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ABSTRACT

This paper reviews recent developments in methods for dealing with weak instruments (IVs) in IV
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1 Introduction

The standard approach to reporting empirical results in economics is to provide
point estimates and standard errors. With this information, confidence intervals (CIs)
and tests are constructed using t tests and the normal critical values. In instrumental
variables (IVs) regression with weak IVs, this approach is problematic. The most
widely used estimator, two-stage least squares (2SLS), has significance bias and is
poorly approximated by a normal distribution when IVs are weak and the degree
of endogeneity is medium to strong. In fact, when the parameter space allows for
arbitrarily weak I'Vs the exact finite-sample level of standard CIs of the form “estimate
=+ std error x constant” is zero and t tests have level one.

This paper reviews recent results in the literature on weak IVs that develop an
alternative approach to inference with weak IVs. With this approach, one reports
point estimates accompanied by Cls or tests that have levels that are robust to the
strength of the IVs. In particular, Cls are formed by inverting tests that are robust
to weak IVs. That is, a CI for a parameter 3, say, is the set of points 3, for which a
weak IV robust test fails to reject the null hypothesis Hy : 8 = 3y. This is the same
method that is used to generate a CI of the form “estimate + std error x constant”
except that the test employed is one whose level is robust to weak IVs, rather than
a t tests based on a normal approximation.

The paper focuses on the linear IV model with a single right-hand side (rhs) en-
dogenous variable and independent identically distributed (iid) homoskedastic normal
errors. The majority of applications involve a single rhs endogenous variable. Inter-
est usually is focussed on the coefficient on this variable. Although this basic model
is relatively simple, it captures the essence of the problem. Tests whose levels are
robust to weak I'Vs for this model can be extended to the case of non-normal errors,
heteroskedastic and/or autocorrelated errors, multiple rhs endogenous variables, and
nonlinear moment condition models. The paper discusses these extensions. Not all
of them are completely satisfactory.

For a just-identified model, the Anderson-Rubin (AR) test, or a heteroskedasticity
and/or autocorrelation robust version of it, is the preferred test because its level
is robust to weak IVs and its power properties are quite good—optimal in certain
respects. For over-identified models, the AR test still is robust to weak IVs, but its
power properties are not as good because it effectively ignores parameter restrictions
that arise naturally in the model. The literature has sought tests that are robust to
weak IVs and are more powerful than the AR test in over-identified models.

Alternatives to the AR test that have been considered include an LM test and
a conditional likelihood ratio (CLR) test. Both of these tests are robust to weak
IVs. The power properties of the CLR test have been found to dominate those of
the LM and AR tests (with iid homoskedastic normal errors). In fact, the CLR test
is found to be essentially on a power envelope for two-sided invariant similar tests.
Furthermore, there is no cost in terms of performance of the test when the I'Vs are
strong—the test is asymptotically efficient under standard strong IV asymptotics.

“Conditioning” methods have been developed that can be used to convert t tests,
such as the usual one based on the 2SLS estimator, into tests whose levels are robust



to weak IVs. The power properties of such tests, however, are found to be distinctly
inferior to those of the CLR test. Hence, the CLR test outperforms standard t tests
both in terms of level and in terms of level-corrected power under weak IVs and is
asymptotically efficient under strong IVs.

Although the CLR test is robust asymptotically to weak IVs and non-normality of
the errors, it is not robust to heteroskedasticity and/or autocorrelation of the errors
or to left-out IVs (from the reduced form equation for the rhs endogenous variables).
Nevertheless, versions of the CLR test that are robust to these features have been
developed. We recommend such tests and the Cls they generate for general use in IV
regression with potentially weak IVs. Furthermore, generalizations of these CLR tests
to moment condition models, which are typically estimated by generalized method of
moments (GMM), also are available. For moment condition models, we recommend
such tests because they are robust to weak IVs and can be expected to have relatively
good power properties.

In addition to reviewing some of the recent literature on inference with weak IVs,
this paper presents new results for testing under “many weak IV asymptotics”. Such
asymptotics are designed for the case in which the IVs are weak and the number of
1Vs, k, is relatively large compared to the sample size n. We find that in this set-up
the CLR test is still completely robust asymptotically to weak IVs and is essentially
on the power envelope for two-sided invariant (similar or nonsimilar) tests. This holds
no matter how one specifies the relative magnitude of the strength of the IVs to k
in the asymptotics. Hence, the optimal power properties of the CLR test are quite
robust to k. The AR and LM tests have power that lies off the power envelope—in
some cases by a considerable extent. On the other hand, the level of the CLR test
is not completely robust to the magnitude of k relative to n. One does not want to
take k too large relative to n. With normal errors, the CLR test has correct size
asymptotically provided k3/2 /n — 0 as n — oo. With non-normal errors, k3 /n— 0
as n — oo is required.

We conclude that the “many weak IV” results for the CLR test buttress the
argument for employing this test (or heteroskedasticity or autocorrelation robust
versions of it) in scenarios with potentially weak IVs.

This paper focuses on hypothesis tests and Cls that are robust to weak IVs,
and pays less attention to two other aspects of the weak IV problem. The first
neglected topic concerns pretesting for weak instruments: if the instruments are
weak, one adopts a robust strategy, but if the instruments are strong, one uses 2SLS.
This approach is now common empirical practice and is an improvement over the
practice of a decade ago, in which 2SLS was always used without thought about
the strength of the instruments. But this approach entails standard concerns about
pretests, and as a result we find fully robust tests and CIs more appealing. The
second neglected aspect is point estimation. Despite a great deal of work in the finite
sample and Edgeworth expansion literatures, there are few sharp results concerning
point estimates. Although it is generally found that 2SLS has particularly poor finite
sample behavior, each alternative estimator seems to have its own pathologies when
instruments are weak. We therefore have focused on testing and Cls weak IVs, for



which a solution is closer at hand than it is for estimation.

The remainder of this paper is organized as follows. Section 2 introduces the
model considered in much of the paper. Section 3 discusses what is meant by weak
IVs and the problems with 2SLS estimators, tests, and Cls under weak IVs. Sec-
tion 4 describes “weak IV asymptotics,” “many IV asymptotics,” and “many weak
IV asymptotics.” Section 5 covers formal methods for detecting weak IVs. Section
6 discusses the two approaches to tests and CIs mentioned above—t test-based Cls
versus Cls obtained by inverting weak IV robust tests. Section 7 describes recent
developments for tests whose levels are robust to weak IVs. This includes similar
tests via conditioning, optimal power, robustness to heteroskedasticity and/or auto-
correlation, power with non-normal errors, and extensions to multiple rhs endogenous
variables, coefficients on exogenous variables, and moment condition models. Section
8 briefly outlines some recent developments for estimation with weak IVs. Section 9
does likewise for estimation with many weak I[Vs. Section 10 presents the new results
for testing with many weak I'Vs.

We note that recent survey papers on weak IVs include Stock, Wright, and Yogo
(2002), Dufour (2003), and Hahn and Hausman (2003).

2 Model

We start by defining the model that we focus on for much of the paper. The
model is an IV regression model with one endogenous right-hand side (rhs) variable,
multiple exogenous variables, multiple IVs, and independent identically distributed
(iid) homoskedastic normal errors. The exogenous variables and IVs are treated as
fixed (i.e., nonrandom).

The reasons for considering this special model are the following. First, the case of a
single rhs endogenous variable is by far the most important in empirical applications.
Second, asymptotic results for non-normal errors with random or fixed exogenous
variables and IVs are analogous to the finite sample results for normal errors with fixed
exogenous variables and IVs. Third, results for heteroskedastic and/or autocorrelated
errors can be obtained by extending the results for iid homoskedastic errors. Below
we discuss these extensions.

The model consists of a structural equation and a reduced-form equation:

y1 = Y28+ Xy +u,
y2 = Zm + X+ v, (2.1)

where 31,2 € R", X € R™P, and Z € R™* are observed variables; u,vy € R"
are unobserved errors; and § € R, # € RF, v; € RP, and ¢ € RP are unknown
parameters. We assume that Z is the matrix of residuals from the regression of some
underlying IVs, say Z € R™**, on X (ie., Z = MxZ, where Mx = I, — Px and
Px = X(X'X)71X’). Hence, Z'X = 0. The exogenous variable matrix X and the
IV matrix Z are fixed (i.e., non-stochastic) and [X : Z] has full column rank p + k.
The n x 2 matrix of errors [u : vg] is iid across rows with each row having a mean
zero bivariate normal distribution.



The variable ys is endogenous in the equation for y; (i.e., y2 and u may be
correlated). Endogeneity may be due to simultaneity, left-out variables, or mismea-
surement of an exogenous variable. Although we refer to the equation for y; as a
structural equation, only in the case of simultaneity is the equation for y; really a
structural equation.

The two reduced-form equations are

1 =ZrB+Xy+u
yo = Zmw+ XE& + vy, where
v =7, +&0 and v1 = u + vaf5. (2.2)

The reduced-form errors [v; :v3] are iid across rows with each row having a mean
zero bivariate normal distribution with 2 x 2 nonsingular covariance matrix €2. The
parameter space for 0 = (8, 7,7/, &) is taken to be R x R¥ x RP x RP. Let Y = [y :
Y] € R™? denote the matrix of endogenous variables.

In empirical applications, interest often is focussed on the parameter § on the rhs
endogenous variable ys.

3 Weak Instruments

It is well known that there are two key properties for IVs: (i) exogeneity, i.e.,
lack of correlation of the IVs with the structural equation error, and (ii) relevance,
i.e., the ability of the IVs to explain the rhs endogenous variables. For many years,
considerable attention has been paid in applications to the issue of exogeneity. Only
more recently has attention been paid to relevance. Weak IVs concerns relevance.

IVs are weak if the mean component of yo that depends on the IVs, viz., Zm, is
small relative to the variability of yo, or equivalently, to the variability of the error
vo. This can be measured by the population partial R? of the equation (2.1) for s
(where the effect of the exogenous variables X is partialed out). In sample, it can
be measured by the sample partial R? or, equivalently, by the F statistic for the null
that 7 = 0 in (2.1), see Shea (1997), Godfrey (1999), and Section 5 below.

Note that IVs can be weak and the F statistic small either because 7 is close to
zero or because the variability of Z is low relative to the variability of vs. Also note
that in practice the issue typically is how close to zero is 7 or Zm, not whether 7 or
Zm is exactly equal to zero.

There are numerous examples of weak IVs in the empirical literature. Here we
mention three. The first is the classic example from labor economics of Angrist
and Krueger’s (1991) IV regression of wages on the endogenous variable years of
education and additional covariates. Dummies for quarter of birth (with and without
interactions with exogenous variables) are used as IVs for years of education. The
argument is that quarter of birth is related to years of education via mandatory school
laws for children aged sixteen and lower. At best, the relationship is weak, which
leads to weak IVs. A notable feature of this application is that weak instrument
issues arise despite the fact that Angrist and Krueger use a 5% Census sample with



hundreds of thousands of observations. Evidently, weak instruments should not be
thought of as merely a small-sample problem, and the difficulties associated with
weak instruments can arise even if the sample size is very large.

The second example is from the macroeconomics/finance literature on the con-
sumption CAPM. Interest concerns the elasticity of intertemporal substitution. In
both linear and nonlinear versions of the model, IVs are weak, e.g., see Neeley, Roy,
and Whiteman (2001), Stock and Wright (2000), and Yogo (2004). In one specifi-
cation of the linear model in Yogo (2004), the endogenous variable is consumption
growth and the IVs are twice lagged nominal interest rates, inflation, consumption
growth, and log dividend-price ratio. Since log consumption is close to a random
walk (see Hall (1978)), consumption growth is difficult to predict. This leads to the
IVs being weak. For example, Yogo (2004) finds F statistics for the null hypothesis
that m = 0 in the first stage regression that lie between 0.17 and 3.53 for different
countries.

The third example is from the macroeconomics literature on the new Keynesian
Phillips curve. Inference typically is carried out using IV methods, see Mavroeidis
(2004) and Nason and Smith (2005). Twice-lagged real marginal cost (labor share
in income) or change in inflation are used as IVs for current inflation growth. Given
that changes in inflation are difficult to predict, the IVs are weak.

Much of the current interest in weak IVs started with two important papers by
Nelson and Startz (1990, 1991) which showed the dramatically non-normal distribu-
tions of the 2SLS estimator and t-statistic when instruments are weak. The effect of
weak IVs on these 2SLS statistics depends considerably on the degree of endogeneity,
which is measured by the correlation, p,, ,,, between u and vq. If p,, ,, =0 or p,,, is
close to zero, then standard procedures work well (in terms of low bias and test and
CI levels being close to their nominal values). When the IVs are weak and the degree
of endogeneity is fairly strong, however, the 2SLS estimator has appreciable bias and
the normal approximation to its distribution is poor. See Nelson and Startz (1990,
1991) and Maddala and Jeong (1992).

There is also a considerable earlier literature that is relevant to this issue, see the
references in Phillips (1984). But, most of the early finite sample literature tended
not to focus on the properties of procedures when the IVs are weak, because the
empirical relevance of this scenario was not recognized. On other hand, for the LIML
estimator, Phillips (1984, 1989) and Choi and Phillips (1992) investigate the finite
sample and asymptotic properties under the limiting case of completely irrelevant
IVs (lack of identification) as well as case of partial identification. Their results show
quite different sampling properties under lack of identification or partial identification
compared to strong identification. This suggests that problems arise when the model
is identified, but the IVs are weak.

An influential paper by Bound, Baker, and Jaeger (1995) analyzes the properties
of 2SLS in the context of Angrist and Krueger’s (1991) regression of wages on ed-
ucation and exogenous variables. It shows that even when the sample size is huge,
the properties of 2SLS can be poor in the face of many weak IVs. The sample
size is not the key parameter. What matters most is the concentration parameter,



Aeone = m'Z'Zw |02, (where o2, is the variance of vs) and the degree of endogene-
ity, Pyy,- The earlier finite sample literature was aware of this, e.g., see Rothenberg
(1984).

Generic results for models with isolated unidentified points in the parameter space
also have had an impact on the weak IV literature. Gleser and Hwang (1987) estab-
lish dramatic results concerning the levels of Cls and tests when the parameter space
includes unidentified points. Dufour (1997) extends these results and applies them
to the weak IV regression model. Consider any parametric model with parameters
(8,7) € R?. Suppose the observations have common support. Suppose 3 is unidenti-
fied when 7 = 0. In this scenario, Gleser and Hwang’s (1987) result states that a CI
for 3 must have infinite length with positive probability—otherwise its (exact) level
is zero. This result also holds (essentially by a continuity argument) if the parameter
space is taken to be {(3,7) € R? : m # 0}, which only includes unidentified points.
The usual “estimator + std error x constant” CI has finite length with probability
one. Hence, the finite-sample confidence level of such a CI is zero under the specified
conditions. Analogously, the finite sample significance levels of ¢-tests and Wald tests
are one. These conclusions do not apply to LR and LM tests and CIs based on them
because these Cls are not necessarily finite with probability one.

The idea behind this result is as follows. Suppose the parameter space is R?. If
7 =0, then a level 1 — a CI must include (—o0, 00) with probability greater than or
equal to 1 — a because every value of 3 € R is a true value when m = 0. Hence, the
event “the CI has infinite length” has probability greater than or equal to 1 —a when
m = 0 for a CI with level 1 — a. By the common support assumption, this event must
have positive probability for any (3, 7) in the parameter space. In consequence, if a
CI is finite with probability one for any (3, 7), then its level must be less than 1 — a.
If this holds for all & < 1, then its level must be zero.

Note that the argument does not apply if the parameter space is bounded away
from 7 = 0. But, in this case, the level of the CI typically lies between 0 and 1 — «
depending upon where the parameter space is truncated.

The conclusion from the result of Gleser and Hwang (1987) and Dufour (1997) is
that ClIs and tests based on t-tests and Wald tests cannot be fully robust to weak
IVs. This concern is not just a theoretical nicety: numerical studies included in the
papers cited in this section have demonstrated that coverage rates of conventional
TSLS confidence intervals can be very poor when instruments are weak, even if the
sample size is large, in designs calibrated to practical empirical applications such as
the Angrist-Krueger data and the consumption CAPM.

4 Asymptotics

In this section we discuss some basic tools that are used in the weak IV literature,
viz., different types of asymptotics. Asymptotic results are widely used in economet-
rics to provide approximations and to facilitate comparisons of estimators or tests.
For the IV regression model, standard asymptotics let n — oo and hold other features
of the model fixed. We refer to these asymptotics as strong IV asymptotics. These



asymptotics provide poor approximations in the IV regression model with weak IVs
because (i) weak IVs correspond to a relatively small value of A = 7n'Z'Zn, (ii) the
finite sample properties of estimators and tests are sensitive to the magnitude of A,
and (iii) the asymptotic framework results in A — oc.

In consequence, the literature on weak IVs has considered several alternative
asymptotic frameworks. For linear models, Staiger and Stock (1997) consider asymp-
totics in which

7=C/ynforn=1,2,.. (4.1)

for some constant k-vector C. Combined with the standard assumption that Z'Z/n —
Dz as n — oo, for some k x k nonsingular matrix Dz, this yields

AN=7'Z'"Zr=C"(Z2'Z/n)C — C'DzC as n — oo. (4.2)

Thus, under this asymptotic set-up, A converges to a finite constant as n — oo.
Depending on the magnitude of the constant, the IVs are weaker or stronger. We refer
to these asymptotics as weak IV asymptotics. Weak IV asymptotics are analogous to
local-to-unity asymptotics that are widely used in the unit root time series literature.

An attractive feature of weak IV asymptotics is that they provide better approx-
imations than standard asymptotics for the case where X is small, yet still allow for
the usual simplifications regarding non-normality, heteroskedasticity, and/or auto-
correlation of the errors as under standard asymptotics. Under weak IV asymptotics,
estimation of the 2 x 2 reduced-form covariance matrix, €2, is an order of magnitude
easier than estimation of the structural parameters (3,7;). In consequence, one typi-
cally obtains the same weak IV asymptotic results whether €2 is known or estimated,
which is another useful simplification.

Under weak IV asymptotics, the “limiting experiment” is essentially the same as
the finite sample model with iid homoskedastic normal errors and known reduced-
form covariance matrix 2. This has the advantages listed in the previous paragraph,
but the disadvantage that the finite-sample normal model is significantly more com-
plicated than the usual Gaussian-shift limiting experiment.

A second type of asymptotics utilized in the literature lets & — oo as n —
oo with 7 fixed for all n. We call this many IV asymptotics. These asymptotics
are appropriate when k is relatively large. But, Bekker (1994) argues that these
asymptotics provide better approximations than standard asymptotics even when k
is small. Many IV asymptotics have been employed by Anderson (1976), Kunitomo
(1980), Morimune (1983), Bekker (1994), Donald and Newey (2001), Hahn (2002),
Hahn, Hausman, and Kuersteiner (2004), and Newey (2004a) among others.

A third type of asymptotics, introduced by Chao and Swanson (2005), are many
weak 1V asymptotics in which £ — oo and # — 0 as n — oco. These asymptotics are
designed for the case in which one has relatively many IVs which are weak. Many
weak IV asymptotics are employed by Han and Phillips (2002), Newey (2004b), and
Stock and Yogo (2005a). Sections 9 and 10 below consider estimation and testing
under many weak IV asymptotics.



5 Detecting Weak IVs

A small first stage F statistic for Hg : 7 = 0 (or, equivalently, a low partial R?)
provides evidence that IVs are weak. Stock and Yogo (2005b) develop formal tests
based on the F statistic for the null hypothesis: (1) the bias of 2SLS is greater than
10% of the bias based on OLS. The F test rejects the null of weak IVs at the 5% level
if F' > 10.3. They also consider the null hypothesis that (2) the null rejection rate of
the nominal 5% 2SLS t test concerning 3 has a rejection rate 10% or greater.. In this
case, the F test rejects the null of weak IVs at the 5% level if F' > 24.6. Analogous
tests when the null hypothesis is specified in terms of the LIML estimator or Fuller’s
(1977) modification of LIML are provided in Stock and Yogo (2005b). These tests
have different (smaller) critical values.

The adverse effect of weak IVs on standard methods, such as 2SLS, depends
on the degree of endogeneity present as measured by p,,,, the correlation between
the structural and reduced form errors uw and ve. But, p,,, is difficult to estimate
precisely when the IVs are weak. In particular, p,,, cannot be consistently estimated
under weak IVs asymptotics. (The reason is that the residuals used to estimate u
depend on some estimator of § and (8 cannot be consistently estimated under weak
IV asymptotics.) In consequence, the F tests of Stock and Yogo (2005b) are designed
to be valid for any value of p,,,.

An alternative test for the detection of weak IVs based on reverse regressions is
given by Hahn and Hausman (2002). Unfortunately, this test has very low power
and is not recommended, at least for the purpose of detecting weak instruments, see
Hausman, Stock, and Yogo (2005).

If one uses an F test to detect weak IVs as a pre-test procedure, then the usual
pre-testing issues arise for subsequent inference, e.g., see Hall, Rudebusch, and Wilcox
(1996). The approach of Chioda and Jansson (2004), which considers tests concerning
0B that are valid conditional on the value of the F statistic, can deal with such pre-
testing issues. A drawback of this approach, however, is that it sacrifices power.

6 Approaches to Inference with Weak 1Vs

In most areas of econometrics, the standard method is to report a parameter
estimate along with an estimate of its standard error. Then, one utilizes CIs of the
form “estimator 4+ std error x constant” and one carries out t tests using critical
values from the normal distribution. This approach is suitable if the estimator has a
distribution that is centered approximately at the true value and is reasonably well
approximated by the normal distribution. In the case of IV estimation, this approach
does not work well if the IVs are weak, as discussed Section 3.

One approach to dealing with weak IVs is to follow the “estimate/standard error”
reporting method combined with a pre-test for weak IVs and/or a suitable choice of
(bias-corrected) estimator, standard error estimator, and/or IVs in order to improve
the normal approximation. For example, a sophisticated version of the latter is given
in Donald and Newey (2001). See Hahn and Hausman (2003), Hahn, Hausman, and



Kuersteiner (2004), Newey (2004a, b), and Section 8 below for results and references
to the literature. This approach is justified if the parameter space is bounded away
from the unidentified set of parameter values where m = 0. But, the approach is not
fully robust to weak I'Vs.

An alternative approach is to report an estimate and CI, where the CI is fully
robust to weak IVs asymptotically. By this we mean that the CI has asymptotically
correct coverage probability under standard asymptotics for 7 # 0 and under weak IV
asymptotics (which includes the standard asymptotic case with 7 = 0). For testing,
this approach uses tests that are fully robust to weak IVs asymptotically. For the
weak IV problem, this approach was first advocated by Dufour (1997) and Staiger
and Stock (1997).

Fully-robust ClIs can be obtained by inverting fully-robust tests. For example, a
CI for (3 of (approximate) level 100(1 — )% consists of all parameter values (3, for
which the null hypothesis Hy : § = 3, is not rejected at (approximate) level 5%.
Note that standard CIs of the form “estimator + std error x constant” are obtained
by inverting t tests. Thus, the only difference between the Cls used in the first and
second approaches is that the second approach employs tests that are fully robust to
weak IVs rather than t tests. Papers that discuss the mechanics of the inversion of
robust tests to form CIs include Zivot, Startz, and Nelson (1998), Dufour and Jasiak
(2001), and Dufour and Taamouti (2005). Papers that report empirical results using
CIs obtained by inverting fully-robust tests include Yogo (2004) and Nason and Smith
(2005).

We advocate the second approach. In consequence, we view robust tests to be very
important and we focus more attention in this paper on testing than on estimation.

7 Developments in Testing for the Linear Model

In this section, we consider testing in the model specified in (2.1)-(2.2). In appli-
cations, interest often is focused on the parameter 3 on the rhs endogenous variable
y9. Hence, our interest is in the null and alternative hypotheses:

H():ﬂ:ﬁo and Hliﬁ#ﬁo. (71)

The parameter m, which determines the strength of the IVs, is a nuisance parameter
that appears under the null and alternative hypotheses. The parameters v, £, and 2
are also nuisance parameters, but are of lesser importance because tests concerning 3
typically are invariant to v and £ and the behavior of standard tests, such as t tests,
are much less sensitive to € than to 7.

We desire tests that are robust to weak IVs under normal or non-normal er-
rors. In addition, we desire tests that exhibit robustness under weak and strong IV
asymptotics to (i) left-out IVs, (ii) nonlinearity of the reduced form equation for
Y2, (iii) heteroskedasticity—in cross-section contexts, (iv) heteroskedasticity and/or
autocorrelation—in some time series contexts, and (v) many IVs—in some contexts.

Some, e.g., Dufour (1997), desire tests whose finite-sample null rejection rate is
exactly the desired significance level under iid homoskedastic normal errors for any



w. But, we view this as putting excessive weight on the iid homoskedastic normal
assumptions, which are not likely to hold in practice.

7.1 Anderson-Rubin and LM Tests

The first test employed specifically to deal with weak IVs is the Anderson-Rubin
(1949) (AR) test, see Dufour (1997) and Staiger and Stock (1997). The AR test
imposes the null 8 = 3, and uses the F test for the artificial null hypothesis Hj : & = 0
in the model

Y1 — Y280 = Zk + Xy + u. (7.2)
The AR test statistic is

(y1 — ¥260)' Pz(y1 — y280) /k

AR(By) = 32(8,) , where
u\~0
7280 = L y2ﬁ071]\_4[,j)_q;y1 ~2f) (7.3)

Under the null hypothesis Hy : 8 = 3, we have

w' Pyu/k
w'Mz.xyu/(n—k—p)

AR(By) = (7.4)

The null distribution of the AR statistic does not depend on 7 regardless of the dis-
tribution of the errors u and the AR test is fully robust to weak IVs. Under Hy,
AR(By) —a X3/k under strong and weak IV asymptotics assuming iid homoskedastic
errors u with two moments finite. Under the additional assumption of normal errors,
AR(Bg) ~ Fyn—k—p. Hence, an F critical value is typically employed with the AR
test. As pointed out by Dufour (2003), the AR test does not rely on any assump-
tions concerning the reduced-form equation for ys. But, the AR test is not robust to
heteroskedasticity and/or autocorrelation of the structural equation error w.
Under the alternative hypothesis,

(u+ Zn(B —Bo))' Pz(u+ Z7(B — By))

AR(Bo) = w'Mz.xyu/(n—k —p)

. (7.5)

In consequence, power depends on the magnitude of 7’2’ Z7(3 — 34)2. The power of
AR test is very good when k& = 1. Moreira (2001) shows that it is UMP unbiased
when the errors are iid homoskedastic normal, €) is known, and k£ = 1.

On the other hand, when k > 1, the power of AR test is not so good. It is a
k degrees of freedom test when only one parameter is under test. When the true
parameter is #, model is can be written as

Y1 — Y2y = Zm(B — By) + Xy + 1. (7.6)

The AR test tests whether Z enters this equation. The AR test sacrifices power
because it ignores the restriction that k = 7(8 — (). Obviously, low power is an
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undesirable property for tests, and it leads to excessively long Cls based on such
tests.

The literature has sought more powerful tests than the AR test that are robust
to weak IVs. To start, one might consider the LR test of Hy : 8 = 3,. The LR
statistic combined with the conventional X% critical value is not robust to weak IVs
when k£ > 1. But, Wang and Zivot (1998) show that a larger critical value, obtained
by bounding the asymptotic distribution of the LR statistic over 7 values, is robust
to weak IVs. However, the resulting test is nonsimilar asymptotically under weak IV
asymptotics (i.e., its asymptotic null rejection rate depends on 7). In consequence,
the test is biased and sacrifices power. For instance, the test is not asymptotically
efficient under strong IV asymptotics.

Kleibergen (2002) and Moreira (2001) independently introduce an LM test whose
null rejection rate is robust to weak IVs. They use different ideas to arrive at the
LM test. Kleibergen’s idea is as follows: The AR statistic projects y; — y203, onto
the k-dimensional space spanned by Z. Instead, one can estimate m under the null
hypothesis via the ML estimator, 7(3,), and project onto the one-dimensional space
spanned by Z7(0,). It turns out that 7(3,) is asymptotically independent of y1 —y23,
under the null under strong and weak IV asymptotics. Hence, a suitably scaled version
of the projection residuals is asymptotically x3 under the null hypothesis under both
strong and weak IV asymptotics. The resulting test statistic is an LM statistic and
it is fully robust to weak IVs.

The power of the LM test often is better than that of the AR test when k > 1, but
not always. A drawback of the LM test is that it exhibits quirky power properties
including non-monotonicity in |3 — Gy

We note that when & = 1 the LM, LR, and AR tests are equivalent because the
LM and LR statistics equal k times the AR statistic.

7.2 Similar Tests

Moreira (2001, 2003) gives a characterization of (exactly) similar tests of Hy :
B = B, for the model of (2.1)-(2.2) with normal errors and known 2. Similar tests are
necessarily fully robust to weak IVs because their null distribution does not depend
on m. When € is unknown, a consistent estimator of €2, say {2, can be plugged in
for 2 and an exactly similar test becomes a test that is asymptotically similar under
weak IV asymptotics (and typically under strong IV asymptotics as well).

By definition, a level a test ¢(Y') (which equals one when the test rejects Hy and
zero otherwise) is similar if

E ¢(Y) = « for all 7, (7.7)

where E(-) denotes expectation under (8, ).

Moreira’s argument leading to the characterization of similar tests is as follows.
Under the null hypothesis, the unknown parameter is 7. Using standard methods, e.g.,
Lehmann (1986), the null-restricted ML estimator of 7, 7(3,), can be shown to be a
complete sufficient statistic for m because the parametric model is in the exponential
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family of distributions. By definition, a sufficient statistic 7(3,) is complete for 7 if,
for any real function h(-), E;h(7(8,)) = ¢ for all = implies that h(-) = c a.s. for some
constant c¢. Applying this definition with h(-) = Ex(¢(Y)|7(8y) = -) and using the
law of iterated expectations gives

Exh(7(80)) = ExEx(0(Y)|7(Bo)) = Ex¢(Y) = o for all m (7.8)

implies that h(-) = Ex(¢(Y)|7(8y) = -) = a a.s. That is, ¢(Y) is similar with level o
iff
E (¢(Y)|7(By) =) = « for all . (7.9)

Given this result, similar tests can be created from non-similar tests by employing
a conditional critical value function kg o(x) defined by

Rpa(r) = E(@(Y)T(6) = 2) = a. (7.10)

Then, a similar test based on ¢ rejects Hy if

¢(Y) > £g.a(T(Bo))- (7.11)

This method generates “conditional tests” that are similar. For example, one can
generate a conditional Wald test given an estimator such as 2SLS or LIML.

In addition, one can consider the conditional LR (CLR) test. Moreira (2003)
focuses on this test. It is a more sophisticated version of Wang and Zivot’s (1998)
LR test in which a critical value function replaces a constant to achieve the desired
level . The CLR test has higher power than the Wang-Zivot LR test.

The CLR test based on a plug-in value of {2 has asymptotic null rejection rate a
under both weak and strong IV asymptotics and, hence, is fully robust to weak I'Vs.

Note that the critical value function kg o(x) of (7.10) can be computed by numer-
ical integration or simulation and then tabulated, see Moreira (2003) and Andrews,
Moreira, and Stock (2004b, c).

Moreira, Porter, and Suarez (2004) introduce a residual-based bootstrap for the
CLR test which is shown to be first-order correct under strong IV asymptotics whether
m = 0 or m # 0. Its behavior under weak IV asymptotics is not discussed. This
bootstrap does not deliver higher-order improvements.

7.3 Optimal Tests

The “conditioning” method leads to a surfeit of tests that are fully robust to
weak IVs because any test can be made fully robust. Given this, Andrews, Moreira,
and Stock (2004a) (AMS) address the question of optimal tests that are robust to
weak IVs. They consider the class of similar tests for the model of (2.1)-(2.2) with
iid homoskedastic normal errors and known 2. If 7 is known, then it is plausible that
an optimal two-sided test is just the t test of Hp : § = 3 in the model

Y1 — Y280 = (Z7)(B — By) + X7 + u. (7.12)
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Indeed, Moreira (2001) shows that the two-sided t test for the case when 7 and €2 are
known is UMP unbiased. But 7 is not known in practice, so no optimal two-sided test
exists. The problem is that the class of tests considered is too large. In consequence,
AMS restricts attention to similar tests that satisfy a rotational invariance property.

The data matrix Y has a multivariate normal distribution, which is a member
of the exponential family of distributions. In consequence, low dimensional sufficient
statistics are available. For tests concerning (3, there is no loss (in terms of attainable
power functions) in considering tests that are based on the sufficient statistic Z'Y for
(8,7"), see AMS. This eliminates the nuisance parameters (-, &) from the problem.
The nuisance parameter 7 remains. As in Moreira (2003), we consider a one-to-one
transformation of Z'Y" given by [S : T'], where

S =(2'Z)72Z'Ybg - (babe) /2,
T = (Z'2)7Y22'yQ ag - (ahQ ag) V2,
bo = (1,—08,) and ag = (By,1)". (7.13)

The invariant tests considered in AMS depend on S and T only through the
maximal invariant statistic ) defined by

Q = [S:T[S:T] = [ SR } _ [ ng giT } . (7.14)

(See AMS for the definition of the groups of transformations on the data matrix
[S:T] and the parameters (3, 7) that yields the maximal invariant to be Q. Note that
Y'P2zY is an equivalent statistic to Q.)

For example, the AR, LM, and LR test statistics can be written as

AR = Qs/k, LM = Qsr, and
LR = 3 (Qs - Qo+ flQs = Q) +10%, ). (7.15)

The only tests that we are aware of that are not functions of () are tests that involve
leaving out some IVs and t tests based on Chamberlain and Imbens (2004) many IV
estimator.

The matrix ) has a noncentral Wishart distribution with means matrix of rank
one and identity variance matrix. The distribution of @ (and hence of invariant
similar tests) only depends on the unknown parameters 3 and

AN=7'7'"Zr € R, (7.16)

where \ indicates the strength of the IVs (and is proportional to the concentration
parameter Aconc). The utilization of invariance has reduced the k-vector nuisance
parameter 7 to a scalar nuisance parameter A. The distribution of () also depends on
the number IVs, k, and the parameter of interest, (.

AMS derives a power envelope for two-sided invariant similar (IS) tests and com-
pares new and existing tests to the power envelope. The power envelope is determined
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by the tests that are point optimal for each (3, A) combination. There are several
ways to impose two-sidedness. First, AMS considers average power against two points
(6%, \*) and (55, A3), where (05, \3) is selected given (8%, \*) to be the unique point
such that (35 is on the opposite side of the null value (3, from 5* and such that the test
that maximizes power against these two points is asymptotically efficient (AE) under
strong IV asymptotics. The power envelope is then a function of (8%, \*). Second,
AMS considers tests that satisfy a sign-invariance condition that the test depends on
Qg7 only through |Qgsr|. This is satisfied by most tests in the literature including the
AR, LM, and CLR tests. Third, AMS considers locally unbiased tests. AMS shows
that the first and second approaches yield exactly the same power envelope. Further-
more, numerical calculations show that the third approach yields a power envelope
that is hard to distinguish from the first and second.

AMS develops a class of new tests based on maximizing weighted average power
(WAP) given different weight functions on (3, ). These tests and the AR, LM, and
CLR tests are compared numerically to the two-sided power envelope for IS tests.
The power envelope only depends on (3, A, k, p = corr(vi,v2) and is smooth in these
parameters. Hence, it is possible to make fairly exhaustive comparisons.

Figure 1 illustrates some of these comparisons for the case of k = 5 instruments.
The figure plots the power of the AR, LM, and CLR tests as a function of 3, along
with the asymptotically efficient power envelope for two-sided invariant similar tests.
The first three panels show the effect of varying p = corr(vi,v2) (negative values of
p correspond to reversing the sign of 8 — ;) and for 3, = 0 (taken without loss
of generality). Panels (a) - (c) consider rather weak instruments, A\ = 10, which
corresponds to a first-stage F-statistic having a mean of \/k + 1 = 3 under the null.
Panel (d) presents the power functions for a case of relatively strong instruments,
A = 80.

Figure 1 and other results in AMS show that the CLR test is essentially on the
power envelope for all 3, A, k, and p. In contrast, the AR test typically is below
the power envelope—the more so, the larger is k. In addition, the LM test has a
quirky non-monotone power function that is sometimes on the power envelope and
sometimes far from it. See AMS for an explanation of this behavior. Results in AMS
indicate that some point-optimal IS two-sided (POIS2) tests are very close to the
power envelope, like the CLR test. This is also true of some WAP tests based on
nondegenerate weight functions. But, these tests do not have as simple closed-form
expressions as the LR test statistic.

One might ask the question of whether the restriction to similar tests is overly
restrictive. Andrews, Moreira, and Stock (2004b) provides some results for the power
envelope for invariant non-similar tests using the least favorable distribution approach
of Lehmann (1986). In the cases in which the nonsimilar power envelope could be
computed, it is found to be very close to that for similar tests. Hence, the imposition
of similarity does not appear to be overly restrictive.

The finite sample power envelope for known €2 that is determined in AMS is shown
to be the same as the weak IV asymptotic power envelope for unknown 2. Hence,
the feasible CLR test is (essentially) on the weak IV asymptotic power envelope for
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two-sided IS tests. In addition, AMS show that the CLR test (and the LM test) are
asymptotically efficient under strong I'V asymptotics.

Based on these results, we recommend the CLR test among tests that are designed
for iid homoskedastic errors.

7.4 Conditional LR Test

There is a one-to-one transformation from the restricted ML estimator 7(3;) to
the statistic @Qp. Hence, the CLR test can be written such that it rejects the null
hypothesis when

LR > S*E(Qr), (7.17)

where kS (Qr) is defined to satisfy P (LR > kS (q7)|Qr = qr) = a.

We note that the LR statistic combines the AR and LM statistics based on the
magnitude of Qr — Qg. If Qr is much larger than Qg, then LR is essentially LM.
If @7 is much smaller than @Qg, then LR is essentially k-AR. This can be seen more
clearly by re-writing LR as follows:

1 4Qr
LR =3 (Qs —Qr + !QT—QSI\/l + mu‘/f) : (7.18)

Now, as Qs/Qr — 0, we have (i) Qr — Qs — o0, (i) Qr/(Qr — Qs)? — 0, (iii)
the \/~ term is approximately 1+ 2[Q7/(Qr — Qs)?]LM by a mean-value expansion,
(iv) |Qr — Qs| = Qr — Qs, (v) |Qr — Qsl[Qr/(QT — @s)*|LM goes to LM, and
(vi) LR goes to LM. On the other hand, as Q7 — 0, (i) the /- term goes to 1, (ii)
Qs — Qr + |Qr — Qs| goes to 2Qg, and (iii) LR goes to Qs = k- AR.

We briefly illustrate the use of the CLR test to construct Cls using some results
from Yogo (2004). Yogo reports Cls for the elasticity of intertemporal substitution
obtained from regressions of stock returns on consumption growth using quarterly
data from 1970 to 1998 with four I'Vs: twice-lagged nominal interest rate, inflation,
consumption growth, and log of the dividend/price ratio. Cls are obtained by in-
verting AR, LM, and CLR tests. Yogo (2004) reports results for several countries.
For most countries, the Cls are (—o00,00) using all three methods because the IVs
are very weak in this model specification. For Canada, the CIs are AR: [.02,4.03],
LM: [.05,.35], and CLR: [.04,.41]. In this case, the AR CI is much wider than LM
and CLR CIs. For France, the Cls are AR: [-.28,.20], LM: (—o00,00), and CLR:
[—.16,.11]. In this case, the LM CI is uninformative and the CLR CI is noticeably
shorter than the AR CI. These results illustrate that the power advantages of the
CLR test translate into shorter more informative Cls (at least in these applications).

7.5 Conditional t Tests

The usual test employed in practice is a t test based on the 2SLS estimator.
Analogously, the usual CI employed a is t test-generated CI of the form “estimator
=+ std error x constant.” As noted above, a t test using the normal approximation is
not robust to weak IVs. But, one can construct a conditional t test that is robust by

15



using a conditional critical value function like that for the CLR test. In consequence,
one can answer the question of how good is a t test in terms of power once it has
been corrected to get its size correct.

Andrews, Moreira, and Stock (2004c) compare the power properties of conditional
t tests based on several estimators, including 2SLS, LIML, and Fuller’s (1977) mod-
ification of LIML, to the CLR test and the power envelope for two-sided IS tests. In
short, the results indicate that t tests have very poor power properties when the IVs
are weak. Power is often very low on one side of the null hypothesis. The CLR test
has much better power properties. We conclude that in the presence of weak IVs, t
tests not only lack robustness to weak I'Vs in terms of size, but their power properties
are also poor after size-correction by conditioning.

7.6 Robustness to Heteroskedasticity and/or Autocorrelation

Although the CLR test has good power properties, it is not robust to left-out
IVs, nonlinear reduced-form for yo, heteroskedasticity, or autocorrelation. However,
the LR test statistic can be replaced by a heteroskedasticity-robust version, HR-LR,
or a heteroskedasticity and autocorrelation-robust version, HAR-LR, that is robust,
see Andrews, Moreira, and Stock(2004d).

Given the HR-LR or HAR-LR statistic, the same conditional critical value func-
tion as for the CLR test is used to yield HR-CLR and HAR-CLR tests. These tests
are robust to left-out IVs, nonlinear reduced-form for y» (which can be viewed to be
a cause of heteroskedasticity), heteroskedasticity, and/or autocorrelation under weak
and strong IV asymptotics. Furthermore, the asymptotic properties of the HR-CLR
and HAR-CLR tests under homoskedasticity are same as those of the CLR test. So,
HR-CLR and HAR-CLR tests are optimal IS two-sided tests under homoskedastic
iid errors.

Kleibergen (2005a, b) also gives heteroskedasticity and/or autocorrelation robust
tests that reduce to the CLR test under homoskedasticity. Kleibergen’s tests apply
in the more general context of nonlinear moment conditions. Note that Kleibergen’s
tests are not the same as those in AMS under heteroskedasticity and/or autocorre-
lation even asymptotically under weak IV asymptotics. But, they are the equivalent
asymptotically under weak and strong IV asymptotics with homoskedastic iid errors.

Other tests that are robust to weak IVs as well as to heteroskedasticity and/or
autocorrelation are the generalized empirical likelihood (GEL) tests of Guggenberger
and Smith (2005a, b), Otsu (2005), and Caner (2003). The GEL tests are analogues
of the AR and LM tests discussed above. They have the same asymptotic properties
under weak and strong IV asymptotics as heteroskedasticity and/or autocorrelation
robust versions of the AR and LM tests. The GEL tests are not as powerful asymp-
totically as the HR-CLR or HAR-CLR tests under iid homoskedastic errors. This is
probably also true under a variety of forms of heteroskedasticity and/or autocorrela-
tion.

Note that it should be possible to construct a GEL version of the HR-CLR and
HAR-CLR tests by combining the GEL versions of the AR and LM statistics to form
a GEL-LR statistic using the formula for LR given in (7.15) written as a function of
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the AR and LM statistics and employing the critical value function for the CLR test.

7.7 Power with Non-normal Errors

The power results of Section 7.3 are for normal errors. The question arises whether
tests exist with good power for normal errors and higher power for non-normal errors.
In certain contexts, the answer is yes. In particular, rank-based versions of the AR
and CLR tests have this property, see Andrews and Marmer (2003) and Andrews
and Soares (2004). With iid homoskedastic (possibly non-normal) errors and given
certain conditions on the exogenous variables and IVs, the rank-based AR test based
on normal scores has exact significance level o and has power that asymptotically
dominates the power of the AR test. Specifically, its power is higher for thick-tailed
error distributions. Hence, under the given conditions and k£ = 1 (in which case, the
AR, LM, and CLR tests are the same), the rank-based AR test is quite attractive. It
is robust to left-out IVs and nonlinear reduced form for y2. On the other hand, it is
not robust to heteroskedasticity or autocorrelation of the structural errors u. It also
relies on stronger assumptions concerning the exogenous variables and IVs than the
AR test. Hence, there is a trade-off between the rank and non-rank tests.

When k£ > 1, the rank-based CLR test has power advantages over the CLR test
for thick tailed errors. But, it is not robust to left-out IVs, heteroskedasticity, or
autocorrelation. Hence, there is a trade-off between the rank-based CLR test and
the HR-CLR and HAR-CLR tests in terms of power against non-normal errors and
these robustness properties.

We conclude that in certain circumstances rank-based tests are preferable to the
HR-CLR or HAR-CLR tests. But, in most circumstances, the latter are preferred.

7.8 Multiple Right-hand Side Endogenous Variables

Next, suppose y2 and 3 are vectors. The AR, LM, and CLR tests of Hy : 8 = (3,
all generalize to this case, see Anderson and Rubin (1949), Kleibergen (2002), and
Moreira (2003). All of these tests are robust to weak IVs. One would expect the
relative power properties of these tests to be similar to those in the case of a scalar
6. However, the optimal power properties of the CLR test established in AMS do not
carry over in a straightforward manner because the Wishart distribution of the (data)
matrix ) that appears in the vector 3 case has a means matrix of rank two or greater,
rather than rank one. Nevertheless, based on the scalar 8 power comparisons, we
recommend the CLR (HR-CLR, or HAR-CLR) test over the AR and LM tests. The
CLR test does have the drawback that the conditional critical value function is higher
dimensional and, hence, more cumbersome in the vector 3 case.

To obtain a CI or test for an individual coefficient, say (3;, in the vector 5 =
(B4, 05%) € R™, there are several approaches to inference when the IVs are weak—
none is completely satisfactory. First, one can construct a CI via the projection
method. The idea is to construct an approximate 100(1 — «)% confidence region in
R™ for [ using a test that is robust to weak IVs. Then, the approximate 100(1 —a)%
CI for 3, is the set of 3 values for which (34, 35)" is in the confidence region for some
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B9. In turn, an approximate level « test of Hy : 31 = ;¢ rejects the null hypothesis
if 3, is not in the CI for ;. For the application of this method using the AR test,
see Dufour and Jasiak (2001) and Dufour and Taamouti (2005). A drawback of this
method is that it is conservative. Hence, it yields Cls that are longer than desirable.

An alternative method, discussed in Moreira (2005), relies on exclusion restric-
tions in the reduced-form equations for the endogenous variables whose coefficients
are 35 in the structural equation. Given suitable restrictions, tests are available that
are asymptotically similar under weak and strong IV asymptotics. Such tests have
the drawback of relying on exclusion restrictions and of sacrificing power—they are
not asymptotically efficient under strong IV asymptotics.

A third approach is available that is partially robust to weak IVs. Suppose 3,
is asymptotically weakly identified and (3, is asymptotically strongly identified. See
Stock and Wright (2000), Kleibergen (2004), or Guggenberger and Smith (2005a) for
precise definitions of what this means. Then, asymptotically non-conservative tests
for B, are available by concentrating out 3,. Simulation results in Guggenberger and
Smith (2005a) indicate that this method works fairly well in terms of size even if 3,
not very strongly identified.

7.9 Inference on Other Coefficients

Suppose one is interested in a test or CI concerning a coefficient, say v,, on an ex-
ogenous variable, say X, in the structural equation for y;, where Xv; = Xov,+Xp7s-
In this case, t tests based on the 2SLS or LIML estimator of -y, do not necessarily
perform poorly under weak IVs asymptotics. What is key for good performance as-
ymptotically for 2SLS is that yo is explained asymptotically by more than just the
part of X, that is orthogonal to X;. For example, one can show that consistency and
asymptotic normality of the 2SLS estimator holds in the model of (2.1)-(2.2) with iid
homoskedastic errors u with two moments finite if

lglio%f (' Z'Z7m + &' Xy Xp€E) /n > 0 and rzlggo X¥XY/n=M >0, whed.19)

Yo = Zm + X:€, + Xplh, XF= Mx, X,, and & = &, + (X} Xp) ' X)X &,

Thus, consistency holds even if 7 = C//n provided liminf &'X] X;&5/n > 0 (and
n—oo

limy, oo X' X} /n = M > 0). This sort of result is closely related to results under
partial identification of Phillips (1989).

There are several approaches to inference that are robust to weak IVs and small
values of &}/ X; Xp&y, but none is completely satisfactory. One one can use projection
as in Section 7.8, but this has the same potential drawback as described above. If X,
(or equivalently X¥) does not enter the reduced-form equation for ys, then {, = 0
and least squares estimation of y; on X yields a consistent estimator of ~, and least
squares t tests are invariant to m and £;. But, such an exclusion restriction may not
be plausible in a given application.
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7.10 Tests in Nonlinear Moment Condition Models

Weak Vs appear not only in linear models, but also in nonlinear models specified
by moment conditions. Such models typically are estimated by generalized method
of moments (GMM), although generalized empirical likelihood (GEL) estimation also
is possible. There have been significant contributions to the literature recently con-
cerning inference in such models when the IVs are weak.

Stock and Wright (2000) extend weak IV asymptotics to nonlinear models by
taking part of the population moment function to be local to zero for all values of
the parameter as n — oo. This implies that part of the matrix of derivatives of
the sample moments is local to zero as n — oo. These results allow one to assess
both the null rejection probabilities of tests under weak IV asymptotics and their
power properties. Stock and Wright (2000) consider extensions of the AR test and
corresponding Cls to the nonlinear moment condition model.

Kleibergen (2002, 2005a, b) extends the weak IV-robust LM test for the IV re-
gression model to the moment condition model. This allows him to construct, by
analogy, a CLR test for the nonlinear moment condition model, call it GMM-CLR.
The GMM-CLR test is robust to weak IVs and allows for heteroskedasticity and/or
autocorrelation. Its power properties have not been investigated, but one would think
that in many cases they would reflect the power advantages of the CLR test in linear
models.

Generalized empirical likelihood (GEL) versions of the weak IV robust AR and LM
tests have been constructed by Guggenberger and Smith (2005a, b), Otsu (2005), and
Caner (2003). These tests are robust to heteroskedasticity and/or autocorrelation.
Their properties under the null and alternatives using the weak IV asymptotics of
Staiger and Stock (2000) are the same as those of the AR and LM moment condition
tests. Hence, one would expect that these GEL tests are not as powerful as the
GMM-CLR test, at least if the amount of heteroskedasticity and autocorrelation is
not too large. We note that it should be possible to construct a GEL-based test that
is an analogue of the CLR test.

Given current knowledge, we recommend the GMM-CLR test of Kleibergen (2005a,
b) for dealing with weak IVs in moment condition models. However, knowledge in
this area is not completely developed and it remains an open question whether a test
that dominates GMM-CLR can be developed.

8 Estimation with Weak IVs

This section gives a brief discussion of estimation with weak IVs. Under weak IV
asymptotics, what is relevant is estimation in the normal linear model with known
Q. There is a substantial older literature comparing estimators in this model. See
Rothenberg (1984) and Phillips (1984) for references. But, the relevance of some
of this literature is diminished for two reasons. First, many comparisons are based
on higher-order expansions under standard SI asymptotics. For example, see Nagar
(1959) and Rothenberg (1984) for further references. Hahn, Hausman, and Kuer-
steiner (2004) (HHK) and Chao and Swanson (2003) find such higher-order expan-
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sions are not accurate under weak IV parameter configurations. Second, Monte Carlo
comparisons in the older literature tend to be for relatively strong IV parameter con-
figurations, see HHK.

Recently, Chamberlain (2003) has provided a theoretical optimality result for the
LIMLXk estimator (i.e., LIML for the case of known §2) in the model of (2.1)-(2.2). He
shows that LIMLk is minimax for a particular bounded loss function. He also shows
that LIMLk minimizes average risk over certain ellipses in 7-space independently of
the radius of these ellipses. These are nice theoretical properties, but the lack of finite
integer moments of LIML and LIMLk indicates that the loss function employed may
not be desirable if one is concerned with large estimation errors.

Via simulation, HHK confirm that LIML displays high dispersion under weak
IV parameter configurations relative to other estimators even when dispersion is
measured by the interquartile range rather than by the variance (which is infinite for
LIML and LIMLKk). LIML does exhibits low median bias, which is consistent with
LIMLKk being exactly median unbiased.

Fuller’s (1977) modification of LIML with a = 1 or 4 has finite moments and
its median-bias is relatively small in HHK’s simulations with weak IV parameter
configurations. The jackknife 2SLS estimator also fares well in these simulations.

There has been recent research on Bayes estimators for the model of (2.1)-(2.2)
that is relevant for weak IV contexts. Kleibergen and van Dijk (1998) consider
a diffuse prior that is designed to handle lack of identification due to weak IVs.
Kleibergen and Zivot (2003) consider priors that yield posteriors that are of the same
form as the densities of 2SLS and LIML. Chao and Phillips (1998, 2002) construct
the Jeffreys prior Bayes estimator for the limited information model. Zellner (1998)
introduces a Bayesian method of moments estimator (BMOM), which is in the family
of double k class estimators. Unlike the other Bayes estimators mentioned above,
BMOM is not equivariant to shifts in 8. Gao and Lahiri (1999) carry out a Monte
Carlo comparisons of several of these Bayes estimators under weak IV parameter
configurations.

By standard results, Bayes estimators based on proper priors and their limits
yield a complete class of estimators for the model with iid homoskedastic normal
errors and known 2. Hence, these estimators also form an asymptotically complete
class under weak IV asymptotics when €2 is unknown and is replaced by a consistent
estimator.

We conclude this section by noting that there does not seem to be any dominant
estimation method for the linear model with weak IVs. At this time, we recommend
Fuller’s (1977) modified LIML estimator with a = 1 or 4 as a good choice in terms
of overall properties.

9 Estimation with Many Weak IVs

To date the literature concerning models with many weak IVs has focussed on
estimation. Chao and Swanson (2005) consider asymptotics in which k& — oo and
m — 0 as n — 00. The idea of their paper is that a sufficient number of weak IVs
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may provide enough additional information regarding 3 to yield consistent estimation.
Indeed, they establish that consistent estimation of 3 is possible even if 7 = C'//n (as
in weak IV asymptotics) provided k — oo. For consistency of LIML or the jackknife
IV estimator (JIVE), one needs \/k'/? — 0o as n — oo, where A = 7Z'Z7 indexes
the strength of the IVs. For consistency of 2SLS, on the other hand, one needs a
faster growth rate of \: A\/k — oo as n — oo. This advantage of LIML over 2SLS
is consistent with the higher-order bias properties of LIML and 2SLS under many
(non-weak) IV asymptotics, see HHK.

Han and Phillips (2003) consider fixed weight-matrix GMM estimators for non-
linear moment condition models. Their results show that many different types of
asymptotic behavior of such estimators is possible depending on the rates of growth
of the strength of the IVs relative to k. They provide conditions for convergence in
probability to a constant, which is not necessarily true value. They provide results
based on high-level conditions that indicate that the asymptotic distributions of fixed
weight-matrix GMM estimators can be normal or non-normal.

Newey (2004b) analyzes the continuous updating GMM (CUE-GMM) estimator
when A\/k — ¢ as n — oo for some constant ¢ > 0. He shows that the CUE-GMM
estimator is asymptotically normal, but with a variance matrix has an additional term
compared to usual fixed k case. He provides a new asymptotic variance estimator
that is asymptotically correct under many weak IV asymptotics when \/k — ¢ and
under strong IV asymptotics with k& fixed. Although this variance estimator helps
to robustify inference to many weak IVs, tests and Cls based on this asymptotic
approximation are not fully robust to weak I'Vs or large k.

Chamberlain and Imbens (2004) develop a random-effects quasi-ML estimator
based on a random coefficients structure on the relation between the rhs endogenous
variable and the IVs. This structure reduces the number of parameters to be esti-
mated. (They do not consider the asymptotic distribution of the estimator under
many weak IV asymptotics.)

Chao and Swanson (2003) introduce bias-corrected linear IV estimators based on
sequential asymptotics in which n — oo and then Aeone/k — oc0.

10 Testing with Many Weak Instruments

In this section, we present new results concerning tests in the asymptotic frame-
work of many weak IVs. We are interested in the relative performance of the AR, LM,
and CLR tests and in their performance relative to an asymptotic power envelope.

10.1 Asymptotic Distribution of () for Large A and &

We consider the model of (2.1)-(2.2) with iid homoskedastic normal errors. The
hypotheses of interest are given in (7.1). The statistics S and T are defined in (7.13).
As in AMS, we focus on invariant tests, which are functions of the maximal invariant
Q defined in (7.14). Our goal is to obtain an asymptotic two-sided power envelope for
invariant tests concerning 3 when (\, k) — oo. To achieve this, we need to determine
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the asymptotic distribution of @ as (A, k) — oo. For clarity, we sometimes denote Q)
by Qx k-
The means of S and T depend on the following quantities:
e = (Z'2)Y%1 € RF, c5 = (8- By) - (byQbo) /% € R, and
dg = a'Q ag - (a2 Lag) /% € R, where a = (8,1)". (10.1)

The distributions of S and T are S ~ N(cgpiy, Ir), T ~ N(dgpi,, I;),and S and T" are
independent, see Lemma 2 of AMS.

Under the model specification given above, the following assumption holds.

Assumption 1. Q = Qx; = [S:T)'[S:T], where S ~ N(cgpir, I), T ~ N(dgtir, It),
S and T are independent, and (p,, ¢, dg) are defined in (10.1).
By definition, under Assumption 1, () has a noncentral Wishart distribution with
mean matrix M = pu,(cg,dg) (of rank one) and identity covariance matrix. The
distribution of @ only depends on p, through A = u/ u.. The density of @ is given
in Lemma 3 of AMS.

Next, we specify the rate at which A and k diverge to infinity. Our results allow
for a wide range of possibilities. All limits are as (A, k) — oo.

Assumption 2. \/k™ — r; for some constants 7 € (0,00) and 7, € [0, 00).

The asymptotic distribution of ) depends on the following quantities:

Diag{2,1,2} ifo<7<1/2
Ve = Diag{2,1,0} ifl1/2<7<1
577\ Diag{2,1+dj 11,0} if =1
Diag{2, d%orT,O} ifr>1 and
vg = (bpQbo)~2ds, B (10.2)

for a scalar constant B.
The asymptotic distribution of @) is given in the following theorem.

Theorem 1 Suppose Assumptions 1 and 2 hold.
(a) If0 <7< 1/2 and G is fized,

(8'S — k) /K2 Qs 0
S,T/k1/2 —d @ST,OO ~ N 0 ) V}),T )
(T'T — k)/ K"/ Qr,00 0

(AR — 1)]{:1/2 —d 65700 ~ N(0,2), LM —y4 @§T7oo ~ X%, and
1 /—= — — — —2
LR/k1/2 —d 5 <QS,oo - QT,OO + \/(QT,OO - QS,oo)2 + 4QST,oo> :

(b) If T =1/2 and [ is fized,

(S/S — k)/l{}l/2 _@S,OO C%T’l/z
S'T/kl/2 —d Q_ST,oo ~N cadgrie |, Va2 | s
(TIT - k)/k1/2 QT,oo d?ﬂl/z
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(AR — 1)k1/2 —d @S,oo ~ N(C,%Tl/za 2),
—2
LM —q Qgp oo ~ X%(C%d%ﬂ“%ﬂ% and

LR/k1/2 —d % <@S,oo - @T,oo + \/(@T,oo - @S,oo)2 + 4@§T,OO> .

(¢) If1/2 <7 <1 and B = By + BE'/>~7 for a scalar constant B,

(8'S — k) /K12 Qs 0
S/,T/k:l/2 —d Q_ST,oo ~ N VQBT’F ) VS,T )
(T'T — k) /K7 QT 00 d Tr

(AR = DR -4 Qg ~ N(0.2),

LM —y QET,OO ~ X (v5r2) when 1/2 < 7 < 1,

LM —q4 @Zmoo/(l + d207”1) ~x2(vEr2 /(1 + d%orl)) when T =1,
LR = (1/(d%07‘7))k:1_TLM(1 +o0p(1)) when 1/2 <7 <1, and
LR=((1+ d%om)/(a%om))LM + op(1) when 7 = 1.

(d) If 7> 1,7, >0, and B = By + Bk~ 7/2,

(58'S — k) /K12 Qs 0
‘S’,T‘/kT/2 —d QST,oo ~ N YBTT ) ‘/3,7' )
(T'T — k) /K" Q1o dg e

(AR - 1)k1/2 —d @S,oo ~ N(O7 2)5

_2 .
LM —y QST,OO/(d%OrT) ~ X%(’YQBTT/d%O)) provided dg, # 0, and
LR = LM + o,(1).

Comments. 1. An interesting feature of Theorem 1 is that the statistics S’S, S'T,
and T'T are asymptotically independent.

2. Part (a) of the Theorem shows that when the concentration parameter A\ grows
at a rate slower than k/2 the statistic Q has an asymptotic distribution that does not
depend on the parameter 3. Hence, in this case, no test has non-trivial asymptotic
power.

3. The result of part (a) also holds when A is fixed and k — cc.

4. Part (b) of the Theorem is the most interesting case. When the concentration
parameter A grows at the rate k'/2, all three normalized statistics S’S, ST, and T'T
have asymptotic distributions that depend on (. In this case, the growth in A is
not sufficiently fast that consistent estimation of 3 is possible (otherwise, tests with
asymptotic power one against fixed alternatives would be available).

5. Parts (c) and (d) show that when \ grows at a rate faster than k'/2 the AR
statistic has trivial asymptotic power against local alternatives for which the LM
and LR statistics have non-trivial power. Furthermore, in this case the LM and LR
statistics are asymptotically equivalent.
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6. The cases considered in Chao and Swanson (2005) and Han and Phillips (2002)
correspond to 7 > 1/2. Those considered in Stock and Yogo (2005a) and Newey (2004)
correspond to the case where 7 = 1.

10.2 Two-sided Asymptotic Power Envelopes

In the next several subsections, we determine asymptotic power envelopes for
two-sided tests. We start with the most interesting case in which \/ kY2 oy /25 1€,
the case 7 = 1/2. Subsequently, we consider the case 7 > 1/2. In contrast to the
results in AMS, we do not restrict attention to tests that are asymptotically similar.
Rather, we allow for both asymptotically similar and non-similar tests and show that
the power envelope is determined by tests that are asymptotically similar.

There are several ways of constructing a two-sided power envelope depending on
how one imposes the two-sidedness condition. The approach we take here is based on
determining the highest possible average power against a point (3, A\) = (8%, A*) and
another point, say (05, \3), for which 3 lies on the other side of the null value £,
than #*. (The power envelope then is a function of (3, ) = (5%, A*).) Given (8%, \¥),
we select (55, \3) in the same way as in AMS. In particular, the point (83, A3) has
the property that the test that maximizes average power against these two points is
asymptotically efficient under strong IV asymptotics when the number of IVs k is
fixed as A — oo. Furthermore, the power of the test that maximizes average power
against these two points is the same for each of the two points. This choice also has
the desirable properties that (a) the marginal distributions of Qg, Qsr, and Q7 under
(83, A3) are the same as under (8*,X*), (b) the joint distribution of (Qg, Qst,QT)
under (83, \3) equals that of (Qg, —Qgsr Q) under (5%, A*), which corresponds to 35
being on the other side of the null from §*, and (c) the distribution of [—S : T'] under
(85, A3) equals that of [S : T under (8%, \¥).

Given (8%, \*), the point (3, A5) that has these properties is shown in AMS to
satisfy ()\3)1/2053 = —(\")Y2¢g- (#0) and (A;)lﬂd% = (\)/2dg- and is given by

dg, (8" — Bo) (dg, +29(8" — o))
B3 = B — 2 m and A5 = \*—2 , where
270 g, +29(8 - Bo) 2 3
g = ey ag - (ahQ  ag) V2 and e = (1,0). (10.3)

(provided 3* # B s, where 3, denotes the point 3 at which dg = 0, see AMS).
The average power of a test ¢(Q) against the two points (5%, \*) and (55, \3) is
given by

* * 1 *
K(¢;8%,X%) = 3 [Eg= x¢(Q) + Egs ;0(Q)] = Ej+ 5+ 0(Q), (10.4)
where Ejg 5 denotes expectation with respect to the density fo, 0, (q1,qr; 3, A), which

is the joint density of (Q1, Q1) at (¢1,gr) when (5, ) are the true parameters, and
EZ; y+ denotes expectation with respect to the density
* * 1 * *
le,QT(QL qr; ﬂ ) A*) = 5 [fQ1,QT ((11» qr; ﬁ*v A ) + fQ1,QT (QL qr; ﬁ2a A;)] . (105)
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Hence, the average power (AP) of ¢(Q) against (8, \*) and (55, A\5) can be written
as the power against the single density f51,QT(Q1’ qr; 6%, \¥).

10.3 Asymptotic Power Envelope for 7 = 1/2

We now consider the case where 7 = 1/2. We restrict ourselves to invariant tests
that depend on the data only through

Qrp = Qg — kl2)/kY?, where

k
vech(Qy 1) = (Qsp Qs Q) (10.6)

A test ¢(Qy ) is {0,1}-valued and rejects the null hypothesis when ¢, = 1. We
say that a sequence of tests {¢y, : k > 1} is a convergent sequence of asymptotically
level « tests for 7 = 1/2 if there exists a {0, 1}-valued function ¢ such that under
Assumption 1, under any sequence A/ kY2 = oy /2 for any 71,5 in some non-empty
subset of [0, 00), and for any [ in some set that includes {3, 5%, 55}, we have

Or(Qxrr) —a #(Qu), where

’

_ _@S,oo 0%7“1/2
vech(Quo) = | Qsroo | ~ N cpdprije |5 Va2 |, and
QT d%ﬁ/z
PB07T1/2(¢(§OO) = 1) <aq, (10.7)

where Pg ., /2(-) denotes probability when the true parameters are (3,7,/3). By The-
orem 1, examples of convergent sequences of asymptotically level « tests include
sequences of CLR, LM, and AR tests. Standard Wald and LR tests are not asymp-
totically level a.

We now determine the average power envelope for the asymptotic testing problem.
Let @, be distributed as in (10.7). The unknown parameters are 3 and r; /2. We
are interested in average power against two points (5%, r] /2) and (ﬁ;,r;‘,l /2), where
B35 is as defined in (10.3) and 31 /o 18 the asymptotic analogue of A\ and is defined
in (10.3) with \* replaced by TI/T As in (10.4), the average power of a test based

on @, equals its power against the single alternative whose density is the average of
the densities for the points (8%, TI/Q) and (35, 7‘;71/2).

The null hypothesis is composite and the alternative is simple, so we use the “least
favorable” approach of Lehmann (1986, Sec. 3.8) to find a best test of level a. The
idea is as follows. Given a distribution over the parameters in the null hypothesis,
say G(-), one obtains a single distribution by integrating the null distribution with
respect to G(-). For any G(-), one can construct the level o LR test for the simple
null versus the simple alternative and it is best according to the Neyman-Pearson
Lemma. If one can find a distribution, Gpr(-), called a least favorable distribution,
for which the simple versus simple LR test is of level « not just for the simple null
but for the underlying composite null as well, then this LR test is the best level a
test for the composite null versus the simple alternative. The reason is that this
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test is best against the simple alternative subject to the constraint that the average
null rejection rate weighted by Gpp(-) is less than or equal to «, which is a weaker
constraint than the constraint that the pointwise rejection rate is less than or equal
to « for all points in the composite null.

The key step in the implementation of the least favorable approach is the de-
termination of a least favorable distribution. In the present case, the parameter
that appears under the null hypothesis is 715 and it only affects the distribution of
@T’oo because cg, = 0 impligs that @S’oo and @ST’OO have mean zero under Hy (see
(10.7)). The distribution of Q7 ., under (5%, r{m) and (03,75 1/2) is the same because
d%ﬂ‘fﬂ = d%;r;"lﬂ, see (10._3), and @T,OO ~ N(d%?"l/g,2) under (3,71/2) by (10.7).
Hence, the distribution of Q7 ., under the simple alternative whose density is the
average of the densities for the points (5%, 7’1‘/2) and (85,75 1/2) is just N(d%*rfﬂ, 2).

Under the null hypothesis, @Tm ~ N (d%orl /2,2). Hence, if we take the least
favorable distribution to be a point mass at ’I“lL/};, where d%orf/g = d%*rf /2 OF equiva-
lently

LF 2 2
1) = dg17 )5/ dp, (10.8)

then @T’OO has the same distribution under the simple null hypothesis as under the
simple alternative hypothesis. Given the independence of (@SQO,GST?OO) and @Tm,
the simple versus simple LR test statistic does not depend on @T’OO. This implies
that the pointmass distribution at rf/l; is indeed least favorable because the simple
versus simple LR statistic depends only on (@Sm,@ST’m), the null distribution of
latter does not depend on 7/, and hence the pointwise null rejection rate of the
simple versus simple level o LR test is « for each point in the null hypothesis.

The above discussion establishes that the best test for testing the composite null
against the simple alternative based on the average density determined by (8%, 7} /2)

and (83,73 5) is given by the likelihood ratio for (Q5,00» Q5T ,00)- This likelihood
ratio statistic is given by

LR*(GOO;Q*»TI/Q) = LR*(@S,ooa@ST,oo%ﬁ*, 7”1‘/2)
= exp(—i(as,C><> - c%*rI/Q)Q) X
(0p(~3@src — o)) + exp(—y @t + e d71))
2exp(— Q500 ~ 3Qs7,00))
= exp(—cé*ﬂ%/ll - c%*d%*ﬂ%ﬂ) exp(c%*ri‘/Qasyoo/Q) X (10.9)
<eXp(cﬂ*dﬁ*TT/2@ST,oo) + eXp(—Cﬁ* dﬂ*TT/QGST,oo)> /2
= exp(—c}r{%/él - c%*d%*r{%ﬁ) exp(c%*ri‘/Qasyoo/Q) cosh(cgs dﬁ*rf/2@5T7oo).
The critical value, s, (8%, r] /2), for the LR* test is defined by

P(LR*(N1, No; 87,17 9) > k(87,77 ))) = o, where
(N1, N2)' ~ N(0, Diag{2,1}). (10.10)

26



By varying (5%, r{/2), the power of the LR*(Q; 3%, 7’1‘/2) test traces out the average
power envelope for level « similar tests for the asymptotic testing problem.

The results above lead to the following Theorem, which provides an upper bound
on asymptotic average power.

Theorem 2 The average power over (3%, \*) and (85, \5) of any convergent sequence
of invariant and asymptotically level o tests for T =1/2, {¢(Qx 1) : k > 1}, satisfies

klirglo(lﬁ)[Pﬂ*,,\*(¢k(ax,k) =1) + Pgs 2 (0£(Qrp) = 1)]
:‘Pg*,r* (d)(@oo) = 1)

1/2

Py (LR Qoo 57.7512) > Ka(B°.712)),

where Pz x(-) denotes probability when Q j has the distribution spﬁcz'ﬁed i Assump-
tion 1 with parameters (3, \), Pﬁ,n/z(') denotes probability when Q.. has the distri-
bution in (10.7), and Pg*’ﬁm(.) = (1/2)[33*,7"1‘/2(‘) + P’BE’T;J/Q(.)].

The upper bound on average asymptotic power given in Theorem 2 is attained
by a point optimal invariant two-sided (POI2) test that rejects Hy if

LR*(GS,k’QST,k; B*a TI/Q) > KZ(ﬁ*, TI/Q)' (1011)

This test is asymptotically similar. Hence, the asymptotic power envelope for similar
and non-similar invariant tests is the same. The asymptotic distribution of the test
statistic in (10.11) is given in the following Corollary to Theorem 1(b) (which holds
by the continuous mapping theorem).

Corollary 1 Suppose Assumptions 1 and 2 hold with T = 1/2 and (3 is fixred. Then,

LR*(@)\,ka ﬁ*a TI/Q) —d LR*(@ooa ﬁ*v TI/Q)a

where Qo is distributed as in (10.7).

oo

Comments. 1. Corollary 1 implies that the POI2 test of (10.11) is a convergent
sequence of invariant and asymptotically level « tests that attains the upper bound
on asymptotic average power given in Theorem 2 at (5%, 7] /2).

2. Corollary 1 shows that the upper bound in Theorem 2 is attainable and, hence,
that the upper bound is the asymptotic power envelope when 7 = 1/2.

10.4 Numerical Results for Many Weak Instruments

We now turn to a brief summary of numerical properties of the many weak instru-
ment power envelope and the AR, LM, and CLR tests under the 7 = 1/2 sequence.
The limiting power envelope and power functions for various values of ry /5 are pre-
sented in Figure 2 for p = .95 and in Figure 3 for p = .5. These figures, and unreported
additional numerical work, support three main conclusions. First, the power function
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of the CLR test is effectively on the limiting asymptotically efficient power envelope,
so the CLR test is, in effect, UMP among asymptotically efficient invariant tests un-
der the 7 = 1/2 sequence. Second, the power function of the LM test sometimes falls
well below the power envelope and is not monotonic in the many-instrument limit.
Third, the performance of the AR test, relative to the power envelope and the CLR
and LM tests, depends heavily on the strength of the instruments. For very weak
instruments, the AR power function is below the power envelope but the AR test still
exhibits nontrivial power. As the strength of the instruments increases (that is, as
71/2 increases), the power of the AR test, relative to the other tests, is increasingly
poor, and the power function is nearly flat in the case of panel (d) in both figures.

These results apply to the limit of the sequence (), k) as \/kY/2 — T1/2. It is
of interest to examine numerically the speed of convergence of the finite-k power
envelopes and power functions to this limit. This is done in Figures 4 and 5, which
present the power envelope and the CLR power function for various values of k
and for the k& — oo limit. Evidently the speed of convergence, and the quality of
the k£ — oo approximation, depends on the strength of the instruments. For very
weak instruments (panels (a) and (b)), the rate of convergence is fairly fast and the
limiting functions are close to the finite-k approximations. For stronger instruments,
the limiting approximation is less good and is achieved less quickly. An important
point to note in Figures 4 and 5 is that for each parameter value and for each value
of k, the CLR power function is effectively on the power envelope. Whether or not
the £ — oo approximation is a good one for finite k, the CLR power function is in
effect on the power envelope for asymptotically efficient two-sided invariant similar
tests.

Figures 6 and 7 present a final set of numerical results, in which we consider
performance of the CLR and AR tests along the sequence 7 = 0; this corresponds
to the addition of irrelevant instruments as k increases. In the limit that & — oo,
these tests have trivial power, but this result does not tell us directly how costly it
is to err on the side of adding an irrelevant instrument. Perhaps surprisingly, for
these and other cases not reported, adding a few irrelevant instruments is not very
costly in terms of power for the CLR test; less surprisingly, adding a great number
of irrelevant instruments drives the power to zero.

10.5 Asymptotic Power Envelope When 7 > 1/2

We now consider the asymptotic power envelope for the case where 7 > 1/2. In
this case, the alternatives that we consider are local to the null hypothesis and signif-
icant simplifications occur. By Theorem 1(c) and (d), the asymptotic distribution of
the normalized @) ; matrix only depends on the unknown localization parameter B
through the distribution of Qg7 o, (because Qg o, ~ N(0,2) and Qp ., = d%OrT). The
asymptotic testing problem concerns the hypotheses H) : B = 0 versus Hj : B # 0
with no nuisance parameter (because @T’Oo = d%OT'T implies that r, is known asymp-
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totically). An asymptotic sufficient statistic for B is @ST’OO, which has distribution

N(vgrs,1) when 1/2 <7< 1
Q700 ~ N(vygri, 1+ d%oﬁ) when 7 =1 (10.12)
N(’yBriﬂ, d%()?‘r) when 7 > 1.
Using the same sort of argument as in Section 10.3, by the Neyman-Pearson

Lemma, the level a test based on @ST&O that maximizes average power against B*
and —B* is constructed using the following likelihood ratio statistic:

eXp(_%(QST,OO —yperr)?) + GXP(—%(GST,OO +vpr7)?)
QGXP(—%QZ‘T,OO)

= exp(—7577/2) (exp(75-7rQ7,00) + exP(—7 57 Q57,00)) /2

= exp(—yQB*rZ/Q) Cosh('yB*rTQSTm) (10.13)

for the case 1/2 < 7 < 1. The test that rejects when LR** is large is equivalent to the

test that rejects when @%Tyoo is large (because cosh(z) is increasing in |z|). Hence,
the level a test that maximizes average power against B* and —B* does not depend
on B*. The test rejects Hy) if

LR** —

—=2
Qsr,00 > X7 (), (10.14)

where x?(a) denotes the 1 — a quantile of a chi-squared distribution with one degree
of freedom. Similar calculations for the cases 7 =1 and 7 > 1 yield the same test as
delivering maximal average power for any B*.

Returning now to the finite sample testing problem, we restrict attention to in-
variant tests qﬁk.(a/\?k) that depend on the normalized data matrix

B (8'S — k) /k1/? B (8'S — k) kY2
Qxe = S'T /K2 or Q= STk (10.15)
(T'T — k)/k™ (T'T — k) /k™

for 1/2 <7 <1or 7 > 1, respectively. We say that a sequence of tests {¢5(Qy ) :
k > 1} is a convergent sequence of asymptotically level « tests for T > 1/2 if there
exists a {0, 1}-valued function ¢ such that under Assumption 1, under any sequence
Mk™ — 7, for any r, in some non-empty subset of [0,00), for § = f, + BkY/?~"
when 1/2 < 7 <1 and 8 = 3y + Bk~™/? when 7 > 1, and for any B in some set that
includes {0, B*, —B*}, we have

O1(Qrx) — d #(Qup), Where

_ _QS,OO 0
UeCh(Qoo) = CiS'T,oo ~ N ’72BFT ,‘/377— s
QT,oo d OTT
_ r-  when1/2<7<1
rr = 1/2
r7 " when 71 > 1,
P5(¢(Qu) = 1) < e, (10.16)
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and Pﬁo(') denotes probability when the true parameter is 3;. By Theorem 1, the
CLR, LM, and AR tests are examples of convergent sequences of asymptotically level
a tests for 7> 1/2.

The next result provides an upper bound on average power for convergent se-
quences of invariant asymptotically level « tests.

Theorem 3 The average power over B* and —B* of any convergent sequence of
invariant asymptotically level o tests for 7 > 1/2, {¢y(Qy 1) : k > 1}, satisfies

k{%(”@[%;,ﬂ%(@m) =1) + By, A(61(Qrz) = 1)]
=P} (6(Qne) = 1) < P Qo0 > X2 (@)),

where Pz x(-) denotes probability when Qi has the distribution specified in As-
sumption 1 with parameters (B,\), \/kT — r-, Br = By + B*KY2-7 and Bor =
By — B*KY2"" when 1/2 < 7 < 1, B = By + B*k™™/% and B85, = By — BT/
when T > 1, Pg(-) denotes probability when @ST’OO ~ N(ygTr, 1), and Pj(-) =
(1/2)[PB(:) + P-B()]-

Comment. 1. The upper bound on average asymptotic power given in Theorem 3
is attained for all B* and —B* by the LM and CLR tests by Theorem 1(c) and (d)

(because the LM and LR test statistics are scalar multiples of QETW asymptotically).
In consequence, we say that these tests are asymptotically efficient when 7 > 1/2.

10.6 Asymptotic Power Envelope for Unknown (2

The asymptotic power envelopes provided in the preceding sections presume that
the covariance matrix  of the reduced form errors in (2.2) is known. Tests based
on @y have asymptotic level a only if the true € is used in their construction. In
this section, we show that under fairly weak conditions on the growth rate of the
number of IVs, k, these asymptotic power envelopes also apply when €2 is unknown.
Obviously, an upper bound on asymptotic average power for known ) is also an
upper bound when €2 is unknown. Hence, to show that the upper bound is the power
envelope, it suffices to show that it is attainable at each point by some sequence of
tests.

We estimate 2 (€ R?*?) via

~

Qn=(n—k—p) V'V, where V=Y — P;Y — PyY. (10.17)

~

We define analogues of S, T, and @) ; with € replaced by (2,:

Sn = (Z'2)72Z2'Y by - (bQnbo) ™2,
T, = (Z2)22'YQ; Yag - (a2 ag) /2,
Qrjon = [Sn : To)'[Sn : T), and Qg = Qi — kI2) /K2 (10.18)
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The LR, LM, AR, and POIS2 test statistics for the case of unknown 2 are defined
in the same way as when (2 is known, but with Q Mk in place of @) . Denote these

test statistics by LRn, LM,, AR,, and LR = LR*(Q/\ ks 375 A), respectively.
Consistency of Q,, with rate k!/2 is established in the following Lemma.

Lemma 1 Suppose {V; :i > 1} are iid with mean zero, variance 2, and finite fourth
moment, and k¥ /n — 0. Then, k'/?(Q,, — Q) —, 0 as n — oo.

Lemma 1 can be used to show that Q\A,k‘m and @) have the same asymptotic
distributions.

Theorem 4 Theorem 1 holds under the given assumptions with (:S'\n,fn) in place of
(S,T) provided (k,n) — oo such that k32 /n — 0.

Comments. 1. Theorem 4 and the continuous mapping theorem combine to show
that when 7 = 1/2 and (3 is fixed, then

LR, = LR* @y g3 8°71 j3) —a LR*(@u03 85773 13). (10.19)

In consequence, the f]\%; and LR* statistics are asymptotically equivalent under the
null and fixed alternatives. Thus, the upper bound on asymptotic average power
for 7 = 1/2 given in Theorem 2 is attained by the tests based on LR, s, Which are
asymptotically level o and similar, by varying (3%, r] /2). In turn, this implies that
the upper bound in Theorem 2 is the asymptotic power envelope whether or not €2
is known.

2. Similarly, Theorem 4 implies that when 7 > 1/2, LM n —d @ZT?OO under the
null hypothesis and local alternatives. Hence, the upper bound on average power
given in Theorem 3 is attained for all B* and —B* by the tests based on f]\? and
LR The upper bound in Theorem 3 is the asymptotic power envelope whether or
not €2 is known and the tests based on LM and LR are asymptotically efficient.

10.7 Asymptotics with Non-normal Errors

In this section, we 1nvest1gate the asymptotlc properties of the statistic Q Akn
and the test statistics LRn, LM n, and AR when the errors are not necessarily
normally distributed. We treat the IVs and exogenous variables as random.

Let Y; € R?, Z; € RF, X; € RP, and V; € R? denote the i-th rows of Y, Z, X, and
V, respectively. Define
7 = Z; — EZ; X/(EX; X))~ X; and

7

wk =nm EZ; Z'n. (10.1)

Note that Z' differs from the i-th row of Z, which is Z; = Zi— Z’X(X’X)_lXi.

Assumption 3. (a)~ The reduced-form equations are Y; = an’ Z;—i—n’ X;+V; fori <n,
where Y;,V; € R%, Z;,;m € R*, k = k,, X; € RP, p does not depend on n, n € RP*2,
and a = (1,5)".
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(b) {(Vi, X;) : i < n;n > 1} are iid across i and n and {(Vi, X;, Z;) : i < n} are
iid across ¢ for each n.

(c) EVZ’ = 0, EV;X! = 0, EX; X/ is pd, liminf, /\mm(EZ*Z*’) > 0, and
SUngk,nzl(E|WH4 +EHVH4 +EZ4 + E||X||*) < oo, where Z; = (Zi1, ..., Zgi) .

(d) B(V;V! ® Z*Z*’) Q® EZ*Z*’ for all n > 1, where Q is pd.

(e )k:—>ooandk3/n—>0asn—>oo

(f) Anx/k™ — 17 as n — oo for some constants 7, € [0,00) and 7 € (0, 00).

(g) B is fixed for all n when 7 < 1/2; 8 = By + BkY?"7 when 7 € (1/2,1]; and
B =08y+ Bk~™/2 when 7 > 1.

For example, Assumptions 3(f) holds if 7 = C(k7/n)'/? for some C' € R* with
|IC||=1and CEZ:ZYC — r,.

In Assumption 3(b), (V;, Xj, Z) cannot be iid across n because the dimension, k,
of Z; depends on n.

Note that Assumptions 3(c) and (f) imply that 7’7 = O(k" /n), see (12.6) below.

The following Theorem shows that one obtains the same limit distribution when
the errors are non-normal and {2 is estimated as when the errors are normal and {2
is known for the case where 7 € [0, 2].

Theorem 5 Suppose Assumption 3 holds. Then, the results of Theorem 1(a)-(d )for

7 € (0,2] hold with S, T, AR, LM, and LR replaced by Sn, Tn, ARn, LMn, and LRn,
respectively.

In sum, for the case of 7 € [0, 2], one obtains the same limit distributions for the
statistic CA),\JW and the test statistics f]\%n, I//]\\4n, and Z]\%n (given in Theorem 1)
when the errors are non-normal and €2 is estimated as when the errors are normal
and ) is known provided k3/n — 0 as n — oo.

To conclude, the many weak IV results given in this section show that the signif-
icance level of the CLR test is completely robust to weak IVs. The test, however, is
not completely robust to many IVs. One cannot employ too many IVs relative to the
sample size. For normal errors, the CLR test has correct asymptotic significance level
provided k3/2 /n — 0 as n — oo regardless of the strength of the IVs. For non-normal
errors, the restriction is greater: k3/n — 0 as n — oo. The power results show that
the CLR test is essentially on the two-sided power envelope for invariant tests for any
value of 7 when the errors are iid homoskedastic normal.

These level and power results established for many I'V asymptotics, combined with
the properties of the CLR test under weak IV asymptotics, lead us to recommend
the CLR test (or heteroskedasticity and/or autocorrelation robust versions of it) for
general use in scenarios where the IVs may be weak.
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11 Appendix A of Proofs

In this Appendix, we prove the results stated in Section 10.1.
Proof of Theorem 1. First, we determine the means, variances, and covariances
of the components of Q. Let S = (S1,...,5), pg = ES = capr = (Bg1s - tsk)'s
S§* =8 —pug = (5%,..,5) ~ N(0,I). Define Ty, pup, T%, and T; for j = 1,....k
analogously. We have

k

k
ES'S = E(S; +ug;)” =Y _(1+ ;) = k+ 3,
7j=1 7j=1

E(S'S)? = Z S7)? Z ES}+ Z Z ES?ES]

J=1 J#e
k k k
S ICETMIIS 3) SRR Seusy:
7=1 j=1/4=1 7j=1

2

k k
(3+6u3; + 18y + | D (1 +ugy) | =D (1+u)’
7j=1 7j=1

'Mw

1
= 2k + 405)\ + (ES/S) , and
Var(S'S) = 2(k +2c3\). (11.1)

<
I

Analogously,
ET'T =k + d3\ and Var(T'T) = 2(k + 2c3\). (11.2)

Next, we have

ES/T = ES/ET = Cﬁdﬂ)\

Z S;Tj) Z ES}ET?+ Z Z ES,ET;ES,ET,

Jj=1 J#L

2
k

k
(1+N%j)<1+u%‘j) + ZESjETj - Z(ESjETj)z
1 j=1 j=1

I

J

I
N

(1+ i + wipy + 10;) + (BS'T)? Z 11
1

+ (ch + dZ)A + (ES'T)?
+ (g +dj)A. (11.3)

Var(S'T) =

Finally, we have

Ed

k
E(S'SS'T) =Y ESJES/ET,

j=14=1
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ES3ET; +Z ES?ES,ET, — ZESZES ET;
j=14=1 j=1

'[Vja~||t¢]»

E(S} + pg;)’ur; + ES'S - ES'T — Z ES}ES;ET;

j=1 j=1
k k
= Z(3MSjMTj + M:g’jNTj) +ES'S - ES'T - Z(l + M%j)MSjMTj
j=1 j=1
Cou(5'S,58'T) = 2cadgA. (11.4)

Using the Cramer-Wold device and the Liapounov CLT, we show that

(9'S — (k + 3N))/(2(k + 23 M)/
(S'T — cadaN)/(k + (B + N2 | —4 N(0,I3) (11.5)
(T'T — (k + d3N)/(2(k + 2d3\)) /2

under the conditions of the Theorem. The proof is as follows. Wlog we can take
tr, = (A\k)/?1, where 1, = (1,1,...,1) € RF (because the distribution of Q only
depends on ji, through A). Then, ug; = cg(A\/k)Y/? and prj = dg(\/k)'/? for all j.
We have

M»

k
S'S = (k+c3A) = (5] +psy)® —1—pd) =Y _[(S? = 1) +2u5,.57].  (11.6)
j=1

]:1

By the Liapounov CLT, if {Xy; : j < k,k > 1} is a triangular array of mean zero
row-wise iid random variables with Z;?ZI Var(Xg;) = 1 and kE|X};|**% = o(1) for
some 6 > 0, then Z?:l Xij —a N(0,1), e.g., see Chow and Teicher (1978, Cor.
9.1.1, p. 293). If Xj; = Xpj1 + Xpjo, where { Xy, : j <k, k > 1} are iid across j for
s = 1,2, then by Minkowski’s inequality it suffices to show that kE|Xj;s|>T?% = o(1)
for s = 1,2. We apply this CLT with

X1 = (572 = 1)/(2(k + 2¢30)Y? and Xijo = 2ug, S5 /(2(k +2¢30)Y2. (11.7)
We have
kE|Sy? — 1]*t20

kE| Xy [>T% = =o(1) as k — oo and

(2(k + 23 N))1+3
* 1) 6 6 * o
RE| Xt — RE|2ug1 851772 k(Mk)'F0|2c5P T E| S5 (118)
k2 @2(k +230))1+ (2(k + 2c3X)) 1+ '

using the fact that S7 ~ N(0,1) has all moments finite. The term kE| Xyjo|*t2 is
o(1) if 7 < 1/2 because then cg is fixed. It is o(1) when 1/2 < 7 < 1 because then
Mk = O(1) and c¢g = O(1). Tt is o(1) when 7 > 1 because then cg x k~7/2 and
(A/E)H0ca[2t20 = O((\ k) Hok7(48)) = O((\/ET)1H0k~(48)) = o(1). Hence, the

34



first element in (11.5) is asymptotically N(0,1). Analogous arguments apply to the
second and third elements in (11.5).

To obtain the joint result in (11.5), we consider an arbitrary linear combination,
say o = (a1, a2, a3)’ with ||a|| = 1, of the three terms in (11.5) and apply the above
CLT. We have

Cov(S'S,S'T) 2cdg\

= . 11.9
Vart/2(8'SYVarl/2(S'T)  (2(k + 20%)\))1/2(142 + (c% + d%)/\)l/2 (11.9)

The rhs converges to zero because (i) A/k — 0 when 7 < 1 and (ii) cg = O(k~™/?) =
o(1) when 7 > 1. The same result holds with S’S replaced by 7"T. Hence, the
asymptotic covariances between the three terms in (11.5) are all zero. In consequence,
although the variance of the inner product of a with the three terms in (11.5) is not
one, it converges to one as k — oo (which is sufficient for the CLT by rescaling). We
establish the Liapounov condition kE|Xj;|>72® = o(1) for the linear combination by
the same method as above. This concludes the proof of (11.5).

Now, using (11.5), the first result in parts (a), (b), (c), and (d) of the Theorem hold
because (a) when 7 < 1/2, A\/kY2 — 0, (b) when 7 = 1/2, A\/k — 0 and \/k'/? —
r1/2, (¢) when 1/2 <7 <1, (11.5) implies that (T'T — k) /K™ — d rr, cadgh/k'/? =
(bpQ20) 2B T dgA kM2 — ypry, and AA/KM? = 4BE2TA /Y2 = o(1); when
1/2<71<1, (k+ (c% + d%))\)/k: — 1; when 7 =1, (k + (c% + d%))\)/k: — 1+ d%orl,
and (d) when 7 > 1 and r, > 0, (11.5) implies that (I"T —k)/k™ —, d%OTT, (k—l—(c%—i—
AN /A — d3 , cadg\'? = (bpQbo) /2 B~/ 2dgA"? = (byQbo) /2 Bda(A/kT)M? —
ypre'?, and A2 0.

Next, we establish the results for the AR, LM, and LR statistics. The results of
parts (a)-(d) for AR hold because (AR — 1)k'/2 = (5'S — k)/k'/2. For parts (a)-(d)
of the Theorem, we have

(8'T)? (ST /k2)? 1 11,1242
(a) & (b) LM = = ’ = (S'T/k/7)*(1 + 0p(1)),
T —1/2 <Tk?/gk) +1

ST /1122 (S'T/EV2)2(1 +0p(1)) if1/2<T<1

(C) LM = ]{,‘T(l T{Tfk:) = { M ifr=1
( LT ) +1 d%orlJrlJrop(l)

S'T k,T/2 2 S'T kT/2 2

@ = ST TR (G2 (e, /). (11.10)

(T/kT:k) + Rl d%OrT + 0p(1)

Combining these expressions with the asymptotic results for @ given in the Theorem
gives the stated asymptotic results for LM.
For the LR statistic, we use (7.18) and write

LR= ((Qs — k)~ (@Qr —K) +1/(@s — }) — (@ — k)2 +4@%T) - (1

The results of parts (a) and (b) follow from (11.11) by dividing through by k'/2 and
applying the results of parts (a) and (b) for the asymptotic distribution of Q.
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Next, for the case where 7 > 1/2, by parts(c) and (d) for the asymptotic distrib-
ution of @), we have

(T'T — k)k™™ —, d%on. and (S'S — k)k™7 —, 0, and so (11.12)
Qr - (QT — k)ki}r + El=27 Op(l)

©r—QsF ~ (@r— Wk —(@s—PF7F ~ (@rr+o 2

By a mean-value expansion /1 +x =1+ (1/2)z(1 4 o(1)) as * — 0. Hence,

LR = % (Qs—QTvL!QT—QS’\/lJF(w—TLM)

Qr — Qs)?
1 2Q7(1 4 0p(1))
— 5 (@s—ar+iar—asl (1+ 2550 1))
_ Qr(1+0p(1))
= o M (11.13)

where the third equality uses |Qr — Qs| = Qr — Qs with probability that goes to
one by the calculation in the denominator of (11.12). By results of parts (¢) and (d)
for @), we have

Qr  _  Qr-RkT+ETT gt op() +ETT
QT — Qs (Qr —k)k ™ —(Qs —k)k—™ d%OrT + 0p(1)
14 o0p(1) if r>1
14d2 r .
= dgffll +op(l) ifr=1 (11.14)
LoMpli-r  if1/2<r <1
Bo T

Equations (11.13) and (11.14) combine to give the results for LR stated in parts (c)
and (d) of the Theorem. O

Proof of Lemma 1. Let ﬁn,rs and Qs denote the (r,s) elements of ﬁn and (,
respectively, for r,s = 1,2. Let ny =n — k — p. We have

L1/2 E1/2 L1/2

k1/2(§n7r5 — Qps) = — (VIws — nQys) — — V. Pzvs — — . Px g
Nng Nk Nng
+ 21— 20, (11.15)
ng

Next, we have

L1/2 L1/2 L1/2 ;3/2
0 < — Ev.Pyvs = —tr(PzEvvl) = —tr(Pz)Qps = — Qs — 0 (11.16)

N N ng N

provided k3/2 /n — 0. L'-convergence implies convergence in probability. Hence,
(kY2 /g )vl.Pzvs —, 0. Analogously, (k'/2/ny)vl.Pxvs —, 0. In addition, k'/2(1 —
n/ng) — 0.
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Lastly, by Markov’s inequality, for any ¢ > 0,

1/2 nog 2 o 2
P(k ’U;US_an} > E) < kE(lel(Uzéﬂ;z,s Qrs)) _ knE(vz,rZz,z Qrs) 0
ni nge nie

(11.17)
provided k/n — 0. The above results combine to prove the Lemma. [J

Proof of Theorem 4. It suffices to show that

k71/2(©)\,k,n — kIQ) — k71/2(Q)\,k — kIQ) —p 0 or
k_1/2(©)\,k,n — Qxk) —p 0. (11.18)

Using (7.13), we have
S!S, —S'S = byY'Z(Z' Z) " Z'Y by - [(byQnbo) ™" — (Bh€2o) Y] and

o~ /2(p Qb — Iﬁn
k’_l/Q(S;LSn _ SIS) _ (S/S//{?) (kf (bo ,bE bg bO)) _ Op(l), (11‘19)
b, Qo

where the last equality uses Theorem 1 and Lemma 1. Similar arguments, but with
more steps because  enters T in two places, yield k~/2(S!,T,, — S'T) = 0,(1) and
k=Y2(T!T,, — T'T) = 0,(1). This completes the proof. [J
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12 Appendix B of Proofs

In this Appendix, we prove the results of Section 10.7. We start by stating several
Lemmas, the purposes of which are discussed following Lemma 2 below. Lemma 2
is a CLT for multivariate degenerate U-statistics. The CLT is proved by using the
Cramer-Wold device and verifying the conditions of Hall’s (1984, Thm. 1) univariate
CLT for degenerate U-statistics. Newey (2004, Lem. A2) makes a similar use of Hall’s
result when establishing the asymptotic distribution of the continuous updating GMM
estimator with many weak IVs.

Lemma 2 Let {(£,;,Mp;) 1 ¢ < nyn > 1} be a triangular array of random vectors that
satisfies (i) &5, Mng € RE, for all i < n, where k = ky; (ii) for each n > 1, (€, M)
are #d across i < n; (iii) E¢,,; = En,; = 0; (iv) Var(&,;) = Ix, Var(n,;) = Ix, and
COU(fm',nm) = 0; (V) Sup@gkmzl(ngLiZ + En;lm'é) < 00, where gm’ = (gnz'l?“'?gnik),
and Np; = Mpits o Tnir); (Vi) k — 00 as n — oo; and (vii) k2/n — 0 as n — oo.
Then,

() 7z SO0 | Gaitg + Engtui | —a N(O,V3), where Vs = Diag{2,1,2},
1<i<j<n 2011

b) —175 > EniMni — 0, and
" =1\ TyMni — K

1 1 n 1 n
(©) gzvech | oim 2 Wnimail S D [Enitos] —KI2 | =4 N(O.V5).
i=1 =

Comment. In Lemma 2 (and Lemma 3 below), Assumption (vii) can be relaxed
if assumption (v) is strengthened. We do not state such a result because a stronger
condition than assumption (vii) is needed anyway in Lemmas 4 and 5 below.

We now summarize the purpose of Lemma 2 and the Lemmas that follow. The
result of Theorem 5 concerns [S,, : Tp]. The k x 2 matrix [S, : T, is roughly
of the form n=1/23"" [¢.. : m,,], which appears in Lemma 2(c), with &,, = Z; -
Y/ bo(byQbo) /2 and n,,; = ZF - Y{ao(ahQ Tag) /2. Since the means of these random
vectors are not zero, assumption (iii) of Lemma 2 does not hold. Hence, Lemma 2 is
extended in Lemma 3 below to allow for non-zero means that are of a magnitude that
corresponds to 7 < 1 in Theorem 5. Since the variance matrices of &,,; and n,,; as
defined above are not I} and are unknown, assumption (iv) of Lemma 2 does not hold.
Hence, Lemma 3 is extended in Lemma 4 below to allow for general variance matrices
that are estimated. Next, [§n : T,,] are based on Z; = Z; — [n ' 2/ X (n "' X' X) "1 X;
not Z* = Z; — [EZ; X}(EX;X!)"1X;, so Lemma 4 is extended in Lemma 5 to allow
&, and n,; to be linear combinations of iid random vectors, such as Z; and Xi,
with coefficient matrices for the linear combinations that converge in probability to
constant matrices. Thus, Lemma 5 is needed when the model includes exogenous
variables. All of the Lemmas mentioned above apply when the means of &,; and
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7N,; are of a magnitude that corresponds to 7 < 1. Lemmas 6 and 7 provide results
analogous to those of Lemmas 2-5 for the case in which the means are of a magnitude
that corresponds to 7 € [1,2]. F inally, Lemma 8 provides results on the asymptotic
behavior of the sample matrices Z'Z, X'X, X'Z, and Z'Z.

Lemma 3 Let {(&,,;,n,;) : @ < n;n > 1} be a triangular array of random vectors
that satisfies the assumptions of Lemma 2, but with assumption (iii) replaced by
(iii)/ E¢,; = Hng> Enn; = Honays and ()‘nf + )‘m])/k — 0, where )‘n§ = ”M%gﬂn@
Ann = Nhgybngs A0d Apgy = Nty efiny. Then,

2nitng An /K12
1/2 Z Z g'lmnnj + ggjnnz - )\nﬁn/kl/z —d N(Oa Vé)a
1<i<j<n 277;”’!7”.7 )\nn/kl/2

WZ Enili | —p 0, and
=1\ Nl — K

) L& Lo Ane /K12
(C) mveCh ’I’Ll_/ Z gnz nnz / _/ Z gn] nnj — kI | — A'rlf"]/kl/Q
i=1 j=1 A/ kY2
—q N(0,V3), where V3 = Diag{2,1,2}.
Let || - || denote the Euclidean norm of a vector or matrix.

Lemma 4 Let {(§,;, M) : @ < nyn > 1} be a triangular array of random vectors
that satisfies the assumptions of Lemma 2, but with assumption (iv) replaced by
( v)’ Var(é“m) = Y € Rk Var(n,,) = Sn, € RFP* Cov(€,,;,n,:) = 0, and
5 ng and S ny are random k X k matrices that satisfy ||an Ynell = op(k™ 1/2) and
||Zm] Snl| = 0p(k~Y2), with assumption (iii) replaced by (iii)” E€,; = Nng» En,; =
Hn and (>‘7*1§ + )‘* )/k: - Oa where )‘25 = nﬂ;gzggﬂnga )‘;km = nunnznnunm and
Aen = nunangﬂEn;/Zum, with assumption (vii) replaced by (vii) k3/n — 0, and
with the addition of assumption (viii) inf,>1 Amin(Eng) > 0 and infy,>1 Ayin(Eny,) > 0.
Then,

kll/QWCh 1/22[ —1/257“ 1/2777”}/”%2{ —1/2§nj 1/2777” — kI,

)\* /k1/2
- X" /14:1//22 —g4 N(0,V3), where V3 = Diag{2,1,2}.
/lf1
nmn

Lemma 5 Suppose (a) (§m,nm,in5,§)nn) satisfy the conditions of Lemma 4,
(®) &ni = Eui + Dn£§n2i and Np; = Nn1i + Donlipas, where Dure, Dpyy € RFXF are
non-random matrices, (c) {(§n2i; Mn2i) 1@ < n} are did across i < n with ||E€ 9% =
O(K%/n) and ||En,|> = O(k?/n), (d) Dng,Dm, € RF** are random matrices
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that satisfy || Dng — Drell = 0p(k™!) and ||Dpy — Dunl| = 0p(k™Y), and (e) & =
Enti + Dnebpoi and 0, = 1,15 + sz??nm- Then, the result of Lemma 4 holds with
(fnhﬁni) in place Of (fnia nni)'

The next Lemma is an extension of Lemma 2 that is needed when 7 > 1.
Lemma 6 Let {(&,,;,n,;) : @ < n;n > 1} be a triangular array of random vectors
that satisfies the conditions of Lemma 2. Let {h, : n > 1} be a sequence of constant

k-vectors that satisfies nhl hy,/k™ — m as n — oo for some constants T > 0 and
m > 0. Then,

L , 2€;n£n,]
=77 22 | Enittng + Enjtni
Isi<jsn 277;11'77713' —q4 N(0,V5), where V5 = Diag{2,1,2,m,m}.
w77 i1 ( PN >

Comment. The proof of Lemma 6 is quite similar to Newey’s (2004) proof of his
Lemma A.2, which is an extension of Hall’s (1984) CLT for degenerate U-statistics
to cover joint convergence with sums of iid random variables. However, Newey’s
Lemma A.2 does not cover the terms ¢),;¢,,; and n/,.n,; in the Lemma 6 (because of
his assumption that EY;Z; = 0).

The next result is employed when 7 € [1,2]. For a constant k,, > 0, define

Diag{2,1 + kyr,2 + 4Ky} if7=1

Var = { Diag{2, kpr, 4kyr } if 7> 1. (12.1)

Lemma 7 Suppose 7 € [1,2] and ({14, En2is nnli,nn%Dng,Dnn, Eng, Yiny) satisfy the
conditions of Lemma 5 but with ||En,y|?> = Ok /n), rather than ||En,ql? =
O(k?/n), and with Apg/k — 0 and \py/k™ — Kyr for some constant ki, > 0, rather
than (Ane + Any)/k — 0. Then,

kY2026, 50 ]

1 _ _
)= D | FTAIE 1%) St + (Sng 60V S 1]

1<i<j<n 7/2[27771227”7 n"J]

ng/k1/2
- )\nfn/kT/2 —d N(07 ‘/E;:T)’
nn/kT/2

1 n k_1/2[€nz ngénz_ ]
() =3 | 28 S P | =00, and
i=1

k~ T/2[nnzzm7 Mri — k]
k_l/Q[ _1/2 Zz 1( 1/21531), _1/2 Z] 1 1/2533 ] )\nf/lﬂl/2
_r _ _ 1 -
© | k2 6 e s Sat ) || i
—r _ 1/2 — 1/2 T
k /2[ 12 Zz I(Em?/ nm), 1z Z] 1 27“7/ nn] k] Ann/k

—a N(0,V5,).
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Comment. In the proof of Lemma 7, the constraint that 7 < 2 is used only at the
end of the proof when showing that an analogue of Lemma 5 holds. In addition, the
proof of part (b) uses 7 < 6 at an earlier stage of the proof.

Lemma 8 Suppose Assumption 3 holds, then (a) ||n"'2'Z — EZ;Z!|| = op(k™1/2),
(b) [[(n ' X" X) " = (EX; X)) M| = Op(n™2), (c) [|EXiZ]|| = O(k'/?), () [[n ' X'Z
—EX;Z}|| = 0p(k™Y), and (e) |[n"1Z'Z — EZ{ Z}|| = 0p(k~1/?).

Proof of Theorem 5. First, we show that the results of Theorem 1 hold (with limits
as n — o0) for 7 € [0, 1] under Assumption 3 (which does not impose normality) with
S and T defined as in (7.13) (i.e., with the true €, not Q). The statistics (S, T) are
invariant to the coefficient n on X;. Hence, wlog we take n = 0. Let b, = bg(b()ng)_l/2
and a, = Qflao(a’OQflao)*lﬂ. We apply Lemma 5 with

gni - Zz* ’ }/;/b*7 fnli - ZZ ’ Y:L-,b*, §n2i - (le ) Y;Ib*7 O;ffp)l S Rk?
Sng = Sy =n"12'Z, Dpe = Doy = [EZXJ(EX;X]) ™" : O (_p)) € R,
Dng = Doy = [0 ' Z'X(n ' X'X) 71 2 Operpy] € RFF, (12.2)
Mni = Zi }/;la*7 Mnii = Z ' Y;’a*, and 1,9, = (Xz{ : }/;la*7 pr)/ € R,
Assumptions (b) and (e) of Lemma 5 follow immediately from (12.2).
Assumption (a) of Lemma 5 requires that Assumptions (i), (ii), (iii)”, (iv)’, and
(v)-(viii) of Lemmas 2-4 hold. Assumptions (i), (ii), and (v)-(viii) hold immediately
by Assumption 3. R R
Assumption (iv)’ holds because ||Sne — Snel| = |[Zny — Zngl| = 0p(k~Y/2) by
Lemma 8(e), where
Sng = Var(&y) = EZLZ] - B(V]/bo)* (o) ™ = BZ;Z,
Sy = Var(n,,) = BZ 2" BV ao) (a2 ag) " = B2 2
Cov(Epiy i) = EZ{ 21 - E(0V;V/ Q™ ag) (BpQo) ™/ (apQ " ag) /2 = 0, (12.3)
each equation uses Assumption 3(d), and the last equality uses bjag = 0.
Assumption (iii)” holds using Assumption 3(f) because
fine = EE,; = EZ}Y]b, = EZ}(Zind' + Xin)b, = BEZ; Z'nd'b, = EZ; Z} e,
Yy = Enpi = EZ{Y/ax = EZ; Z]'md' Y ay = EZ; Z 7dg, (12.4)
* ) =nw'EZZm- (c%, cpdg, d%),

( :Lﬁ’ néns> 7'nn
Mg + Ann)/k = /KR (G + dB) = O(K™ 1) = o(1),

where A} ; is defined in (10.1) and the last equality holds because 7 < 1.
To show assumption (c¢) of Lemma 5, we write

1B nal? = | EX; - Y/bu|* = | EXiZim| P (a'b:)? < |EXZ|1? - ||l P(a'bs)?, (12.5)
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where the second equality uses the assumption above that the coefficient, n, on Xj is
0 wlog. Now, ||EX;Z!||? = O(k) by Lemma 8(c). Also, Assumption 3(f) gives

O() =X\, /K" =nn' EZ; Z}'w [kT > na'mAmin(EZ] Z]) /K. (12.6)

This, Assumption 3(c), and 7 < 1 yield 7’7 = O(k™ /n) < O(k/n). Combining these
results gives ||EE,5;||2 = O(k?/n), as desired. The same argument gives || En,,9;||*> =
O(k?/n). Thus, assumption (c) holds.

Assumption (d) of Lemma 5 holds because

e — Drel| = [ln~'Z/X (01 X' X)L = BZX](n"LXX)
+EZX(n ' X'X) " — EZXUEX,X]) |
< |In'Z'X - EZX]|| - ||(n T X' X) 7|
HIEZX]| - (0 X' X) ™ = (BXX) |
= 0p(k1)Op(1) + O(K?)0p(n %) = 0y (k71),  (12.7)

where the second equality holds by Lemma 8(b)-(d) and the fact that (n "1 X’'X)~1 =
Op(1) by the WLLNs, Slutsky’s Theorem, and EX;X! > 0 and the third equality
uses Assumption 3(e).

The means of the asymptotic normal distributions given in Theorem 1(a)-(c) arise
in the present case because, by (12.4) and Assumptions 3(f) and 3(g), we have

Nne/ kY2 X /B2 N0 JEY2) = (N 1/ KY2) - (cB, cpdg, d)'

2 2 _
. rl/Q(cﬁ,/ngﬁ, d3)’ when T =1/2 (12.8)
(0,0,0) when 7 < 1/2.

When 7 € (1/2,1), (12.4) and Assumptions 3(f) and 3(g) lead to

cg = BEY?7by, o = (byQo) "%, dg = dg, (1 + o(1)), and

(e /KY2 N /M2 X0 [KTY = (BN, k2, cpd gy k™ /2 BN, kT

— (BZhok' 27N ok V2, Bhodgh 2 TAL kM2 A2 kT
— (0, Bhodg,r7, dj,r+) = (0,vprr, dj 7). (12.9)

Hence, when 7 € (1/2,1), Lemma 5 shows that ((S'S — k)/k'/2,S'T/k'/?) —,
(Q5,00 QsT.00) and (T'T — k)/k™ — d%)\;‘;’k/kf = 0p(1) because 7 > 1/2. The lat-
ter, combined with d%/\*’k JkT — d%orT, gives the desired result that (I'T' —k)/k™ —,

n
d%orT when 7 € (1/2,1).

To complete the proof for 7 < 1, we extend the results to the case where S, T,
etc. are replaced by Sy, T),, etc. (so € is replaced by €2,,). This extension holds by
the result of Lemma 1 that k/2(Q, — Q) = 0p(1) (which holds under Assumption 3)
and the proof of Theorem 4.

Next, we consider the case where 7 € [1, 2]. The proof is the same as for 7 < 1 with
the following changes. First, we apply Lemma 7 instead of Lemma 5. Second, the
last line of (12.4) does not hold because 7 > 1. Instead, we have c% =0((B—By)?) =
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O(k™7), Ae/k = ()\;"L,k/kT)kalc% = O(k™1) = o(1) as required by Lemma 7, and
Ao/ KT = (Nok /kT)d% — er%O, which verifies an assumption in Lemma 7 with
Kyr = er%O. Third, by (12.5) and (12.6) with ¢ replaced by 1, we have ||En,||? <
O(||EXZZ’||2 -|I7|[?) = O(k**™ /n) as is assumed in Lemma 7.
Fourth, when 7 = [1,2], (12.4) and Assumptions 3(f) and 3(g) lead to
cg = Bk™?bg, by = (byQbo) V2, dg = dg, (1 + o(1)), and
(N /K%, Ny 712 N KT = (B ik ™2, o, k™72, dB NS kT

7 nn
= (BZhok ™\, kY2, Bhodgk™ 2N, kT2, 2N kT
— (0, Bhodg,rr, d5 r+) = (0,vprr, d3 7). (12.10)

Hence, Lemma 7 shows that ((S'S — k)/kY2,S'T/k7/?) —4 (@5,00> Q5T,00)- In addi-
tion, Lemma 7 implies that (T"T — k) /k™ — d%)\;k/kf = 0p(1) because 7 > 7/2. This,
combined with d%)\,";,k JET — d%OrT, gives the desired result that (7"T — k)/k™ —p
d%OT'T. O

Proof of Lemma 2. To prove part (a), by the Cramer-Wold device, it suffices to
show that for any a = (a1, ag, a3)’ € R? with a # 0,

n Jj—1
o'U, = ZZ Snij = ZMnj —4 N(0,a'Vaa), where M,; = ZSm-j and
1<i<j<n j=2 i=1

1
Snij = W(Qalfinfnj + @2(EniMng + Enjlini) + 2037075)- (12.11)

We establish this result using Hall’s (1984, Thm. 1) univariate CLT for degenerate

U-statistics. Hall’s CLT is established by writing the U-statistic as a martingale (with

martingale differences {My; : j > 1}) and applying Brown’s (1971) martingale CLT.
We apply Hall’s Thm. 1 with his X,,; = (&,;,7,;)" and his H,(z,y) equal to

3
Hn($7$*) = ZasHsn(‘T?x*)a Where r = (f'ﬂl’)/ € R2k7 Ty = (5;777;)/ € RQka

s=1
Hln(l‘,l‘*) = 27171]{371/25/5*, HQn(xa JI*) = n71k71/2(£/77* + fgﬂ?)’ and
Hap(z,2,) = 2n 'k~ 2/n,. (12.12)

Note that E(H,(Xn1, Xn2)| Xn2) = 0 a.s. because X,,; and X5 are independent with
mean zero. In consequence, the U-statistic o/Uy, in (12.11) is degenerate. Hall’s Thm.
1 states that

0/ Upn/ (RPEH2(X1, Xn2)/2)"* —a N(0,1) provided
M n 'EHN X1, Xp2)/(EH2 (X1, Xpn2))? — 0 and
(I1) EG2(Xn1, Xn2)/(EH2(Xn1, Xn2))? — 0, where
Gn(z,xy) = EHp(Xn1, ) Hp (X1, zs) for z,z, € R?k. (12.13)
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Conditions (I) and (II) suffice for the Lindeberg condition and the conditional variance
condition, respectively, required in Brown’s martingale CLT. We verify (I) and (II)
for Hy(x, ) defined in (12.12). First, we have

!/

5 5 1 , , 25%1571/2 , 25%1571,2
n EHn(Xn1> XnQ)/Q = ﬁa E gnlan + €n277n1 gnlan + €n277n1 «,
2172 2172

(12.14)
where X,,; = (£,;,1,;) - Next, we have

E(2€;11€n2)2 = dtr(E 08 n08n1&n1) = 4r(E&n0ns - B&i&n) = 4k,
E(&17na + &n2mn1)? = E(€n1m02)% + 2B€1 0,08 namn1 + E(Ea01)?

= tr(E&1&n1 - Ennating) + 2t (Enn&ne - Engiénn) +t1(E€pbne - Enginin) = 2k,
E(280,1802) (En1Mna + Enanin1) = 2E€018008017me + 2E€018008 02701

= 2t1(E&1 601 - E&pating) + 2t7(E€ 080, - Enpi€ryy) = 0, and (12.15)
E(260,1802) (2031702) = 41 (E€p10niNnaéne) = 4r(E€n1mny - Enpabne) = 0,

using assumptions (ii) and (iv) of the Lemma. Likewise, we have F(2n)11,)? = 4k
and E (21 11,2) (EhiMna+Emann1) = 0. Combining these results with (12.14 and (12.15)
implies that

n2EH2(Xp1, Xn2)/2 = o/Vza > 0 for all n, (12.16)

which yields the asymptotic variance given in (12.11).
Now, to verify condition (I) of (12.13), we have

k
16 16
Ean(anaXn ) = n4k2E(£%1€n2)4 = n‘%QE(E 5n1££n2£)4
=1

k k k k
= n}l—ig DY DD Euinénrn niesbnzentesbnat, Sntennae, (12.17)
£1=102=1403=144=1
A B fmnbanbern - P Ennantan, = OC)
= n4 61,62,63,641)34,7121 nll15n1loSnllsSnlly n2l15n2025n2035n204 — n4 9
where &,; = (§,i15 -5 Enie) and the last equality holds by assumption (v) of the
Lemma and the Cauchy-Schwartz inequality. Similar calculations and the use of
Minkowski’s inequality yields EHZ, (X1, Xn2) = O(k?/n*) for s = 2, 3. These results
and Minkowski’s inequality then give EH2 (X1, Xn2) = O(k?/n*). Combining this
with (12.16) establishes condition (I) of (12.13).provided n~1k? — 0, which holds by
assumption (vii) of the Lemma.

To verify condition (II) of (12.13), by the Cauchy-Schwartz inequality, it suffices to
verify condition (IT) with EG2(X,;, Xp;) replaced by EG2,(Xpi, Xpnj) for s = 1,2,3,
where Ggp (-, ) is defined as Gy (+,-) is defined in (12.13), but with Hg,(-,-) in place
of Hy(+,-). We have

4 4
Gln(.I,JI*) = EHln(anvx)Hln(anvx*) = mEgglé‘g;@lé* = mglg*a
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G2n(xa x*) = EHQn(any x)H2n<Xn17 x*)
1 1

where z = (£,n)" and x, = (¢,,n,)’". Hence,

16 16 16
2 _ 2
EG1,(Xn1, Xn2) = n%zE(g;ﬂgm) = —n4k2tr(E5nlg;ﬂ CBE, 06 ) = I
1 2
2 (x - X ) = 2
EG2n( nl, n2) n4k2E(€;Ll£n2 77%1”712) ~ Ak (12'19)

Similarly, EG3,(Xn1, Xn2) = 16/(n*k). Combining (12.16), (12.18), and (12.19)
yields condition (II) of (12.13) provided & — oo, which holds by assumption (vi) of
the Lemma.

Part (b) of the Lemma holds because the left-hand side in part (b) has mean zero
and variance that is o(1). The latter holds because

ko k
E(&,160)° = Z Z E§%151§i1e2 <k* sup E&h,=O0(K), (12.20)
l1=1/42=1 0<k,n>1
Var(n™ k™2 Y (€i6p = k) = 0 k" WVar((€€ns — k) =" O(k) = o(1)
i=1

using assumptions (v) and (vii) of the Lemma. Similarly, E(¢/.n,,)? = O(k?) and
E(nyn)? = O(K?) yield Var(n™ k=2 570 €y, = o(1) and Var(n™ k=12 300

(Mittni = k) = o(1).
Part (c) follows from parts (a) and (b) because the lhs of part (c) equals the sum
of the lhs of parts (a) and (b). O

Proof of Lemma 3. To prove part (a), we write

2
nkl/2 Z Z €;Li£nj = A1 + Agpn + Asp, where

1<i<j<n

2 /
App = W ZZ (fm - M’n&) (gn] - Mnf)?

1<i<j<n
2 / /
A = Thim ZZ [timg (Eni = Hing) + Hig (Enj = ting)], and
1<i<j<n
2 /
Agp = SRV ZZ HingHng - (12.21)
1<i<j<n

Now, some calculations yield

n(n —1) 1 1 1
Azp = W%gﬂng = W%& - m)‘nﬁ = m%& +o(1),
2(n —1 &
Agn = #%g Z(§m — Hpe), EAgp =0, and
=1
4(n —1)? 4(n —1)?
Var(Am) = 0 varme = U e o), (1222)
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using A\ne/k — 0 and k?/n — 0. Combining (12.21) and (12.22) gives

2 1
k2 Z Z Eni€nj — W)‘nﬁ = Ain +0p(1). (12.23)
1<i<j<n

Similar calculations yield

1 1
1/2 Z Z (S;zinnj + f;zjnm') — 1_/2)\n§77 (12.24)
nk 1<i<j<n k
1
- kl/Z Z Z [(gnz - Mnf),<nnj - Mnn) + (fn] - Mnf),<nni - Mnn)] + Op(l) and
n 1<i<j<n
2 , 1 1 .
nk1/2 Z Z Ti"lng — k‘l/2 )\m] - Tl,k‘l/z Z Z (nm' - 'unr]) (nnj - /Lnn) + Op(1)~
1<i<j<n 1<i<j<n

Stacking the results of (12.23) and (12.24) and applying Lemma 2(a) to the rhs of
these stacked equations yields convergence in distribution to N (0, V3), which is the
result of part (a).

To show part (b), we write

1 n
—375 D (i — k) = Fin+ Fon + Fin, where
=1

1 ~ / 2 = /
Fin = —73 E[(gm. = ting) (s = ting) = K], Fon = —775 ;Mng(ﬁm = fing);

1 n
Fsp, = RV Z M,ngﬂng- (12.25)
i=1

We have Fi, —p 0 by Lemma 2(b). In addition,

1 K2 Mg
F3n = —nkl/Q ’I’Lf = —n _k — 0, EFQTL - 0, and
4 4
Var(Fa) = %M%gvar(fm)ﬂng = o ne =0 (12.26)

using assumptions (vii) and (iii)’. These results combine to show that Fi,, + Fa, +
Fi, is 0p(1). Similar calculations show that n= k123" () .n,; — k) = 0p(1) and
n kY230 €l n,: = 0,(1), which completes the proof of part (b).

Part (c) follows from parts (a) and (b) because the lhs of part (c) equals the sum
of the lhs of parts (a) and (b). O

Proof of Lemma 4. Lemma 3(c) with (§,,;,7,;) of that Lemma set equal to
((E;; / 2§m~, Eﬁg / 277m) of the present Lemma gives the desired result but with (X,¢, Xpy)

~

in place of (X, inn) Hence, it suffices to show

On = A;L(E;Lg — E;Q)An = op(kl/z), where A4, = n~'/? Eﬁm, (12.27)
=1
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and likewise with (&,,;, ¥n¢) replaced by (71,;, Xny)-

Lemma 3(c) applied to (E;g / 2§m-, Z;,}/ Qnm-) also gives

ALY A, = 0y(k) (12.28)

n=ng

(due to the centering at kl3). In addition, we have

Arnin(Eng) = Op(1) (12.29)
because [Amin(Ene) — Amin(Sne)| < [|Zne — Snell = 0p(1) by assumption (iv)’ and
At (Zne) = O(1) by assumption (viii).

The following are standard or hold by algebra: If H is a symmetric psd k X k
matrix, G is a k x k matrix, and c is a k-vector, then (a) ||[HGH|| < X2, .(H)||G||,
(b) [[Hel| < Amax(H)]le|l < [[H|| - [lell, (¢) ¢Ge < |G| - [|ell?, and (d) I, — H™' =
H -1 — (H — Ik),H_l(H — Ik).

Let C, = Ei/g and D, = ii/g Then, we have

6n = AL (C%2 — D) A,
= AL C M Ik — CoDL2Cl)CL T Ay
= A C NG DRC = TGy Ay
AL CoHCID2C! — 1) CR D, 2 Cuh(C ' D2C T — 1) Ot Ay,
< A4,CNG (DL - GGG, A
HICn(C ' DRCL = T) O Anl [P - Ay (D7)
< |G (D = CRCH| - |0 A2
HI(D7 = CHC O A - A5, (Dn)
< (107 = CRll - M (G 1) - 1O A2

H|[D2 — C2|P||C Ot A1 - AL2 (D)
|DZ — C2| - Ak (C2) - |G A2

HID; = CRIP 10 Anl? - M (C 1) - A (D)

op(k™1%)0(1)Op(k) + Op(k’l)Op(k)O(l)Opn(uln)
= 0,(k'?), (12.30)

where the third equality uses (d) with H = C,;'D2C,; 1, the first inequality holds by
the triangle inequality and (b), the second inequality holds by (c), the third inequality
holds by (a) and (b), the fourth inequality holds by (b), and the second last equality
holds by assumptions (iv)" and (viii), (12.28), and (12.29). This establishes (12.27).

The same argument holds with (&,;, ing) replaced by (7,,;, inn) Hence, (12.27)
holds and the Lemma is proved. [

IN

Proof of Lemma 5. Tt suffices to show A,, = 0,(k'/?) and an analogous result with
(€nt1i> En2i) Teplaced by (7,15, M52:), Wwhere Ay, is defined by

n n
Gn = n—1/2 Z £n1i7 Hy, = n71/2 Z 57121’7
i1 i=1
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A, = |< +Dn§H )E (G +Dn§H ) (G +Dn§H) (G +Dn§H )|
= |Hy,(Dyg — Dn)'S,,¢ (Dng — Drg) Hy + 2H,,(Dyg — Dig)'S ¢ (G + DrgHn))|
< P, +2P* P2

Piy = [[£5"*(Dug — Dug) Hul[?, Pon = (G + Dig Hy 'S (G + Dy Hy), (12.31)

ng

and the inequality holds by the Cauchy-Schwarz inequality. We have P, = O,(k)
by Lemma 4. Hence, the Lemma holds if Pi,, = op(1).
We have

—12
Pr < X (8r") (D — D) Hall* < Ay (Sn) - [ D — Do P11 Hul 2, (12.32)

where the two 1nequahtles hold by inequality (b) stated following (12.29) above.
Next, we have: (I) ||Hy||? = O,(k?) because ||Hy|| < ||Hn — EHy|| + ||EHy||,
EHHR - EHTL||2 = E(&n?z - E€n2i)/(§n2i - E§n2z) = O(k)a which imphes that ||Hn -
EH,|? = Op(k), and ||[EH,||?> = |[n'/2E¢, ][> = O(k?) by assumption (c) of the
Lemma, (I1) Amax(E¢7%) = Aptt?(Sne) = Op(1) by (12.29) above, and (II1) || Dy —
Dye|| = 0p(k™1) by assumption (d) of the Lemma. Hence, Pj, = 0,(1) and A, =
k1/2)
op( :
An analogous result holds with (7,,1,,7,,2;) in place of (,,1;,€,,9;), which completes
the proof. (I

Proof of Lemma 6. The result is established by applying Brown’s (1973) mar-
tingale CLT to a linear combination of the 5-vector in the Lemma and then ap-
plying the Cramér-Wold device. For the former, it suffices to show that for any
e = (a1, g, a3, aq, a5) # 0,
> " (Mpj + Grj) —a N(0,d,Vsa), where Grj = k™™/2h], (aun,,; + a5€,,;), (12.33)
j=1
Mp; and « are defined in (12.11), and M1 = 0. Note that E(M,; + Gpj|Fj-1) =0
a.s., where Fj_1 = 0(&,;-1,Mnj—15 -+ &n1» Mn1)- Brown’s CLT requires the verification
of (i) the convergence of Viar(327_; (Mn;j+Gnj)) to ai Vsas, (ii) a Lindeberg condition,
and (iii) a conditional variance condition. For (i), we have
n n
Var() [ (Mnj + Grj)) = Y _(EMg; + EGY;) — o/ Vsa+ m(a + af) = o Vsa,
j=1 j=1
(12.34)
where the equality uses EM,,; = EG,; = EM,;G,; = 0 and the convergence holds
by (12.14)-(12.16) and EGZ; = nk™"hj,hn(0F + o) — m(aj + a3).
The Lindeberg condition is implied by >°7_; EMfL‘j — 0 and 377, EGij — 0.
The former holds by condition (I) of (12.13) and the proof of Hall’s (1984) Thm. 1.
The latter holds because

Y EGh; = ZE K2R (aan; + 5]
S n- (nh;L n/kT) EHa‘lT/nj + O‘5£njH4 - 07 (1235)
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using the Cauchy-Schwarz inequality, nk™"h} hy, — m, and E||n,,;||*+ E||¢,;||* < oo.
The conditional variance condition holds if

n

ZE((MHJ + an)2‘~7'—j—l) —p Vs (12.36)
j=1
We have 377, E(M?;|Fj-1) —p o'Vza by condition (IT) of (12.13) and the proof of
Hall’s (1984) Thm. 1. In addition, E(G%j]}"j_l) = EG%j a.s. and )0, EG%j —
m(a3 + o), as above. Hence, it remains to show that > g1 BE(MyjGnjl Fi—1) —p 0.
We have

E(Myjk™ 2R | Fi-1)
7j—1

nflkil/QiT/zE(Z(Qalfmfnj + @2 (Enitng + Enjtn) + 20037000, ) hy 1 Fi—1)
i1
j-1
= n 2T Z(agfgihn + 2a3m),; ). (12.37)
i—1

Next, we have

2
n j—1 " ’
E n~ g Y/2T/2 E & ohy| =n 2k VTE ( E (n— i)&mﬂﬂ)
j=1 i=1 =1

n

= n 3k~ (nh! by JKT) (Z(n - i)) = O(n k™) = o(1). (12.38)

i=1
The same holds with §,,; replaced by 7,,;. These results, combined with (12.37) and
Markov’s inequality, gives Y %) F(Mp;k~ T/2p/ nMnjlFj—1) —p 0. Analogously, > 7,

E(Mnjk*T/zhgfnj]fj_l) —p 0. In consequence, Y37 E(Mp;Gnj|Fj-1) —p 0 and the
proof is complete. [

Proof of Lemma 7. First, we consider the case where ing = Yne = I, inn =
Ynn = Ii, ﬁng = Dy, and ﬁm] = Dy, which is analogous to the situation in Lemma
3. We start with the proof of part (a). Because A,¢/k — 0, just as in Lemma 3,
(12.23) still holds. Next, we write

leT/2 Z Z gmnn] + gn]nnz] Bipn + Ban + Bsn + Ban, where

1<z<j<n
Byip = k‘T/2 Z Z énz /Lng nn] Mnn) (gng - /Lnﬁ)/(nni - iunn)]a
1<i<j<n
n—1
BQ” krr/2 1<Z<; M'rm gm, Mng) + iun'r] (gn] Mng) k‘T/2 Z}unn £n2 Mng)
<j<n
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n

1 n—1
B?m = W ZZ [Mlng(nm' - :U’n'r]) + IU’;%E(n’nj B 'u’"'ﬂ)] - W Zﬂkg(nm‘ N Mnn)?
1<i<j<n i=1
2 / n—1 T/2
nkT "

We have: EBs, = 0, Var(Bs,) = ((n — 1)/n)*\se/k™ — 0, and hence Bs, = 0,(1).
Thus,

1 T
nkl/2 Z Z [g'/ninnj + f%jnm] — Angn/k /2 = Biy + Ban + op(1). (12.40)
1<i<j<n

When 7 > 1, By, = 0,(1), because Lemma 2(a) implies that k7/271/2By,, = O,(1).
As in (12.21)-(12.23), but with (5, k™/2) in place of (£, k'/2), we can write

2 1

nk7/2 Z Z n;linnj I Ane = Cin + Cop + 0p(1), where

1<i<j<n

2

Cln = /2 ZZ (nnz - Mnn),(nnj - M’”]) and

nk by

<i<j<n

2(n—1 "

Con = E”Lk‘T 2 )“;m Z(nm - lunn)' (12.41)
i=1

In the present case Cy, is not o,(1) because Var(Cay,) = 4((n—1)/n)2k~" Apy — 4kinr.
When 7 > 1, C1,, = 0p(1), because Lemma 2(a) implies that k™/271/2C},, = O,(1).
Now, we stack the results of (12.23), (12.40), and (12.41) and apply Lemma
6 to the rhs of these stacked equations. When 7 = 1, the rhs satisfies (A1, Bin +
B2n> Cln+c2n)/+0p(1) and we apply Lemma 6 with (gn'm nnz) equal to (éni_lunﬁa Mni —
fny) Of the present Lemma, with h, = ((n — 1)/n)u,,, and with m = k;1. Then,
Lemma 6 gives (Aipn, Bin + Ban, Cin + Can)' —4 N(0,Diag{2,1 + kn1,2 + 4k })
= N(0,Vy,), which is the result of part (a). When 7 > 1, the rhs of the stacked
equations satisfies (A1y,, Bapn, Capn) + 0p(1) and we apply Lemma 6 in the same way
as above to obtain (Ain, Ban, Can)’ —a N(0, Diag{2, kyr, 4y }) = N(0,V5,), as
desired. This completes the proof of part (a) for the case where ing =Yg, etc.
Next, we prove parts (b) and (c) for the case where f)ng = Ype = Iy, etc. The
proof that (nk'/2)=1 37 &£, = op(1) is exactly the same as in (12.25)-(12.26)
because Au¢/k — 0. The proof that (nk™/2)=1 3" (n).m.; — k) = 0,(1) is analo-
gous to that given in (12.25)-(12.26) with ¢ replaced by n, with (nk7/2)~! in place
of (nk'/2)~1) and with A,,/k” = O(1) rather than A\,¢/k = o(1). In consequence,
F3, = (nk™2) "Ny = (K72 /1) ( Ay /kT) — 0 provided k*/n — 0 and 7 < 6. We have
EFs, = 0 and Var(Fy,) = 4n72(\py/k™) — 0. In addition, Fy, —, 0 by Lemma
2(b). Hence, (nk7/2)"2 3" (1M — k) —p 0. Similar calculations, using the fact

that )\3@7 < AngAnp by the Cauchy-Schwarz inequality and hence Anep/ EA+7)/2 <
(Ang/k) /2Ny /KT)1/2 = 0(1), show that (nk™2)~1 3" | € .n,; = 0p(1), which com-
pletes the proof of part (b). Part (c¢) follows from parts (a) and (b) because the lhs

of part (c) equals the sum of the lhs of parts (a) and (b).
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We complete the proof by showing that the same asymptotic distributions arise
when ing # Yng, Xne # I, ﬁng # D¢, etc. as when i\)ng = Yn¢, etc. using the argu-
ments in the proofs of Lemmas 4 and 5. In these proofs, exactly the same arguments
hold under the assumptions of the current Lemma when 6, and A, are based on
€,i> because the normalization is by k~'/2 and ||E€,||*> = O(k?/n). When §,, and
A,, are based on 7,,;, the arguments need to be altered because the normalization
is by k=7/2, not k=2, and ||En,q]|> = O(k'7/n), not ||En,yl||? = O(k%/n), in
the second and third elements of the 3-vector in part (c) of the present Lemma. In
particular, in the proof of Lemma 4, it suffices to show that ¢,, = op(kT/ 2) when 6, is
defined with 7 in place of £. Nevertheless, the proof of Lemma 4 goes through without
change to show that &, = o,(k"/?), which is stronger than necessary. (This relies on
the fact that A},%, A, = ||[C;; Ap|[> = Op(k), due to the centering by k, by the
result proved above for the case ing = Yp¢, etc.) In the proof of Lemma 5, it suffices
to show that A, = op(k‘T/Q) when 6, is defined with 7 in place of £&. When 7 = 1, the
same proof goes through without change. But, when 7 > 1, the proof needs to be
altered. In the present case, we still have P, = O,(k) (due to centering at k), but
||[EH,||?> = ||[n'/2En,s;| > = O(k'*7) by the assumption of the present Lemma, rather
than O(k?). In consequence, using (12.32), P, = 0,(k72)Op(k1*7) = 0,(k™1). Us-
ing Pa, = Op(k), this leads to P117{2P217{2 = 0,(k7/?). Also, if 7 < 2, this gives
P1,, = 0p(k7/?). These results and (12.31) combine to give A, = 0,(k7/?) if 7 < 2. O

Proof of Lemma 8. Part (a) holds because for all £ > 0
Pk|n'Z'Z — EZ;Z!||* > ¢)

S kEtr (n_l Z 2127{ — E2121> n_l Z Z]ZJI — Elei /8
i=1 j=1
=k-tr (nilE (ZQZ% - E2121> (ZQZé - E2121>) /8
= kn! (E(Z{Z}V —9B(Z4Z,)? + tr ([EZZ{]EZZ{)) Je
< O(k3/n) = o(1), (12.42)
where the first inequality holds by Markov’s inequality, the first equality holds because
the expectation of terms with ¢ # j is zero by independence, the second equality holds
by algebra, the second inequality holds because sup;<j.,,>1 Eij < 00 by Assumption
3(c), and the third equality holds by Assumption 3(e).
Part (b) holds by the CLT and the delta method because E||X;||* < 0o, EX; X
is pd, and the dimension p of X is fixed for all n. B
Part (c) holds because | EX; Z!|| < k'/2p!/? supjgk’nE(EHXiZiﬂ]2)1/2 = 0,(k'/?)
using the fact that p is fixed for all n.
Part (d) is established as follows. By Markov’s inequality, for all € > 0,
PE3||n*X'Z — EX; Z!|]? > ¢)

< KEtr(n™Y_ XiZ] - EX;,Z))n™ 'Y X,;Z; — EX;Z}))/e
i=1 Jj=1

o1



(k% /n)tr((E(X:Z] — EX:Z}) (X:Z] — EXiZ}))/e
< (K*/n)p sup E||XiZyj||* = o(1), (12.43)

Jj<knz1

where the first equality holds by the iid assumption, the second inequality uses the
fact that the dimensions of X; and Z; are p and k, and the second equality uses
Assumption 3(e).

To prove part (e), we write

n 272 =n'2'Z —n ' Z’X(X'X) "' X' Z and
EZ:7ZY = EZ;Z! — EZ; X! (EX; X)) 'EX; Z!. (12.44)
By the triangle inequality, we have
In'Z'X(X'X)"'X'Z — EZ;X!(EX;X!) "EX;Z!|| < Ln1 + Lng + Lns, where
L= |[n ' Z’X(n ' X'X) " (n'X'Z — EX; 7)),
Lo = [In ' Z'X[(n ' X' X)"" = (EX,X{)'|EX,Zj||, and
Lps = ||(n"'Z'X — EZ; X)) (EX: X)) 'EX; Z!]). (12.45)
Using parts (c) and (d), we have

In ' Z'X|| < [In"'Z'X — BEZX]|| + || EZ:iX]|| = 0p(k™") + O(k'/?) = Op(K'/?).
(12.46)
In addition, ||(n"1X’X)71|| = Op(1) by the LLN, Slutsky’s Theorem, and the fact
EX; X! is pd. These results, the result of part (d), and ||AB|| < ||A]| - || B]| give

L < 02X - (0™ X' X) M| - In ' X'Z — EX Z)
= 0,(K/2)0,(1)oy (k™) = 0p(k~1/2). (12.47)

By similar calculations, L,3 = o,(k~1/?).
Using the results of (12.46) and parts (b) and (c), we have

Lnz < [[n 7 Z'X] - [|(n ' X"X) ™ = (EX:X]) 7| - [|EXZ)|
= Op(K/2)0p(n12)O(k'?) = Op((K* )2k 1/2) = 0, (k71/2). (12.48)

Hence, the left-hand side in (12.45) is o,(k~/2). This, (12.44), and part (a) com-
bine to establish part (e). OJ
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