ) - 99.5 99.5 100.0 82.3 85.2 99.8 1.9 1.6 1.9 53 5.6 45.6 99.6 99.6 100.0
G - 99.8 99.9 100.0 88.2 90.5 99.9 5.7 54 5.5 11.0 11.9 54.8 99.9 99.9 100.0
R - 99.9 99.9 100.0 81.6 85.0 99.8 5.1 5.1 4.8 7.8 8.1 36.5 100.0 100.0 100.0
7 20 96.8 96.7 99.8 66.6 68.4 98.1 4.8 4.7 5.2 9.3 9.2 36.8 98.0 97.7 99.8
P - 99.8 99.7 100.0 83.5 84.5 99.7 4.8 5.0 52 10.2 10.2 46.4 99.8 99.8 100.0
T - 99.7 99.6 100.0 80.6 82.1 99.7 29 3.0 3.2 7.4 7.1 423 99.8 99.7 100.0
T - 99.8 99.7 100.0 82.8 83.9 99.7 4.4 4.7 49 9.7 9.6 45.3 99.8 99.8 100.0
4 - 99.5 994 99.8 72.2 74.9 98.8 1.4 1.6 14 4.1 4.1 29.6 99.7 99.6 99.9
Pz - 99.8 99.6 100.0 82.1 83.4 99.7 34 3.5 3.8 8.3 8.3 44.5 99.8 99.8 100.0
I - 99.8 99.7 100.0 84.1 84.9 99.7 5.1 53 54 10.6 10.6 47.5 99.8 99.8 100.0
R - 99.9 99.9 100.0 73.1 76.2 99.5 5.2 4.8 5.1 7.3 7.5 25.6 100.0 100.0 100.0
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Table 3 . Size and power of exact Monte Carlo tests with Gaussian errors at nominal level 5%

A=-20 A=-5 A=0 A=1 A =100
ky | ;=0 n=.0 n=5|n=0 n=0 n=5|n=0 n=0 n=5|n=0 n=0 n=5|n=0 n=0 n=5
=0 1mn=0 nN,=0|n,=0 np=0 np=01]1n=0 1n,=0 Npy=0|n=0 n=0 1n=07]n=0 n=0 n,=0
e 5 5.1 52 72.3 4.9 5.0 67.1 5.0 4.8 4.9 52 5.1 21.0 4.8 42 74.9
Pome - 54 11.2 100.0 53 5.6 100.0 53 54 5.1 53 5.5 55.7 5.5 69.4 100.0
Fame - 52 9.0 99.3 5.0 5.4 99.2 49 5.0 49 5.1 5.1 60.7 5.1 40.4 99.4
Time - 5.3 11.2 100.0 52 5.6 100.0 53 54 5.1 52 54 55.7 5.5 69.4 100.0
Hme - 5.1 9.0 97.6 4.8 53 97.2 4.8 4.9 4.9 5.0 5.1 56.5 5.1 39.9 97.8
e - 52 9.0 99.3 5.0 5.4 99.2 5.0 5.0 4.9 5.0 5.1 60.7 5.1 40.4 99.4
Fme - 53 11.2 100.0 52 5.6 100.0 53 54 5.1 53 54 55.7 5.5 69.4 100.0
R - 5.5 16.4 100.0 5.5 5.7 100.0 5.4 52 53 5.0 49 43.1 5.8 100.0 100.0
Ame 10 5.0 44 99.0 5.0 5.0 96.8 5.1 5.0 52 5.1 5.0 329 4.6 4.0 98.8
Pome - 5.2 8.5 100.0 5.0 5.3 100.0 52 5.1 5.0 5.5 5.6 54.6 5.7 40.9 100.0
Fame - 5.0 7.8 100.0 5.0 5.1 100.0 49 4.7 49 5.0 5.0 60.9 5.1 35.1 100.0
Time - 5.1 8.5 100.0 5.0 5.3 100.0 52 5.1 5.0 5.5 5.6 54.6 5.7 40.9 100.0
Hme - 5.0 7.7 99.9 5.0 52 99.9 4.8 5.0 4.7 4.8 49 58.5 5.1 34.9 99.9
e - 5.0 7.8 100.0 5.0 5.1 100.0 49 4.7 4.9 5.1 5.0 60.9 5.1 35.1 100.0
Hme - 5.2 8.5 100.0 5.0 53 100.0 52 5.1 5.0 5.5 5.6 54.6 5.7 40.9 100.0
R - 5.6 16.7 100.0 5.0 5.6 100.0 5.1 53 5.4 5.5 5.8 35.1 5.0 100.0 100.0
Time | 20 4.9 33 99.9 5.0 4.6 99.2 49 4.7 4.8 4.8 5.0 40.7 4.7 4.3 99.9
Tome - 5.1 6.8 100.0 5.0 4.8 100.0 5.1 4.8 49 53 5.7 51.5 5.6 14.6 100.0
Pame - 4.8 6.6 100.0 5.0 4.7 100.0 5.0 4.6 4.7 5.0 5.1 54.3 5.0 13.9 100.0
Time - 5.0 6.8 100.0 5.0 4.8 100.0 5.1 4.9 5.0 52 5.7 51.5 5.6 14.6 100.0
Hme - 4.9 6.6 100.0 5.0 4.7 99.9 5.0 4.6 49 5.0 5.1 51.5 5.1 14.0 100.0
e - 4.8 6.6 100.0 5.0 4.7 100.0 5.0 5.0 4.8 52 5.1 54.3 5.1 139 100.0
Fme - 5.1 6.8 100.0 5.0 4.8 100.0 5.1 5.1 5.0 5.0 5.7 51.5 5.6 14.6 100.0
Rie - 5.8 30.5 100.0 5.0 59 100.0 52 52 49 5.1 59 26.1 5.5 100.0 100.0
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Table 3 (continued). Size and power of exact Monte Carlo tests with Gaussian errors at nominal level 5%

A=-20 A=-5 A=0 A=1 A =100
ky | my=0 n=.001 n=5|n=0 n=0 n=5|n=0 n=0 n=5|n=0 n=0 n=5|n=0 n=0 n=.35
M=.5 M=35 NM=5|Mm=5 Mm=>5 Mh=5|Mm=5 Mm=5 MNh=5|Mm=5 Mh=5 MNh=5|m=5 Mh=5 mn=.>5
e 5 71.2 723 80.3 445 44.1 76.0 4.8 5.1 52 7.9 8.4 244 74.3 74.0 80.5
Fome - 100.0 100.0 100.0 98.7 99.2 100.0 5.1 52 53 12.5 14.3 67.7 100.0 100.0 100.0
Fame - 99.3 99.5 99.6 96.3 96.5 99.4 4.8 5.0 49 14.6 16.2 71.2 99.3 99.4 99.5
Tame - 100.0 100.0 100.0 98.7 99.2 100.0 5.1 52 5.3 12.5 14.3 67.7 100.0 100.0 100.0
Hme - 97.6 97.5 97.3 91.9 92.5 97.0 4.8 5.0 49 14.2 15.7 63.9 91.7 91.7 97.1
e - 99.3 99.5 99.6 96.3 96.5 99.4 4.7 49 5.1 14.6 16.2 71.2 99.3 99.4 99.5
Hme - 100.0 100.0 100.0 98.7 99.2 100.0 5.1 52 53 12.5 14.3 67.7 100.0 100.0 100.0
R - 100.0 100.0 100.0 97.4 98.6 100.0 5.0 5.0 5.0 9.6 10.7 54.8 100.0 100.0 100.0
Ame 10 98.3 98.3 99.8 75.6 79.9 98.5 49 52 52 9.6 10.6 40.8 99.0 98.9 99.6
Fome - 100.0 100.0 100.0 98.0 98.9 100.0 5.0 5.1 5.1 13.2 12.7 63.4 100.0 100.0 100.0
Fame - 100.0 100.0 100.0 98.9 99.3 100.0 49 4.8 5.0 14.5 14.2 70.1 100.0 100.0 100.0
Time - 100.0 100.0 100.0 98.0 98.9 100.0 5.0 5.1 5.1 132 12.7 63.4 100.0 100.0 100.0
Hme - 99.9 99.8 99.8 97.7 98.1 99.7 4.9 4.8 5.0 14.4 13.8 66.2 99.9 99.9 99.8
e - 100.0 100.0 100.0 98.9 99.3 100.0 4.8 4.7 4.9 145 142 70.1 100.0 100.0 100.0
Hme - 100.0 100.0 100.0 98.0 98.9 100.0 5.0 5.1 5.1 13.2 12.7 63.4 100.0 100.0 100.0
R - 100.0 100.0 100.0 94.8 96.6 100.0 52 53 5.4 79 8.4 41.6 100.0 100.0 100.0
Time | 20 99.6 99.5 99.8 80.5 82.4 99.3 5.1 53 52 10.6 10.1 40.1 99.8 99.8 99.9
Pome - 100.0 100.0 100.0 93.6 94.8 100.0 5.1 5.1 5.0 12.0 11.5 51.2 100.0 100.0 100.0
e - 100.0 100.0 100.0 95.0 95.7 100.0 4.8 4.7 4.8 12.5 12.7 54.3 100.0 100.0 100.0
Time - 100.0 100.0 100.0 93.6 94.8 100.0 5.1 5.1 5.0 12.0 11.5 51.2 100.0 100.0 100.0
Hme - 100.0 100.0 100.0 94.0 94.9 100.0 4.7 4.7 4.9 12.0 12.4 51.4 100.0 100.0 100.0
e - 100.0 100.0 100.0 95.0 95.7 100.0 4.8 4.7 4.8 125 12.7 54.3 100.0 100.0 100.0
Hme - 100.0 100.0 100.0 93.6 94.8 100.0 5.1 5.1 5.0 12.0 11.5 51.2 100.0 100.0 100.0
Rie - 100.0 100.0 100.0 84.2 88.2 100.0 53 5.4 52 7.0 7.3 26.7 100.0 100.0 100.0




LT

Table 4 . Size and power of exact Monte Carlo tests with 7(3) errors at nominal level 5%

A=-20 A=-5 A=0 A=1 A =100

ky | ny=0 n=.01 n=5|n=0 n=0 n=5|n=0 n=0 n=5|n=0 n=0 n=5|n=0 n=01 n=5

M=0 m=0 n,=0]n=0 n=0 n=0]|nmn=0 n=0 n=0]n=0 n=0 n=0]n=0 n=0 1n=0
Time 5 4.4 4.6 47.1 4.5 49 422 5.2 4.9 4.8 5.1 5.2 12.9 4.7 4.6 49.1
Dome - 5.3 7.6 99.9 5.1 5.1 99.4 53 52 54 53 5.5 32.7 5.2 50.7 99.9
Pame - 4.8 6.3 96.8 5.0 5.4 95.7 4.9 4.7 4.9 4.9 5.1 35.2 5.1 29.6 96.8
Time - 5.3 7.6 99.9 5.1 5.1 99.4 53 52 54 5.3 54 32.7 5.2 50.7 99.9
Hme - 4.9 6.4 95.7 4.9 5.3 94.4 4.7 4.8 4.8 4.8 5.0 34.5 5.1 29.1 95.5
Fme - 4.8 6.3 96.8 5.0 54 95.7 49 4.7 49 4.9 5.1 352 5.1 29.6 96.8
Hme - 5.3 7.6 99.9 5.0 5.1 99.4 53 52 54 52 54 32.7 5.2 50.7 99.9
Poe - 54 9.4 100.0 5.1 5.1 99.5 5.1 5.0 52 54 5.6 27.9 54 91.0 100.0
Time 10 4.5 4.7 91.1 4.7 49 82.8 5.1 4.9 5.1 5.0 5.2 23.2 5.1 4.4 90.5
Pome - 52 6.9 99.9 54 53 99.5 5.1 52 53 53 52 39.2 54 31.9 99.9
Pme - 5.0 6.4 99.8 5.1 5.1 99.4 4.8 4.9 4.9 5.1 5.1 433 5.1 26.7 99.7
Time - 5.2 6.9 99.9 54 5.3 99.5 5.1 52 53 5.3 52 39.2 54 31.9 99.9
Hme - 4.9 6.4 99.7 5.0 5.1 99.2 4.8 4.8 4.7 5.0 5.1 42.4 4.9 26.5 99.7
Fme - 5.0 6.4 99.8 5.1 5.1 99.4 4.8 4.9 49 5.1 5.1 43.3 5.1 26.7 99.7
Hme - 5.2 6.9 99.9 54 5.3 99.5 5.1 5.2 53 53 52 39.2 54 31.9 99.9
Pome - 5.5 10.6 100.0 5.5 54 99.7 5.1 5.1 52 5.3 5.5 27.7 5.7 95.5 100.0
Tme | 20 4.8 4.2 98.0 5.0 4.8 95.0 4.9 4.8 4.8 5.0 5.1 28.7 5.2 4.8 98.0
Pome - 54 5.9 99.9 53 5.1 99.4 5.1 5.0 5.1 52 5.1 38.2 53 12.0 99.9
Pame - 5.1 5.8 99.9 5.1 5.1 99.5 4.8 5.0 4.7 4.8 49 40.7 5.1 11.2 99.8
Tame - 54 5.9 99.9 53 5.1 99.4 5.1 5.0 5.1 52 5.1 38.2 53 12.0 99.9
Hme - 5.1 5.8 99.9 5.1 5.2 99.4 49 4.9 4.8 4.8 4.8 40.3 5.1 11.3 99.9
Fme - 5.1 5.8 99.9 5.1 5.1 99.5 4.8 5.0 4.7 4.8 4.9 40.7 5.1 11.2 99.8
Hme - 54 5.9 99.9 53 5.1 99.4 5.1 5.0 5.1 52 5.1 38.2 5.3 12.0 99.9
P - 5.7 12.3 100.0 5.2 5.6 99.3 52 52 53 53 54 22.9 5.9 98.3 100.0
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Table 4 (Continued). Size and power of exact Monte Carlo tests with 7(3) errors at nominal level 5%

A=-20 A=-5 A=0 A=1 A =100
k | 1,=0 n,=.01 n=5}|n=0 n=0 n=5|n=0 n=0 n=5|n=0 n=0 n=5|n=0 n=0 n=S5
M=5 M=5 Mm=35|M=5 Mh=5 Mm=5|M=5 Mmh=5 Mm=5|Mm=5 Mm=5 MNh=>5|Mm=5 MNh=5 mnh=>5
Tme 5 46.7 46.9 67.0 25.6 27.3 58.7 4.7 4.9 5.0 6.3 6.5 18.4 50.3 51.8 68.9
Dome - 99.9 99.8 100.0 83.3 85.7 99.9 52 5.1 54 9.1 9.4 48.9 99.9 99.9 100.0
Pame - 96.7 96.9 99.2 79.9 82.4 98.7 4.9 4.8 49 10.1 10.1 52.6 96.8 97.2 99.1
Time - 99.9 99.8 100.0 83.3 85.7 99.9 52 5.1 54 9.1 9.4 48.9 99.9 99.9 100.0
Hme - 95.2 95.6 97.5 77.5 79.7 96.6 4.6 4.7 4.9 9.9 10.1 50.3 95.6 96.0 97.7
Fme - 96.7 96.9 99.2 79.9 82.4 98.7 49 4.8 4.9 10.1 10.1 52.6 96.8 97.2 99.1
Hme - 99.9 99.8 100.0 83.3 85.7 99.9 5.2 5.1 54 9.1 9.4 48.9 99.9 99.9 100.0
Poe - 100.0 99.9 100.0 79.6 82.9 99.8 53 52 5.1 7.3 7.7 40.2 100.0 100.0 100.0
Tme 10 89.6 89.8 98.6 56.3 56.9 95.7 5.1 5.3 52 8.6 8.8 34.6 91.2 91.5 98.6
Pome - 99.7 99.9 100.0 87.5 89.1 99.9 54 52 52 10.9 11.2 53.0 99.8 99.9 100.0
Pme - 99.6 99.7 100.0 89.7 91.5 99.9 5.0 4.9+ 5.1 11.6 12.4 56.9 99.6 99.8 100.0
Time - 99.7 99.9 100.0 87.5 89.1 99.9 54 52 52 10.9 11.2 53.0 99.8 99.9 100.0
Hme - 99.5 99.7 99.9 88.7 90.2 99.6 49 5.1 4.8 11.5 12.1 55.1 99.6 99.8 99.9
Fme - 99.6 99.7 100.0 89.7 91.5 99.9 5.0 4.9 5.1 11.6 12.4 56.9 99.6 99.8 100.0
Hme - 99.7 99.9 100.0 87.5 89.1 99.9 54 52 52 10.9 11.2 53.0 99.8 99.9 100.0
Pome - 99.9 100.0 100.0 82.6 83.9 99.8 5.5 5.3 5.1 8.0 7.8 35.0 100.0 100.0 100.0
Tme | 20 97.3 97.6 99.8 69.8 71.5 98.2 4.8 4.8 5.1 9.5 10.4 38.8 98.4 98.8 99.9
Pome - 99.7 99.7 100.0 84.9 86.7 99.7 5.1 5.0 53 10.9 10.8 48.3 99.9 99.9 100.0
Pame - 99.8 99.7 100.0 87.1 88.4 99.7 49 4.8 5.0 11.4 11.9 50.8 99.9 99.9 100.0
Time - 99.7 99.7 100.0 84.9 86.7 99.7 5.1 5.0 53 10.9 10.8 48.3 99.9 99.9 100.0
Hme - 99.7 99.7 100.0 86.3 87.7 99.6 4.7 4.6 5.1 11.5 11.6 49.0 99.9 99.9 100.0
Fme - 99.8 99.7 100.0 87.1 88.4 99.7 49 4.8 5.0 11.4 11.9 50.8 99.9 99.9 100.0
Hme - 99.7 99.7 100.0 84.9 86.7 99.7 5.1 5.0 53 10.9 10.8 48.3 99.9 99.9 100.0
Pome - 100.0 99.9 100.0 75.6 79.3 99.6 53 52 54 7.3 7.8 26.4 100.0 100.0 100.0




power. This is the case in particular for #(3) errors when k, = 10,20 and A = —5, 1; see Table 4.

8. Empirical illustrations

We illustrate our theoretical results on exogeneity tests through two empirical applications related
to important issues in macroeconomics and labor economics literature: (1) the relation between
trade and growth [Irwin and Tervio (2002), Frankel and Romer (1999), Harrison (1996), Mankiw,
Romer and Weil (1992)]; (2) the standard problem of measuring returns to education [Dufour and
Taamouti (2007), Angrist and Krueger (1991), Angrist and Krueger (1995), Angrist, Imbens and
Krueger (1999), Mankiw et al. (1992)].

8.1. Trade and growth

The trade and growth model studies the relationship between standards of living and openness.
Frankel and Romer (1999) argued that trade share (ratio of imports or exports to GDP) which is the
commonly used indicator of openness should be viewed as endogenous. So, instrumental variables
method should be used to estimate the income-trade relationship. The equation studied is

In(Inc;) = By + B, Trade; + y,In(Pop;) + V,in(Area;) +u;, i=1, ..., T (8.1)

where Inc; is the income per capita in country i, Trade; is the trade share (measured as a ratio of
imports and exports to GDP), Pop; is the population of country 7, and Area; is country i area. The
first stage model for Trade variable is given by

Trade; = a+ bX; + c1ln(Pop;) + caln(Area;) + Vi, i=1,..., T 8.2)

where X; is an instrument constructed on the basis of geographic characteristics. In this paper, we
use the sample of 150 countries and the data include for each country: the trade share in 1985, the
area and population (1985), per capita income (1985), and the fitted trade share (instrument).

We wish to assess the exogeneity of the trade share variable in (8.1). The F-statistic in the
first stage regression (8.2) is around 13 [see Frankel and Romer (1999, Table 2, p.385) and Dufour
and Taamouti (2007)], so the fitted instrument X does not appear to be weak. Table 5 presents the
p-values of the DWH and RH tests computed from the tabulated and exact Monte Carlo critical
values. The Monte Carlo critical values are computed for Gaussian and 7(3) errors. Because the
model contains one instrument and one (supposedly) endogenous variable, the statistic 7; is not well
defined and is omitted.

First, we note that the p-values based on the usual asymptotic distributions are close to the 5%
nominal level for 543, 95, J; and #. So, there is evidence against the exogeneity of the trade
share (at nominal level of 5%) when these statistics are applied. Meanwhile, the p-values of .71,
Jt, and J3 are relatively large (around 12%) so that there is little evidence against trade share
exogeneity at 5% nominal level using the latter statistics. Since the standard 71, .74, and 73 tests
are conservative when identification is weak, the latter result may be due to the fact that the fitted
instrument is not very strong.
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Table 5. Exogeneity in trade and growth model

Statistics | Estimation | Standard p-value (%) | MC p-value (%) | MC p-value (%)
(Gaussian errors) [#(3)-errors]
K74 3.9221 4.95 4.98 5.38
JA 2.3883 12.23 6.14 5.99
Wz 2.4269 11.93 6.12 5.96
J4 3.9505 4.67 5.39 5.66
D 3.9221 4.95 5.39 5.66
T 2.3622 12.43 6.12 5.96
T 3.8451 4.99 5.49 5.66

Second, we observe the exact Monte Carlo tests yield p-values close to the 5% level in all cases,
thus indicating that there is evidence of trade share endogeneity in this model. This is supported
by the relatively large discrepancy between the OLS estimate of 3, (0.28) and the 2SLS estimate
(2.03). Overall, our results underscore the importance of size correction through the exact Monte
Carlo procedures proposed.

8.2. Education and earnings

We now consider the well known example of estimating the returns to education [see Angrist and
Krueger (1991); Angrist and Krueger (1995); and Bound, Jaeger and Baker (1995)]. The equation
studies is a relationship where the log-weekly earning (y) is explained by the number of years of
education (F) and several other covariates (age, age squared, 10 dummies for birth of year):

ky

y=Bo+BiE+ Y yXitu (8.3)
=1

In this model, 3, measures the return to education. Because education can be viewed as endogenous,
Angrist and Krueger (1991) used instrumental variables obtained by interacting quarter of birth
with the year of birth (in this application, we use 40 dummies instruments). The basic idea is that
individuals born in the first quarter of the year start school at an older age, and can therefore drop
out after completing less schooling than individuals born near the end of the year. Consequently,
individuals born at the beginning of the year are likely to earn less than those born during the rest
of the year. The first stage model for E is then given by

E = n0+ nX+ q)lX+V (8.4)

=

where X is the instrument matrix. It is well known that the instruments X constructed in this way
are very weak and explains very little of the variation in education; see Bound et al. (1995). The
data set consists of the 5% public-use sample of the 1980 US census for men born between 1930
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Table 6. Exogeneity in education and earning model

Statistics | Estimation | Standard p-value (%) | MC p-value (%) | MC p-value (%)
(Gaussian errors) [#(3)-errors]
K74 0.68 93.99 4991 49.93
JA 1.34 24.76 24.26 24.30
Wz 1.34 24.76 24.26 24.30
IG5 1.35 24.54 24.26 24.30
T 2.04 16.11 22.49 22.99
) 1.35 24.54 24.26 24.30
T 1.35 22.48 24.26 24.30
Ty 1.35 24.54 24.26 24.30

and 1939. The sample contains 329 509 observations.

As in Section 8.2, we want to assess the exogeneity of education in (8.3) - (8.4). Table 6 shows
the results of the tests with both the usual and exact Monte Carlo critical values. As seen, the p-
values of all tests are quite large, thus suggesting that there is little evidence against the exogeneity
of the education variable, even at 15% nominal level. This means that either the education variable
is effectively exogenous or the instruments used are very poor so that the power of the test is flat, as
shown in Section 6. The latter scenario is highly plausible from the previous literature [for example,
see Bound et al. (1995)]. This viewed is reinforced by the small discrepancy between the OLS
estimate (0.07) and the 2SLS estimate (0.08) of 3.

9. Conclusion

This paper develops a finite-sample theory of the distribution of standard Durbin-Wu-Hausman and
Revankar-Hartley specification tests under both the null hypothesis of exogeneity (level) and the
alternative hypothesis of endogeneity (power), with or without identification. Our analysis provides
several new insights and extensions of earlier procedures.

Our study of the finite-sample distributions of the statistics under the null hypothesis shows that
all tests are robust to weak instruments, missing instruments or misspecified reduced forms — in the
sense that level is controlled. Indeed, we provided a general characterization of the structure of the
test statistics which allows one to perform exact Monte Carlo tests under general parametric distri-
butional assumptions, which are in no way restricted to the Gaussian case, including heavy-tailed
distributions without moments. The tests so obtained are exact even in cases where identification
fails (or is weak) and conventional asymptotic theory breaks down.

After proving a general invariance property, we provided a characterization of the power of
the tests that clearly exhibits the factors which determine power. We showed that exogeneity tests
have no power in the extreme case where all IVs are weak [similar to Staiger and Stock (1997),
and Guggenberger (2010)], but typically have power as soon as we have one strong instrument.
Consequently, exogeneity tests can detect an exogeneity problem even if not all model parameters
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are identified, provided at least some parameters are identifiable.

Though the exact distributional theory given in this paper requires relatively specific distribu-
tional assumptions, the “finite-sample” procedures provided remain asymptotically valid in the same
way (in the sense that test level is controlled) under standard asymptotic assumptions. We study this
problem in a separate paper [Doko Tchatoka and Dufour (2016)]. Further, even if exogeneity hy-
potheses can have economic interest by themselves, we also show there how exogeneity tests can
be fruitfully applied to build pretest estimators which generally dominate OLS and 2SLS estimators
when the exogeneity of explanatory variables is in uncertain.
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APPENDIX

A. Wu and Hausman test statistics

We show here that Durbin-Wau statistics can be expressed in the same way as alternative Hausman
statistics. The statistics 7;, [ = 1,2, 3,4 are defined in Wu (1973, egs. (2.1), (2.18), (3.16), and
(3.20)) as:

o o o o

N = Kla,%:KZQ,%:’Q@?%:KﬁL@, (A.1)
0 = (bi—b) [(VAY) " —(YAY)] " (b1 —by), (A2)
01 = (—Ybh)A(y—Yb), 0 =04s—Q", (A.3)
Qs = (y—Yb)Ai(y—Yb1), 03 =(y—Yby)'Ai(y— YD), (A.4)
bi = (YAY) 'WApy, i=12A =M, A =M—M,, (A.5)

where b is the ordinary least squares estimator of 3 , and by is the instrumental variables method
estimator of 3. So, in our notations, b = 3 and b, = 3. From (3.8) - (3.13), we have:

0 = TB-BYAB-B)=Tc*(B-B)S, " (B-B), (A.6)
0 = T&, 03=T6% Q4=T06%, (A.7)
Q = Qu-Q =T -TB-B)A'(B-B)=T03. (A8)

Hence, we can write .7} as:
Z:Kl(ﬁ_ﬁ)/zlil(ﬁ_ﬁ)ﬂ l:1)273747

where K;, and 2; are defined in ~(3.8) - (3.13).~
To obtain (3.17), set F = (B — B)'A~"'(B — B). Then 63 = 6> — ), T = K4%/62, and

T T (%/0°) (a/Ka)
T =Ky =K =K =K 7 A9
2 26% 227 21—(%/62) 21 (7h/Ka) (A.9)
hence 7 7 7 .
i (AjK) 7 (A.10)

Ks (BJK)+1 PBt+ks (Ko/ D)+ 1

In the sequel of this appendix, we shall use the following matrix formulas which are easily
established by algebraic manipulations [on the invertibility of matrix differences, see Harville (1997,
Theorem 18.2.4)].

Lemma A.1 DIFFERENCE OF MATRIX INVERSES. Let A and B be two nonsingular r X r matrices.
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Then

A'-B! = Bl'B-AA ' =AY B-A)B!
AN A-AB'A)A' =B Y(BAT'B—-B)B . (A.11)
Furthermore, A=' — B~ is nonsingular if and only if B — A is nonsingular. If B— A is nonsingular,
we have:
(A'—BH™ = AB-A)'B=A-AA-B) 'A=A+AB-A)'A=AAT"+(B-A)|A
= B(B—A)'A=B(B-A)"'B-B=B[(B—-A)"'-B'IB
= A(A—AB'A)'A=B(BA'B—B)"'B. (A.12)

It is easy to see from condition (2.6) that QIV, QLS and 3y are nonsingular. On setting A = QIV
and B = Qyg, we get:

N ~ 1 1 1 1 1 .,A o
B—A=Q;¢—Qyw==YMY——-YNY==-Y M —N)Y==YMY=_-VV=25 A.13
LS =g 1 7Y N T (M, 1) T T v, ( )

SO QLS — QIV is nonsingular. By Lemma A.1, A= .(A?E/] — QL_SI =A'"—B1isalso nonsingular,
and

Al = A —|—A(B —A)ilA = QIV + Q]\/(QLS — le)ilolv = QIV + QIV 2‘71 QIV
1 1
= = [Y'NY +Y'NY(Y'MY)'Y'NY] = ?Y’Nl [Ir+YY'MY)'Y'|NY. (A.14)

From the above form, it is clear that A~! is positive definite. Note also that

A" = BB-A)'B-B=Q15(Q1s— Q) ' Qs — Qs = Q1s5, " Qs — Qus
1 1
= ?[(Y’MlY)(Y’MY)_l (Y'MY)— (Y'MY)] = ?Y’Ml YY'MY)'Y —IrIM Y. (A.15)

The latter shows that A—! only depends on the least-squares residuals MY and MY .

B. Regression interpretation of DWH test statistics

Let us now consider the regressions (3.22)-(3.25). Using ¥ =V +V, ¥ = XI1 and [1 =
(X'X)~1X'Y, we see that the 2SLS residual vector ii for model (2.1) based on the instrument matrix
X = [X1, X»] can be written as

i = y-YB-Xiy=(-YB-Xiy)-VB=M(y-VB)-Vp

A

= M(y-YB-VB)=M(y—Yp) (B.1)
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where [3 and ¥ are the 2SLS estimators of 3 and ¥, and the different sum-of-squares functions
satisfy:

S(8)=5.(8,), da=5(8")=5.(00)=5(8..), S5(8.)=(-YBYMy—YB), (B2)
S(0°) —5(8) = 5.(8") —5.(8,). (B.3)

Let R = [ 0 0 Ig ], and R, = [ I 0 —Ig ], so that Rb = a and R0, = 3 — a. The null
hypotheses Hy : a = 0 and H;j : B = b can thus be written as

Hy:R6=0, Hj:R.0,=0. (B.4)

Further, 8, = [[3/, V, b and @S = [[3/, V. BI]’, where 3 and ¥ are the OLS estimators of 8 and y
based on the model (2.1), and

Bl .

RO = [Ic 0 ~-Ig|| Vv |=B-b, (B.5)
b

) = 8.+(22z) 'R.[R.(Z2)'R] ' (-R.8.), (B.6)

~0

S(8))-8(8.) = (8°-0,)7.2.(8"-0,)=(R.8.)[R.(Z.Z)'R] " (R.B.), (B.T)

where Z. = [V, X1, V]. On writing Z, = [X;, V], where X; = [V, Xi], we get:
[ XiX) oy [ KX)o 0
2,2, = |: 0 (‘7/‘7) ) (Z*Z*) - 0 (‘7!‘7)—1 ’ (B.8)
o V'Y Yv'x Wyy W5
! -1 _ 1 _ YY Y1
(Ki%i)™ = [ X(¥ XX } - [ Wiy Wi ] ’ ®-9)
where Wyy = [(¥/F) = ¥/X, (X[X,) "' X[7] ' = [P'Mi 7] " = [Y/(My — M)Y] !,
Wyy Wy] 0 IG WYY
(Z.2)7'R. = | Wiy Wy 0 0 | = Wiy , (B.10)
o o (Vv¥)! —Ig —(V'v)~!
R.Z.Z)'R. = Wyy + (V'V) 1, (B.11)
0 . B-B Wyy UTURE
b.—b.=| y-v | = Wiy Wy + (V)] (0-B). (B.12)
B—b (A%
From the latter equation, we see that
PR N T Ao 171 -
B—B =Wy Wy +(V'V)7'] (b= B) = Way [Wyy +(VV)7'] " a, (B.13)
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where d = b — ﬁ is the OLS estimate of @ in (3.23). Hence, we have

a=b-PB = [Wyy+V'V)' Wy (B—B)
= {[Y'(M —M)Y]" + (V') Y (M — M)Y](B-B), (B.14)

which entails that

S(6,)—S(6.) = (R.B.)[R.(Z.Z)'R]" (Ré)
= (b-B){IY' (M~ MY+ (VD)) (b
= (B—B)[Y' (M —M)Y]{[Y' (M, — M)Y] 1+<V’V) DY (M - M)Y](B - B)
= (B-B)Wy [Wyy + (Y'MY)~ ]Wyy(ﬁ B)
= (B—B)Wyy [Wyy +¥'MY =Wy )" Wi (B B). (B.15)

Using Lemma A.1 with A =W,,' and B =Y'M;Y in (B.15), we then get:

S(0,)-58.) = (B-B)Wy [Wyy + (Y'M Y —Wyy) }WFQ(B—B)
= (B-B)A[A'+(B-A)TTAB-B)=B-B)B'-A)(B-B)
= (B-B){lY'(Mi—M)Y]"' = (¥'MyY)"} " (B-B)
= T(B—A)[Qw— Q1" (B-B)=T(B-BYA ' (B-B) (B.16)

where Qy = 1Y'(M; —M)Y and Qrs= 1Y'M,Y. Since we have S*(QS) —5.(8,)=5(6")—-5(0),
we get from (B.16), (3.13) and (3.30):

S(8) = 5(8") ~ [5.(87) ~ 5.(8.)] = S(8") ~T(B~BYA ' (B~ B) =T 3. (B.17)
It is also clear from (3.13) and (3.30) that
sy =162 5.(8)) =185 (B.18)

Hence, except for 777, the other statistics can be expressed as:

~0 A A0 A
%:T<S<e>;g<e>>%ﬂ<w;os<e>>, (B.19)
5.(87) s(8")
s@")-s® \ ([ s@)-s)
o (&(é‘i) —S(é*n) - (S(é‘;) S56.)) B0
NCR NG NCRENG NCRENEG
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—5(8)
LSRN B.22
5 ) (B.22)

C. Proofs

To establish Proposition 4.1, it will be useful to state some basic identities for the different compo-
nents of alternative exogeneity test statistics.

Lemma C.1 PROPERTIES OF EXOGENEITY STATISTICS COMPONENTS. The random vectors
and matrices in (3.1) - (3.14) satisfy the following identities: setting

By =:(Y'MY)"'Y'M;, B,=:(Y'NiY)"'Y'N, (C.1)
Ci=:B,—B), W=0CA"C/, Ny=:Ir—MYA;, (C.2)

we have
BiM,=B,, BM;=B,N,=B,, BY=BY=1Ig, (C.3)
CY=0, CX =0, CPMY]|=0, CM =CMMY|=C, (C.4)
MYA, =P[MY], Mi¥YM; =MW, =¥ M =¥, (C.5)
MiY%M, =%, M AM, =MAM=A,, (C.6)
BlB’lzBlB’z:BzB’lz%fzg;, BzB’zz%f)l}}, (C.7)
CiCl = T(Q -0 )= %AA, Clq‘{):%clv 4{)%:%%, (C.8)
B—B=(B,—Bi)y=Ciy=Ci(My), (C.9)
(B—B)YA ' (B-B)=yWy=(My)¥My), (C.10)
y=YB=[lr—YBy, y—YBz[IT—YBz]y, (C.11)
=M (y—YB)= MH = MMM Y]y =M[MY](My), (C.12)
M(y—YB) = [MIY]y MMM, Y](M,y), (C.13)

N] (y—YB) = Ml P(y—YB) = M]M[M1PY]P)7: M[N]Y]le

= PMi(y—YB)=M[PMY]P(M,y), (C.14)
i=M(y—YB)=MMy), My—YB)=MN,(My), (C.15)
o’ = %(Ml ) Ny N> (M y), (C.16)

o 1 1 _ 1

0" = 7 YM[Y]y = oy MiMIM\Y]y = — (M1 y) M[MY] (M1 y) (C.17)

T

Pﬂ
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~ 1 - 1 _
&2 = ?y’Nl M[N{ YN,y = ?(Ml y)PM[PMY|P(M,y), (C.18)

g3 = (Mly)’{;M[MlY]—l#{)}(Mly), (C.19)
Y ¥ky = %y’P [M[Y]X | M[Y]y = %(Ml Y/ PM[Y]X:] (M), (C.20)
O = %y’M[Z]y = %(Ml ) MIZ|(M1y). (c2n)

PrROOF OF LEMMA C.1  Using the idempotence of M| and (3.15), we see that:

BiM, = (Y'M\Y)"'YM\M, = (Y'MY)"'Y'M; =By, (C.22)
BoM, = [Y'N;Y]"'Y'N\My = [Y'N1Y]"'Y'N; = B, = ByN, = Bo(M; — M), (C.23)
MYA; = MY (Y'M\Y)"'Y'M; =P(MY), (C.24)
C1 M1 = Ble —BlMl = 32 —Bl = Cl s C1X1 = C1M1X1 = O, (C.ZS)
B\Y = (Y'MY)"'Y'MY =Ig= (Y'N\Y)"'Y'N\Y = B,Y , (C.26)
C)Y =BY —B1Y =0, (C.27)

CPMY] = [(YNY) YN — (Y'MY) Y My MY (Y M Y)Y M,

= [(YNY)'YWNY — (Y'MY) 'Y MY (Y M Y)Y My

(Ic —16)(Y'MY)~'Y'M; =0, (C.28)
CIM[MY] = C [Ir —PIM Y] = Cy, (C.29)

1 S - 1 _
MY M, = ?{MIM[Y] My —MM[ZIM,} =%, MAM = ?MIM[Z]Ml =/,, (C31)

so (C.3)-(C.6) are established. (C.7) and (C.8) follow directly from (3.15) and the definitions of
By, By, C; and ¥,. We get (C.9) and (C.10) by using the definitions of[? and B in (3.4)-(3.5).
(C.11) follows on using (3.4) and (3.5). (C.12) comes from the fact that the residuals M;(y —Y [3)
are obtained by minimizing ||y — Y8 — X, y||* with respect to y, or equivalently ||y — Y — X, y||?
with respect to 8 and y. (C.13) follows from (C.12) and noting that M = M M,. Similarly, the first
identity in (C.14) comes from the fact that the residuals M, P(y — Y 8) = M, (y — PY3) are obtained
by minimizing ||y — PY B — X1 y||> with respect to Y, or equivalently by minimizing ||[y—PY B —X; y||
with respect to 3 and y. The others follow on noting that Ny = M} P = PM; and

M, M[M, PY]P = M[PM,Y|M,P = M[PM,Y]PM; . (C.32)
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To get (C.15) and (C.16), we note that
i=y—YB—Xiy=M(y—YB) =M, [Ir —YAy]y = [Ir — M{YA;](M y) = No(Myy)  (C.33)

hence

1 1 ~ ~ 1
o’ = ?f/ft = f(y—Yﬁ)/MlMl(y—YB) = ?(Mly)/NﬁNZ(Mly)- (C.34)

Further, using (3.11)-(3.3 ), (C.12) and (C.14), we see that:

&=Ly vpymy—vp) =2

o 1 _ 1 _
T YM[Y]y= Ty/Ml MM,Y]y= T(Ml y)M[MY](Myy), (C.35)

6t = L YBYNi—YB)= 1y YBYPM, P(y~ V)
= %Y/NiM[NIY]Nl)’: %(Ml y)PM[PMY]P(Myy), (C.36)

03 = 0~ (B-BYA(B-B)= L OYMNMMY]Y) —y ¥

= oy { pstiny)-w f 0y), ©3)

$0 (3.11)-(3.13) are established. Finally, (C.20) and (C.21) follow by observing that M{M[Y] =

M[Y|M; = M[Y]M; and M\M[Z] = MiM([Z] = M[Z], so that M,P[M[Y]X,|M, = P[M[Y]X;] and
MM[ZIM; = M[Z]. O

Using Lemma C.1, we can now prove Proposition 4.1.

PROOF OF PROPOSITION 4.1 We first note that

B—pB=(B.—B1)y=Cy, (C.38)
B-BYA'(B-B)=yCilA'Cly=y ¥y, (C.39)
so that, by the definitions (3.1) - (3.3),

B-BYA'B-B) YWy =123 4 (C.40)

T=ri(p-By5 (B B) = PP T
e A A A R_AVA-L(R_ 1 /
A= TE-py5 -p=r PP Y can
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where, using Lemma C.1,

. 1 = = 1 -
01 = 7= YBYM(y—YB) = Y MMNiY] Ny = YAy,

. I
3=/ { Y] -4} 13) = o,

For 774, we have

where
51=0°0y 6" 0y = (Y Asy) Q' — (Y Aay) Q-
The result for % follows directly by using (3.3).

(C42)

(C43)

(C.44)

(C.45)

(C.46)

(C.47)

(C.48)
0

In order to characterize the null distributions of the test statistics (Theorem 4.2), it will be useful
to first spell out some algebraic properties of the weighting matrices in Proposition 4.1. This is done

by the following lemma.

Lemma C.2 PROPERTIES OF WEIGHTING MATRICES IN EXOGENEITY STATISTICS. The matri-
ces W, A1, No, g, e and N\, in (4.1) - (4.6) satisfy the following identities:
N=N-Y CN=Cl,=%YN =¥ N, =W\, =0, (C.49)
1 1
G ==Cr, YA = 2 Y, (C.50)
MANM =N, [=1,...,4. (C.51)
Further, the matrices TW,, TA1, TN, TAs, TW and T, are symmetric idempotent.
PROOF OF LEMMA C.2  To get (C.49) - (C.50), we observe that:
| .
N = M, (TM[MlY]—LH)> My =Ny —MYM, =Ny -, (C.52)
- 1 A 1. 4 N N
CIN|PINY] = ?[Bz —BIININY Q' YNy = ?[QE,‘ Y'NL— Q{ Y'MIINY Qi) YNy
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1

A

= T[Q,VIYNlYQIV]Y QY NY Q' YN, = [f),—v‘y’—QL—S‘Y’]N1

1 oA A
- Q) Y'Ny — Q;J Y'M{ N, = [B, — B)]N; = Ci Ny,

CiM P[MY] = C;M Y (Y'MY)~'Y'M; =0,
M[YIM[Z] =M[Z],
hence
[
CiA =Cy <TN1M[N1Y]N1> —ClNlM[Nl YN —C1N1 (It —=P[N,Y]) N, =0,
1_ 1 _
CIAZ = C1M1 <TM[M1Y] —LI-{)> M1 = TCIMIM[MIY]MI —ClMlq-{)Ml
- lem (Ir —=P[MY)) M, — Ci ¥, e te—o
—TllT 1 1 10—T1T1—7
1 . 1 . 1
CiAy = —CIMMM YIM, = —CIMM[M,Y] = (i,
T T T
1 A [ 1 \/ [P 1
WA = —ClAT'C MMM YIM, = —CiAT'Ci MMM Y] = —CiA7'C = W,
T T T T
1 1 1
Ty (TM[M1Y1—%)M1 (A ) = 1w Ty —o,

Wi, = -1 (NI[F] - W[Z)}¥1[Z) = 0.

(C.53)

(C54)
(C.55)

(C.56)

(C.57)

(C.58)

(C.59)

(C.60)

(C.61)

(C.51) follow directly from the idempotence of M; and the definitions of A;, [ =1,..., 4. Finally,

the idempotence and symmetry of the weight matrices can be checked as follows:

~ ~ ~ 1A\ & ~
(TW)(T¥) = TCA'cod~'c =T2ClA™ (Ta> A-lc = TCA G
- TW=TY,
(TAN(TA) = (N M[NY]Ny) (N M[NY]Ny) = N\ MINYIN = TA =T A,
(T As)(T Ag) = MMM Y| M, My MM YIM, = MMM YIM, = TAy = T AL,

(TA)TA) = T*(M—W) (M=) =T> (M =AY — YA+ P W)
1 2
— < -+ %)ZT(/\ALLP) Th=TA;,

(T %)(T %) = {M[Y] = M[Z]{M[Y] = M[Z]} = M[Y] - M[Z] = T ¥k = T %%,

(C.62)

(C.63)
(C.64)

(C.65)

(C.66)



PROOF OF THEOREM 4.2  Using Lemma C.1, we first note the following identities:
BiY = (Y'M\Y)'YM\Y =Ig = (Y'NY)"'Y'NiY =B,Y,

M[M\Y]MY =M[N;Y]N,Y =0, B X;=BX; =0, N X;=MX =0,
NoMY = (Ir — MYA)MY = (My — M{YAy)Y = My (Y —YAY) =0, NoMX; =0,

M[Y]Y =M[Z]Y =0, M[Y]X; = M[Z]X, =0, P[M[Y]X;|M[Y] = M[Y]P[M[Y]X,|M[Y] .

Then
Cly: (Bg—B1)(YB +X1Y+u) =Cu,

YWy=yCAT'Cly=uCA"\Clu=u W u,
/ _1 / v _1 / — oy
YAy =Y NMINY Ny = i NiMIN Y [N = ol Ay,
! v 1 _
YAy =y My (MIMY] = W) Myy = o My (M[MyY] = W) Myu =l A,

/ o L, / o 1, /
yAgy—Ty MlNzNZMIY—TM M NyNoMyu,

1, 1
y’/\4y:?y’M[Y]y:?u’M[Y]u:u/\uA,
| R _ 1, - _
YWy = -y PINIFIX] W)y = Lo/ VI PNI(F1] W7,
| 1

(C.67)

(C.68)

(C.69)
(C.70)
(C.71)

(C.72)
(C.73)

(C.74)

(C.75)

(C.76)

(C.77)

(C.78)

(C.79)

Further, when a = 0, we have u = 0 (X) &, and the expressions in (4.7) - (4.8) follow from (4.1) -
(4.3) in Proposition 4.1 once u is replaced by g (X) € in (C.72) - (C.79). 0 (X) disappears because

it can be factorized in both the numerator and the denominator of each statistic.

O]

PROOF OF PROPOSITION 5.1 We must study how the statistics defined in (3.1) - (3.3) change
when y and Y are replaced by y* = yR|| + YRy and Y* = YRy;. This can be done by looking at the
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way the relevant variables in (3.4) - (3.14) change. We first note that

A 1 A A 1 A
Qjy = ZY"NiY" = (YRu) N (YRo2) = RypQuRoz, - Qi = Y 'MY* = RypQusRan, (C.80)

hence

A" = (Qp) ' = (Qr5) ™ =Ry (A — Qi) (Ry)) = Ry AR (C.81)

Using Lemma C.1, we also get:

B = (Y'MyY*)'Y"M; = [(YRn)Mi(YRx)| ' (YRn) M = Ry, (Y'MY) ™'Y M,

— RBi, (C.82)
By = (Y'NiY*)"'YYNy = Ry (Y'NY)'Y'N; = R, By, (C.83)
C;=B;—B; =Ry, C;, CY=R,,CY=0, (C.84)
B" = Bjy* =Ry)'Bi(yR11 + YRy1) = R11Ry) B+ Ry, Ray (C.85)
B =By = Ri1Ry) B+ Ry Ry, (C.86)
B —B =Ciy =RuRy (B-B), (C.87)

ﬁ* = M] (y* — Y*ﬁ*) = M1 (lel +YR21 — YRZZ(RI]R;ZIﬁ +R;21R21))
= R“M](y—Yﬁ):RUI/Al, (C88)

i =Mi(y"—Y*B") = Mi(yRi1 + YR — YR (R11Ry) B+ Ryy Rar)) = Ru i, (C.89)

hence, since N1 X; =0,

1 1
6.*2 _ 712*/12* _ R%l 62, 6.*2 _ ~>$</ it R%l 6-2 (Cgo)
T T
P 1 * * ¥ *
52 = 07 —Y°P YN (Y =Y BT = (y —Y'B =X,V )N (- Y B —X\V)
1 ¢ o 1 ~ ~
= = "Ny i :R%]?u’Nlu:RHG], (C.91)

03 = 02— (B -BYVA)B -B) o
= RZ&Z—(B BY (RiiRy ) RypA ™ Raa(R11 R ) (B — B)

= R4[6*—(B-B)A'(B-PB) =R}, 53, (C.92)
5p = 074" =(RL07)R, A(Ry)) =R Ry (574)(Ry,)
= RL Ry 5i(Ry), i=1,234, (C.93)
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5P =RIR, Ry, j=123. (C.94)

It follows that the .7; and JZ; exogeneity test statistics based on the transformed data are identical
to those based on the original data:

T = kB -B)E) (B -B) o
= (B- B)/(Rllezl)/[R%l Rgzl bY (Rzizl)/]il (R11R521)(B -B)
= K(B-BYE'(B-B)= T, i=1,2,3,4, (C.95)

Hr = T(B -B)E) B -B)
= T(B B)’(RuRzz)[R%R;z‘ij(R;;)’J”(RuR;;)(B—B):%ﬂj,j:1,2,3. (C.96)

Finally, the invariance of the statistic Z is obtained by observing that

YM[Z* ]y =R}, yM[Z]y, Yy'M[Y*]y* =Rj,yM[Y]y, (C.97)

where Z* = [Y*, X1, Xp] and Y* = [Y*, X], so R?, cancels out in % O

PROOF OF THEOREM 6.1  Since u =Va+ 0;(X) €, we can use the identities (C.72) - (C.79) and
replace y by Va+ 01(X) € in (4.1) - (4.1). The expressions (6.2) - (6.4) then follow through division
of the numerator and denominator of each statistic by g (X). O

PROOF OF THEOREM 6.2  This result follows by applying the invariance property of Proposition
5.1 with R defined as in (5.2). y is then replaced by y* = X;y+ [V — g(X1, X2, X3, V, [1)]a+ e [see
(5.5)], and the identities (C.72) - (C.79) hold with u replaced by

:[V_g(Xl7X27X37V7,:,)]a+e‘ (C98)

Further, in view of (C.5) and (4.4) - (3.14), each one of the matrices ¥, Ay,..., A4, ¥, Y and Ag
remains the same if it is pre- and postmultiplied by M, i.e.

W=MWYM, A=MAM,i=1,234, (C.99)
Yi=M¥YM, Y=MWYM, Ag=MANM, (C.100)

S0 u, can in turn be replaced by
Mlu*:—Ml[V—g(Xl,Xz,X3,V,I:I)]a+M1e (C.101)

in (C.72) - (C.79). Upon division of the numerator and denominator of each statistic by 0(X), w
get the expressions (6.6) - (6.8). ]
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PROOF OF THEOREM 6.3  The result follows from well known properties of the normal and
chi-square distributions: if x ~ N,[U,I,] and A is a fixed idempotent n X n matrix of rank r, then
X'Ax ~ X*[r; WA ). Conditional on X and V, ¥, is fixed, and

yi(@)=py(a)+Me=M{[V—gXi, X, X3, V, M)]a+e} = My (U+€) (C.102)

where 4= [V —g(X1, X2, X3, V, IT)]ais fixed and € ~ N,[U, I,]. By Lemmas C.1 and C.2, T¥,, TA,
TNy, TNy, TW: and TA, are symmetric idempotent, and each of these matrices remain invariant
through by pre- and post-multiplication by M; [M; ¥, M, = ¥, etc.]. Thus

Srlyr (@), W] = Ty:(a)Wy (a)=(u+e)M(T¥)M(u+e) (C.103)
= (U+8)(TW)(H+e) ~ X [rank(TW); W (TW) ] (C.104)

where
rank(TW) = tr(TW) = (TCIAT'C)) =t(TAT'C, C)) =w(TAT'T'A) =G,  (C.105)

W(TW) = WMy (T W) My = Bl (@) (T (@) = Selis (@), Y] = 8(a, %) . (C.106)

The proofs for the other quadratic forms are similar, with the following degrees of freedom vary:

rank(T/\l) = tI’{Nl M[NlY] N]} = tr{Nl } — tI‘{P[N1Y]} = tI'{Ml —M} —tI’{NlY(Y/N1Y)_1Y,N1}
—(T— k1) — (T — ki — ko) —te{ (Y'N,Y) " 'Y'N,Y} = ko — G, (C.107)

rank(TAy) = w{TM (T"'M[MY]-W¥)M}=tu{MMMYM}—uc{TW}

— e {My} — e {PM Y]} — tr{TW} = T— ki —2G, (C.108)

rank(T/\4) = tI'{MlM[M1Y]M1} = tI’{Ml} —tr{f’[MlY]} =T—-k -G, (C.109)
rank(T %) = tr{M[7] ~ M[Z]} = (T — ki — G) — (T — k1 — G —k») = ko, (C.110)
rank(TAg) = tr(TAg) =tue{M[Z]} =T — G —k; — k. (C.111)

The independence properties follow from the orthogonalities given in (C.49) and the normality
assumption. 0

PROOF OF COROLLARY 6.4  These results directly from Theorem 6.3 and the definition of the
doubly noncentral F-distribution. O
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