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Abstract

We introduce the class of conditional linear combination tests, which reject
null hypotheses concerning model parameters when a data-dependent convex
combination of two identification-robust statistics is large. These tests control
size under weak identification and have a number of optimality properties in
a conditional problem. We show that the conditional likelihood ratio test of
Moreira (2003) is a conditional linear combination test in models with one en-
dogenous regressor, and that the class of conditional linear combination tests is
equivalent to a class of quasi-conditional likelihood ratio tests. We suggest using
minimax regret conditional linear combination tests and propose a computation-
ally tractable class of tests that plug in an estimator for a nuisance parameter.
These plug-in tests perform well in simulation and have optimal power in many
strongly identified models, thus allowing powerful identification-robust inference
in a wide range of linear and non-linear models without sacrificing efficiency if
identification is strong.
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1 Introduction

Researchers in economics are frequently interested in inference on causal or structural
parameters. Unfortunately, in cases where the data contains only limited information
useful for estimating these parameters, commonly used approaches to estimation and
inference can break down and researchers who rely on such techniques risk drawing
highly misleading inferences. Models where the usual approaches to inference fail due
to limited information about model parameters are referred to as weakly identified.
A large and growing literature develops identification-robust hypothesis tests, which
control size regardless of identification strength and so limit the probability of reject-
ing true hypotheses in weakly identified contexts. The results to date on the power of
identification-robust tests, that is their probability of rejecting false hypotheses, are,
however, quite limited. In this paper we develop powerful identification-robust tests
applicable to a wide range of models. Our approach relies on two innovations. First,
we introduce a novel class of procedures, the class of conditional linear combination
tests, which includes many known robust tests. Second, we suggest choosing condi-
tional linear combination tests that minimize maximum regret, which is an intuitive
optimality criterion not previously applied in this setting.

Our first step is to introduce the class of conditional linear combination (CLC)
tests. These tests depend on a convex combination of the generalized Anderson-Rubin
(S) statistic introduced by Stock and Wright (2000) and the score (K) statistic intro-
duced by Kleibergen (2005) for GMM models (or their analogs for generalized mini-
mum distance, generalized empirical likelihood, or other settings), where the weight
assigned to each depends on a conditioning statistic D also introduced by Kleibergen
(2005). Tests based on S have stable power but are inefficient under strong identifi-
cation, while tests based on K are efficient when identification is strong but can have
low power when identification is weak. In many models D can be viewed as measuring
identification strength, and its behavior governs the performance of tests based on K.
CLC tests use information from D to determine how to weight the S and K statistics,
and select critical values based on D in such a way that all tests in this class have
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The class of conditional linear combination tests is quite large, and includes the
S test of Stock and Wright (2000) and K test of Kleibergen (2005) for GMM and
the conditional likelihood ratio (CLR) test of Moreira (2003) for linear instrumental
variables (IV) models with a single endogenous regressor. More generally, we prove
that the class of CLC tests is equivalent to a suitably defined class of quasi-CLR tests.
CLC tests enjoy a number of optimality properties in a testing problem which arises
after conditioning on D, where we show that they are admissible, locally most powerful
against particular sequences of alternatives, and weighted average power maximizing
for a continuum of different weight functions.

Our second innovation is to use minimax regret CLC tests. This approach selects
CLC tests with power functions as close as possible to the power envelope for this
class in a uniform sense. By construction, these tests minimize the largest margin by
which the power of the test selected could fall short relative to any other CLC test the
researcher might have picked, thus minimizing the extent to which a researcher might
regret their choice. Minimax regret has recently seen use in other areas of economics
and econometrics (see Stoye (2009) for references) but has not to our knowledge been
applied to the problem of selecting powerful tests for weakly identified models. Mini-
max regret tests must be obtained numerically which, while quite straightforward for
some models, can be computationally daunting for others. In contexts where calcu-
lating true minimax regret tests is infeasible, we suggest a class of computationally
simple plug-in minimax regret tests that plug in an estimate for a nuisance parameter.

We show that our plug-in tests perform well in linear IV. Specifically, in linear
IV with homoskedastic Gaussian errors and one endogenous regressor we show that
plug-in minimax regret tests using reasonable plug-in estimators match the near-
optimal performance of the CLR test established by Andrews et al. (2006, henceforth
AMS). Given that much of the data encountered in econometric practice is dependent
(serially or spatially correlated, clustered), heteroskedastic, or both, however, it is of
considerable interest to examine the performance of weak instrument-robust tests more
broadly. To this end we calibrate a simulation to match heteroskedastic time-series
data used by Yogo (2004) and find that our plug-in minimax regret test substantially
outperforms Kleibergen (2005)’s quasi-CLR test for general GMM models. We further
find that our approach offers power competitive with the weighted average power
optimal MM1-SU and MM2-SU tests of Moreira and Moreira (2013, hencefoth MM).

The under-performance of Kleibergen’s quasi-CLR test can be traced to the fact



that the K statistic may perform especially poorly in non-homoskedastic IV. Kleiber-
gen’s test uses the CLR weight function, which is optimal under homoskedasticity but
does not account for deterioration in the performance of the K statistic when we move
away from the homoskedastic case. In contrast, the plug-in test proposed in this paper
successfully accounts for the covariance structure of the data and delivers powerful,
stable performance in both the homoskedastic and non-homoskedastic cases. As we
might hope given their minimax-regret motivation, the PI tests have smaller power
maximal shortfalls, relative to the other tests considered in our simulations, than do
the MM tests. On the other hand, by construction the MM tests have higher weighted
average power with respect to the MM weights.

To develop intuition and illustrate results, we consider inference on parameters in
linear IV and minimum distance models as recurring examples. Similarly to Mueller
(2011) we assume that certain functions of the data converge in distribution to random
variables in a limit problem and use this limit problem to study the performance
of different procedures. To formally justify this approach we derive a number of
asymptotic results, showing that the asymptotic size and power of CLC tests under the
assumed convergence are simply their size and power in the limit problem. We further
show that a large class of CLC tests control size uniformly in heteroskedastic linear
IV with a single endogenous regressor. Moreover, we give conditions under which
CLC tests, and plug-in minimax regret tests in particular, will be asymptotically
efficient under strong identification, in the sense of being asymptotically uniformly
most powerful in classes of tests depending on (S, K, D). Applying these results to
our examples, we show that the tests we propose are asymptotically efficient in linear
IV and minimum distance models when identification is strong.

Before proceeding it is worth relating the approach taken in this paper to the recent
econometric literature on optimal testing in non-standard models, including Mueller
(2011), Elliott et al. (2012), Olea (2012), and MM. The approaches studied in those
papers apply under a weak convergence condition like the one we assume, and in each
case the authors derive tests maximizing weighted average power. If a researcher has
a well-defined weight function over the alternative with respect to which they want to
maximize average power these approaches deliver optimal tests, either over the class of
all tests or over the class of tests satisfying some auxiliary restrictions, and have a great
deal to recommend them. In general, these tests are not available in closed form and

will depend on the weight function chosen, however, and the nature of this dependence



in a given context can be quite opaque. Consequently, in cases where the researcher has
no particular weight function in mind, it can be unclear what a given choice of weight
function will imply for the power of the resulting test. Indeed, as MM show in their
linear IV simulations, weighted average power optimal tests may sometimes have low
power over empirically relevant regions of the parameter space. MM address this issue
by restricting attention to classes of locally unbiased tests (their LU and SU tests).!
Here, we take a different approach and adopt a minimax regret perspective which
attempts to pick tests that lie as close as possible to the power envelope for the class of
CLC tests. Relative to the papers discussed above, the approach of this paper greatly
restricts the class of tests considered, first in confining attention to tests that depend
only on S, K, and D, and then in further focusing on CLC tests. While this restriction
reduces the strength of optimality statements, it renders the resulting tests much more
transparent: conditional on D, the procedures discussed in this paper are simply tests
based on a known convex combination of the S and K statistics, making it simple to
understand their behavior. This transparency has other advantages, and it is relatively
straightforward to give conditions under which CLC tests will be efficient under strong
identification. This is particularly true of plug-in minimax regret tests which, while
not generally optimal from a minimax regret perspective, yield easy-to-characterize
behavior under strong-identification asymptotics. In contrast, weighted average power
optimal tests need not be efficient under strong identification: of the tests discussed
above, only Elliott et al. (2012) give results guaranteed to deliver efficient tests under
strong identification in general contexts. Unfortunately, however, implementing their
procedures is extremely computationally costly in many cases of econometric interest,
including linear IV with non-homoskedastic errors and a moderate or large number of
instruments.

In the next section we outline the weak convergence assumption that will form the
basis of our analysis and illustrate this assumption using our IV and minimum distance
examples. In Section 3 we define several statistics including S, K, and D, and discuss
tests which have been proposed based on these statistics. Section 4 defines CLC tests,
shows that CLR tests are CLC tests, and proves the equivalence of the class of CLC
tests and a class of quasi-CLR tests. Section 4.1 then shows that CLC tests are ad-

missible, locally most powerful, and weighted average power maximizing conditional

LA previous version of the paper, Moreira and Moreira (2010), discusses the issue of approximating
weighted average power optimal similar tests of a given size, but don’t discuss the IV example or
consider unbiased tests.



on D. Section 5 defines minimax regret CLC tests, shows that such tests exist, defines
plug-in tests, and discusses implementation of these procedures. Section 6 shows that
suitably defined plug-in minimax regret tests match the near-optimal performance of
the CLR test under homoskedasticity and compare favorably to existing alternatives
in simulations calibrated to Yogo (2004)’s data. Section 7 derives a number of asymp-
totic results, including uniform size control for CLC tests in heteroskedastic linear IV
and efficiency of plug-in tests in our examples under strong asymptotics. Proofs for
Theorems 1 and 2 are given in the main appendix, while the remaining proofs, as well
as further details on our examples and additional simulation results, may be found
in the supplementary appendix (available on the author’s website). To illustrate the
application of our approach to a non-linear example, in the supplement we apply our
results to a generalized minimum distance approach to inference on new Keynesian

Phillips curve parameters studied in Magnusson and Mavroeidis (2010).

2 Weakly Identified Limit Problems

In this section we describe a class of limit problems that arise in many weakly identified
contexts and illustrate this class with two examples. We assume a sequence of models
indexed by sample size T', where sample 7" has distribution Fr (0,v) for 6 € © a p-
dimensional parameter of interest and v € I' an [-dimensional consistently estimable
nuisance parameter. We will be concerned with testing Hy : 8 = 6, and assume we
observe three objects: a k x 1 vector gr(fy) which will typically be an appropriately
scaled moment vector or distance function, a k x p matrix Agr(6y) which will often
be some transformation of the Jacobian of gr(6) with respect to 6, and an estimate 4
for v. We assume that for all fixed (0,v) € © x I" we have

gT(HO) g
( Agr(6) ) o ( Ag ) W

and 4 —, v under the sequence of data-generating processes Fr (6,7), where

g NN m I 299 (2>
vec(Ag) vec(p) |7\ Lo Top 7



and m = m(0,0y,7) € M(u,7) for a set M (p1,y) C R¥ which may depend on p € M
and v. Here we use vec (A) to denote vectorization, which maps the k x p matrix A
to a kp x 1 vector. We further assume that g, and ¥ are continuous functions of «y
and are thus consistently estimable. We will generally suppress the dependence of the
terms in the limit problem on the parameters (6,v) when there is no loss of clarity
from doing so, writing simply m, u, and so forth. We are interested in problems where
the null hypothesis 6 = 6, implies m = 0, and will focus on testing Hy : m =0,y € M
against Hy : m € M(p)\{0}, p € M.

Limit problems of the form (2) arise in a wide variety of weakly identified models.
In the remainder of this section we show that weakly identified instrumental variables
and minimum distance models generate limit problems of this form, deferring some
derivations to the supplementary appendix. In the supplement we also show that

general weakly identified GMM models give rise to limiting problems of the form (2).

Example I: Weak IV  Consider a linear instrumental variables model with a single

endogenous regressor, written in reduced form,

Y =Zrp+V,

B (3)
X=Zr+V,

for Z a T x k matrix of instruments, X a T" x 1 vector of endogenous regressors, ¥ a
T x 1 vector of outcome variables, and Vi and V5 both T' x 1 vectors of residuals. We
are interested in testing a hypothesis Hy : § = 5y about the scalar coefficient 5. As
elsewhere in the literature (see e.g. AMS) we can accommodate additional exogenous
regressors, but omit such variables here to simplify the exposition.

The identifying assumption in IV models is that F [V ,Z;| = FE [V2,Z;] = 0 for Z,
the transpose of row t of Z, which allows us to view linear IV as a special case of
GMM with moment condition

ft(ﬁ) = (Y;t - Xtﬁ) Zy (4>

and identifying assumption Ej [fi(8)] = 0 (where Ejy[X] denotes the expectation of
X under true parameter value #). For fixed m # 0 it is straightforward to construct
consistent, asymptotically normal GMM estimates based on (4) and to use these esti-

mates to test hypotheses about 3. As is now well understood, however, the standard



asymptotic approximations to the distribution of estimators and test statistics may
be quite poor if 7 is small relative to the sample size. To derive better approximations
for this weakly identified case, Staiger and Stock (1997) model the first-stage param-
eter m as changing with the sample size, taking mp = ﬁ for a fixed vector ¢ € R*.
Staiger and Stock show that the (1949) Anderson-Rubin test for Hy : f = [y con-
trols size under these asymptotics when the data (Y;, Xy, Z]) are independent across ¢
and the errors (V;4, Va¢) are homoskedastic, and a large subsequent literature includ-
ing Stock and Wright (2000), Kleibergen (2002), Moreira (2003), Kleibergen (2005),
Olea (2012), Andrews and Cheng (2012), and MM has extended these results to more
general models and alternative identification-robust tests.

To derive the limit problem (2) for this model, define fr(8) = £ 3 f;(8) and let Q
be the asymptotic variance matrix of v/T (fT(BO)’, _%fT(BO)/)/;

Qsr Qp : fr(Bo)
Q= = lim Var \/T .
( Qsp Qs ) T ( ( ~35fr(5o) )) ®)

We assume that 2 is full-rank. For Q) a consistent estimator of Q, define gr(8) =
\/TQ;J?fT(,B), Agr(B) = \/_fo 35/7(B), and § = vec (Q) For § = 3, ©® = R,
v = vec (), and T" the set of of values v such that Q () is symmetric and positive
definite, for all (6,7) € © x I', under mild conditions

O RRRCIEE
Agr(Bo) Ag 7 Yog 2o

so (1) and (2) hold here with m = fo QZc(ﬁ Bo), Q;f%QZc € M = R,
Y = fo QfBfo7 and Y9 = fo Qﬁﬁﬁff Note that for any p, m € M(u) =
{b-p:be R} and m = 0 when § = f3;. To derive this limit problem we have imposed
very little structure on the data generating process, and so can easily accommodate
heteroskedastic, clustered, or serially correlated data and other features commonly

encountered in applied work.[]

Example II: Minimum Distance A common approach to estimating econometric
models is to choose structural parameters to match some vector of sample moments
or reduced-form parameter estimates. Canova and Sala (2009), for example, discuss

estimation of Dynamic Stochastic General Equilibrium (DSGE) models by matching



impulse responses. Other papers that apply a minimum distance approach in the
DSGE context include Christiano and Eichenbaum (1992) and Ruge-Murcia (2010).
Minimum distance and moment matching approaches are also common in a wide
range of other applications, and encompass both indirect inference as discussed in
Gourieroux et al. (1993) and simulated method of moments as in McFadden (1989)
and much of the subsequent literature.

In minimum distance or moment-matching models, for 6 a p x 1 vector of structural
parameters and 7 a k x 1 vector of reduced-form parameters or moments, the model im-
plies that n = f(0) for some function f. We assume that f(6) is continuously differen-
tiable and that f(6) and its Jacobian can be calculated either directly or by simulation.
Suppose we have an estimator 7 for the reduced-form parameter n that, together with
an estimator Qn for the variance of 7, satisfies (), 3 ( —n) —4 N (0,1). Under strong
identification asymptotics, § —n = O, (ﬁ) and we have the usual asymptotic distri-
bution for the structural parameter estimates § = argming (7 — f(6))’ Q;l (n — £(0))
and the standard test statistics. As Canova and Sala (2009) highlight, however, if
there is limited information about the structural parameters 6 these approximations
may be quite poor. One way to model such weak identification is to take the vari-
ance of the reduced-form parameter estimates to be constant, with Qn —p §2y, for €2,
non-degenerate, which implies that 7 is not consistent for . Such sequences can often
be justified by modeling the variance of the data generating process as growing with
the sample size. Let gr(0) = Q;% (n — £(0)), Agr(0) = 2g7(0) = Q;%%f(ﬁ), and
A = wvec (Qn) For v = vec(Q),) and I" again the set of v values corresponding to

symmetric positive definite matrices, we have that under (0,7) € © x I', 4 —, v and

[amten) (oo )2 ((50 ) (a3))
Agr(6y) vec(Ag) vec(p) ]\ 0 0

where m € M = {Qné (f(0)— f(6p)):0¢€ 9} and p = Q;%%f(ﬁo) (see the supple-
mentary appendix for details).[]

As these examples highlight, limit problems of the form (2) arise in a wide variety
of econometric models with weak identification. In the supplementary appendix we
show that general GMM models that are weakly identified in the sense of Stock and
Wright (2000) generate limit problems of the form (2), and Example I could be viewed

as a special case of this result. As Example II illustrates, however, the limit problem



(2) is more general. The supplementary appendix provides another non-GMM exam-
ple, considering a weakly identified generalized minimum distance model studied by
Magnusson and Mavroeidis (2010).2

Since the limit problem (2) appears in a wide range of weakly identified contexts,
for the next several sections we focus on tests in this limit problem. Similar to Mueller
(2011) we consider the problem of testing Hy : m = 0,4 € M against H; : m €
M(u)\{0}, n € M with the limiting random variables (g,Ag,y) observed and seek to
derive tests with good properties. In Section 7 we return to the original problem, and
argue that under mild assumptions results for the limit problem (2) can be viewed as

asymptotic results along sequences of models satisfying (1).

3 Pivotal Statistics Under Weak Identification

As noted in the introduction, under weak identification many commonly used test
statistics are no longer asymptotically pivotal under the null. To address this issue,
much of the literature on identification-robust testing has focused on deriving statistics
that are asymptotically pivotal or conditionally pivotal even when identification is
weak. Many of the statistics proposed in this literature can be written as functions of
the S statistic of Stock and Wright (2000) and the K and D statistics of Kleibergen
(2005), or their analogs in non-GMM settings. In this section we define these statistics,
which will play a central role in the remainder of the paper, and develop some results
concerning their properties.

When testing Hy : m = 0, u € M in (2), a natural statistic is
S=4g'g~xi(mm). (8)

Under the null S is x? distributed with k degrees of freedom, while under the alter-
native it is non-central x? distributed with non-centrality parameter m'm = ||m||2

Statistics asymptotically equivalent to (8) for appropriately defined gr have been

20ther examples may be found in Olea (2012), who shows that for appropriately defined g7 (o)
and Agr(0) convergence of the form (2) holds in several weakly identified extremum estimation
examples, including a probit model with endogenous regressors and a nonlinear regression model.
Guggenberger and Smith (2005, proofs for theorems 4 and 6) show that such convergence also holds
in weakly identified Generalized Empirical Likelihood (GEL) models with independent data, both
with and without strongly identified nuisance parameters. Guggenberger et al. (2012, proofs for
theorems 3.2 and 4.2) extend these results to time series GEL applications, further highlighting the
relevance of the limit problem (2).
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suggested in a number of contexts by a wide range of papers, including Anderson
and Rubin (1949) for linear IV, Stock and Wright (2000) for GMM, Magnusson and
Mavroeidis (2010) for minimum distance models, and Ramalho and Smith (2004),
Guggenberger and Smith (2005), Otsu (2006), Guggenberger and Smith (2008), and
Guggenberger et al. (2012) for generalized empirical likelihood (GEL) models.

While S is a natural statistic for testing Hy : m = 0, € M, in some ways it is
not ideal. In particular, under strong identification the limit problem (2) generally
arises when we consider local alternatives to the null hypothesis, in which case Ag

3 Hence, under

is typically non-random (so Xg9 = X9 = 0) and m = Ag(f — 6p).
strong identification tests based on S test the parametric restriction 6 = 6y together
with the over-identifying restriction m’ (I — Pa,)m = 0, and so are inefficient if we
only want to test § = 6,. To avoid this problem Moreira (2001) and Kleibergen
(2002) propose a weak identification-robust score statistic for linear IV models which
is efficient under strong identification, and Kleibergen (2005) generalizes this statistic

to GMM. Following Kleibergen (2005) define D as the k x p matrix such that

vec(D) = vec(Ag) — Xgy9

o) (o ) ()

where vec (pup) = vec (1) — Xggm, pip € Mp, Ep = Sgg — XggXg0, and m € Mp (p),

and note that

Mp (pp) = {m :m e M (n) for vec () = vec (up) + Logm} .

Mp plays a role similar to M, defining the set of values m consistent with a given

mean i p for D. The matrix D can be interpreted as the part of Ag that is uncorrelated

with g which, since D and g are jointly normal, implies that D and ¢ are independent.

In many models D is informative about identification strength: in linear IV (Example

I) for instance, D is a transformation of a particular first-stage parameter estimate.
Kleibergen defines the K statistic as

K=g¢D(D'D) "' Dg=gPpg. (9)

3For discussion of this point in a GMM context see the supplementary appendix. For a more
extensive analysis see Newey and McFadden (1994), Section 9.
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Since D and g are independent we can see that the distribution of g conditional on
D = d is the same as the unconditional distribution, g|D = d ~ N(m,I). Hence, if D
is full rank (which we assume holds with probability one for the remainder of the paper)
we can see that under the null the conditional distribution of K is K|D = d ~ x;.
Thus, under the null K is independent of D and the unconditional distribution of K
is XI% as well. In the strongly identified limit problem Ag = D is non-random and one
can show that tests based on the K statistic are efficient for this case.

Kleibergen (2005) shows that in GMM his K test is a score test based on the
continuous updating GMM objective function, and subsequent work has developed
related statistics in a number of other settings, all of which yield the K statistic (9)
in the appropriately defined limit problem. In particular, Magnusson and Mavroeidis
(2010) propose such a statistic for weakly identified generalized minimum distance
models, while Ramalho and Smith (2004), Guggenberger and Smith (2005), Guggen-
berger and Smith (2008), and Guggenberger et al. (2012) discuss analogs of K for
GEL models.

For the remainder of the paper we will focus on the class of tests that can be
written as functions of the S, K, and D statistics. While, as the discussion above
suggests, this class includes most of the identification-robust procedures proposed in
the literature to date, it does rule out some robust tests. In particular, Andrews
and Cheng (2012) and (2013) derive identification-robust Wald and Quasi-LR tests
that cannot in general be written as functions of (S, K, D) and so fall outside the
class studied in this paper. Likewise, except in special cases weighted average power
optimal tests based on (g, Ag), and in particular the tests proposed by MM for linear
IV, will depend on g through more than just S and K and so fall outside this class.

3.1 Other Asymptotically Pivotal Statistics

A number of other identification-robust test statistics have been created using 5, K,
and D. Since some of these will play an important role later in our analysis we briefly
introduce them here.

Kleibergen (2005) defines J as the difference between the S and K statistics

J=S-K=g(I-D([D'D)"'D)g=g(I-Pp)g

12



and notes that under the null J is Xi—p distributed and is independent of (K, D)
regardless of the strength of identification. In GMM, one can show that under strong
identification this statistic is asymptotically equivalent to Hansen (1982)’s J statistic
for testing over-identifying restrictions under the null and local alternatives.

Moreira (2003) considers the problem of testing hypotheses on the parameter 5 in
weak IV (Example I) when the instruments Z are fixed and the errors V' are normal
and homoskedastic with known variance. Moreira derives a conditional likelihood
ratio statistic which, for p = 1 and r (D) = D'S;' D, is

;(K+J—T(D)+\/(K+J+7“(D))2—4J'7"(D))- (10)

Under the null the CLR statistic has distribution

(e, @ (g, o) —a, @)

conditional on D = d, where x> and xj_, are independent x* random variables with
p and k — p degrees of freedom, respectively. The size o CLR test then rejects when
the CLR statistic (10) exceeds ¢, (7 (D)), the 1 — v quantile of (11) for d = D.

Given this definition, it is natural to consider the class of quasi-CLR (QCLR) tests
obtained by using other functions r : D — oo, where for r (D) = oo we define the
QCLR statistic (10), denoted by QCLR,., to equal K. This class nests the quasi-CLR
tests of Kleibergen (2005), Smith (2007), and Guggenberger et al. (2012).

3.2 Distribution of J and K Under Weak Identification

Since the J and K statistics will play a central role in the remainder of the analysis
we discuss their respective properties under weak identification. In particular, note
that conditional on D = d for d full rank, the K and J statistics are independent with
distribution K'|D =d ~ x2(7x (d)) and J|D = d ~ x;_, (15 (d)) where

15 (D) = m/Ppm, 7;(D) =m' (I — Pp) m. (12)

The K statistic picks out a particular (random) direction corresponding to the
span of D and restricts attention to deviations from m = 0 along this direction. Under

strong identification, this direction corresponds to parametric alternatives, which is

13



why the K test
o =1{K >x3,_,} (13)

is optimal in this case.* Under weak identification, however, whether or not it makes
sense to focus on the direction picked out by the K statistic will depend on the
distribution of D and the set Mp(up) of possible values of m. In contrast to the
K statistic, the S statistic treats all deviations from m = 0 equally and its power
depends only on ||m||, which may be quite appealing in cases where M p(pp) imposes
few restrictions on the possible values of m. To give a more concrete sense of the

properties of the K statistic, we return to Examples I and II introduced above.

Example II: Minimum Distance (Continued) We established in (7) that Ag is
non-random, so D = Ag = u = pup. To simplify the exposition, assume for this section
that Q, = I. Since M = {(f(0) — f(6y)) : 0 € O} we have that under alternative ¢

the non-centrality parameters in the J and K statistics are

(7(0), 71c(0)) = ((£(8) = F(80)) (T = Pu) (£(8) — £(80)), (£(8) — F(80)) Pu(F(8) — (o)) -

9
o0’

Tk is the squared length of f(6)— f(6y) projected onto the model’s tangent space at the

Since p = -5 f(0y), this means that under alternative 6 the non-centrality parameter

null parameter value, while 7; is the squared length of the residual from this projection.
Hence if f(6) is linear so f(#) = 33 f(60)(6 — 6p) and M = {%f(@o) “b:be R”},
77 = 0 and the K test ¢x will be uniformly most powerful in the class of tests based on
(S, K, D). As argued in Andrews and Mikusheva (2012), under strong identification
minimum distance models are approximately linear, confirming the desirable proper-
ties of the K statistic in this case. Under weak identification, however, non-linearity
of f(#) may remain important even asymptotically. To take an extreme case, if there
is some ¢ € © such that ||f(6) — f(60)|| > 0 and Z f(6o) (f (0) — f (6p)) = 0, the K
statistic will not help in detecting such an alternative and the optimal test against

depends on J alone.l]

Example I: Weak IV (Continued) In the limit problem (6) Ag is random and
may be correlated with g, so D # Ag and pup = p — Xgym. Since m = (8 — Bo),

1o = 1 — Sggit(B — Bo) = (I — gy(B — Bo)) p-

4For ¢ a (non-randomized) test, we take ¢ = 1 to denote rejection and ¢ = 0 failure to reject.
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Note that if 4 is proportional to an eigenvector of ¥y, corresponding to a non-zero
eigenvalue A, then for (8 — 5y) = A™' we have that up = 0. Hence for some (g, 1)
combinations, while © may be quite large relative to both Y4, and ¥ there will be
some alternatives 5 under which pp = 0. When this occurs the direction of the vector
D bears no relation to the direction of m or u and the K statistic picks a direction
entirely at random and so loses much of its appeal. The well-known non-monotonicity
of the power function for tests based on K alone is a consequence of this fact. A special
case of this phenomenon appears when, as in the homoskedastic model considered by
AMS, Q as defined in (5) has Kronecker product structure, so @ = A® B for a 2 x 2
matrix A and a k x k matrix B. In this case Xy = A - I so when (8 — 5y) = A7},
up = 0 regardless of the true value p. This is precisely what occurs at the point G4z
discussed by AMS, where they show that the test

65 =1{S>x}1 o} (14)

is optimal. This is entirely intuitive, since at this point D bears no relation to m and
the best thing we can do is to ignore it entirely and focus on the S statistic.

The case where €2 has Kronecker product structure is extreme in that up = 0 at
alternative f4 g regardless of the true value pu. However, tests based on the K statistic
face other challenges in the non-Kronecker case. In particular, in the Kronecker prod-
uct case up o p and so as long as up # 0 the mean of D has the correct direction,
while in contrast pup ¢ p in the general (non-Kronecker) case. An extreme version
of this issue arises if there is some value §* such that (I — 3g,(5* — fo)) pp # 0 but
W (I —Xy(B* — Bo)) p = 0. For this value of 8* we have that up # 0 but ppm =0,
and hence the K statistic tends to focus on directions that yield low power against
alternative 5*.0J

To summarize, while tests rejecting for large values of the K statistic are efficient
under strong identification, they can have low power when identification is weak. In
contrast, the S test (8) is ineflicient under strong identification but has power that
depends only on ||m|| and thus does not suffer from the spurious loss of power that
can affect tests based on K. The question in constructing tests based on (S, K, D)
(or equivalently (J, K, D)) is thus how to use the information contained in D to
combine the S and K statistics to retain the advantages of each while ameliorating

their deficiencies.
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4 Conditional Linear Combination Tests

To flexibly combine the S, K, and D statistics we introduce the class of conditional
linear combination tests. For a weight function a : D — [0,1] the corresponding
conditional linear combination test, ¢,(py, rejects when a convex combination of the

S and K statistics weighted by a (D) exceeds a conditional critical value:
bapy = 1{{1 —a(D)) - K +a(D)-S > ca(a(D))} = 1{K +a(D) - J > ca(a(D))}. (15)

We take the conditional critical value ¢o(a) to be 1 — o quantile of a x> +a - xj_,
distribution. This choice ensures that ¢,p) will be conditionally similar, and thus

similar, for any choice of a(D). Stated formally:

Theorem 1 For any weight function a : D — [0,1] the test ¢opy defined in (15)
is conditionally similar with E,,—o ., [(ﬁa(p)\D} = « almost surely for all up € Mp.

Hence, E,, ., {%(D)] =« for all (m,up) € Hy and ¢qpy is a similar test.

While we could construct a family of CLC tests based on some conditional critical
value function other than ¢, (a) that does not impose conditional similarity, restricting
attention to conditionally similar tests is a simple way to ensure correct size regardless
of our choice of a(D).

Interestingly, the class of QCLR tests is precisely the same as the class of CLC
tests. Formally, for any function r : D — R, U {00} define the quasi-CLR statistic
QCLR, as in (10) and let g,(r(d)) be the 1 — a quantile of (11). Then:

Theorem 2 For any function r: D — Ry U {oo} if we take

dgcrr, = 1{QCLR, > q.(r(D))}

then for a(D) = % we have ¢pocrr, = ¢ap). Conversely, for any a : D —

0,1] there exists an 7 : D — Ry U {oo} such that ¢, py = ¢pocrr,. Hence, the class
of CLC tests for a : D — [0,1] is precisely the same as the class of QCLR tests for
r:D—RU{oco}.

Theorem 2 shows that the QCLR test ¢gcrr, is a linear combination test with

9o (r(D))
qa(r(D))+r(D)’

CLR test of Moreira (2003) for linear IV with a single endogenous regressor is a

weight function a (D) = In particular, this result establishes that the
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CLC test. In the remainder of the paper our exposition focuses on CLC tests but by
Theorem 2 all of our results apply to QCLR tests as well.

4.1 Optimality of CLC Tests in a Conditional Problem

The CLC tests ¢,(p)y represent only one of many ways to combine the S, K, and D
statistics. Nonetheless this class has a number of optimal power properties in the
problem obtained by conditioning on D. In this section we show that CLC tests
are admissible in this conditional problem as well as locally most powerful against
particular sequences of alternatives and weighted average power maximizing for a
continuum of weight functions.

Conditional on D = d (for d full rank), J and K are independent and dis-
tributed xi_, (77 (d,m)) and x; (7x (d,m)), respectively, for 7; and 7x as defined
in (12). Conditional on D = d the non-centrality parameters 7; and 7 are fixed,
though unknown, values and our null hypothesis Hy : m = 0,u € M can be re-
written as Hy : 77 = 75 = 0. Our first task is to characterize the set of possible
values for the non-centrality parameters (7, 7x ) under the alternative H;. Let Mp(d)
denote the set of values up € Mp such that d is in the support of D.> Letting
M(d) = Uppemp (@M (1tp), m may take any value in M (d) and still be consistent
with both m € M (up) and d lying in the support of D. Hence, the non-centrality
parameters (77, Tx) may take any value in the set

T(d) = U e Ri(d) (17 (d,m) , 7K (d,m)) .

Conditional on D = d our problem becomes one of testing Hy : 7; = 7 = 0 against the
alternative Hy : (77, 7x) € T(d)\{0} based on observing (J, K') ~ <Xi—p (1), X5 (TK)>.

4.1.1 CLC Tests are Admissible in the Conditional Problem

We say that a test ¢ is admissible if there is no other test ¢ with size less than or equal
to ¢ and power greater than or equal to ¢ at all points and strictly higher power (or
smaller size) at some point (that is, if there is no test ¢ that dominates ¢). A result
from Marden (1982) establishes that the class of admissible tests in the conditional
problem has a simple form when 7 (d) = R?.

°If ¥p is full rank then Mp(d) = Mp, since the support of D is the same for all up € Mp, but
if ¥p is reduced rank (e.g. ¥p = 0) then we may have Mp(d) C Mp.
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Theorem 3 (Marden 1982) Conditional on D = d, let J ~ xj_,(75) and K ~ x2(7k)
be independent and let ¢ be a test of Hy : 7; = T = 0 against Hy : (15, 7x) € R2\{0}.
¢ is admissible in the conditional problem if and only if it is almost surely equal to

1 {(\/7, \/F) 4 C’d} for some set Cyq which is
1. closed and convex

2. monotone decreasing: i.e. x € Cy and y; < x; Vi implies y € Cy

Thus, a test ¢ is admissible in the conditional problem if and only if its acceptance
region in (\/7 VK ) space is almost-everywhere equal to a closed, convex, monotone
decreasing set. Using this result, it is straightforward to show that CLC tests are
admissible in the conditional problem for all a : D — [0, 1] and all d.

Corollary 1 For all weight functions a : D — [0,1] the CLC test ¢qpy is admissible
in the problem conditional on D = d for all d.

4.1.2 Local and Weighted Average Power Optimality of CLC Tests

While the admissibility of CLC tests in the conditional problem is certainly a desirable
property, the class of tests satisfying the conditions of Theorem 3 for all realizations of
D is quite large. Here we show that CLC tests have additional optimality properties
in the conditional problem not shared by these other tests. Specifically, we show that
CLC tests are locally most powerful against sequences of alternatives approaching
(17,7k) = 0 linearly and weighted average power maximizing for a continuum of

weight functions in the conditional problem.

Theorem 4 (Monti and Sen (1976), Koziol and Perlman (1978)) Fiz a conditional
linear combination test ¢opy and a value d. Let @, (d) denote the class of tests which
have size a conditional on D = d, E(;, r,)=0 [¢|D = d] = aV¢ € &, (d).

1. Let (15,7k) = A+ (a (d) %, 1). For any test ¢ € @, (d) there exists X > 0 such
that if 0 < XA < X,

E(TJ’TK) [¢’D - d] < E(TJaTK) [¢G(D)’D - d} )
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2. Let Fy, 1, (17, Tk) be the distribution function for (15, Tx) ~ <tJ . X%_p,t;{ . Xf)).

For any (t;,tx) with :—;if;ill

®a(p) solves the conditional weighted average power maximization problem

= a(d) the conditional linear combination test

¢a(D) € a’rg d)lé%aa)((d) / E(TJ,TK) |:¢CL(D)|D = di| dFtJ,tK (TJ77_K>'

Theorem 4 follows immediately from results in Monti and Sen (1976) and Koziol
and Perlman (1978) on the optimal combination of independent non-central y? statis-
tics. Theorem 4(1) shows that conditional on D = d the CLC test ¢q(p) is locally
most powerful against sequences of alternatives with 7;/7x = a (d) %, in the sense
that it has power at least as good as any other test ¢ once we come sufficiently close to
the null along this direction. Theorem 4(2) establishes that ¢4(p) maximizes weighted
average power in the conditional problem for a continuum of different weight functions
corresponding to scaled x? distributions.

Together, the results of this section establish that conditional linear combination
tests ¢q(p) have a number of desirable power properties conditional on D = d, but
that the direction in which these tests have power depends critically on the weight

function a (D). In the next section we discuss how to select this function.

5 Optimal CLC Tests

For any weight function a : D — [0, 1] we can define a CLC test ¢q(py for Hy against
H, using (15). While any such test controls size by Theorem 1, the class of such CLC
tests is large and we would like a systematic way to pick weight functions a yielding
tests with good power properties.

A natural optimality criterion, after restricting attention to CLC tests, is minimax
regret: see Stoye (2009) for an introduction to this approach and extensive discussion
of its recent application in economic theory and econometrics. To define a minimax
regret CLC test, for any (m, up) € Hy, define 35, = sup,c 4 Em iy, {(ba(p)] for A the
class of Borel-measurable functions a : D — [0,1]. 35, . gives the highest attainable
power against alternative (m, up) in the class of CLC tests and, as we vary (m, p), de-
fines the power envelope for this class. For a given a € A we can then define the regret
associated with ¢4(p) against alternative (m, up) as [3;; Erup [%( D)} , which is the

m,HD -

amount by which the power of the test ¢,p) falls short of the highest power we might
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have attained against this alternative by choosing some other CLC test. We can then
define the maximum regret for a test Qu(p) as SUP(y, ), (Bfn’w — Eppp [%(D)D ,
which is the largest amount by which the power function of ¢,(p) falls short of the
power envelope for the class of CLC tests or, equivalently, the sup-norm distance be-
tween the power function of ¢,py and the power envelope. A minimax regret choice

ofac Ais

apmMmr € arg géi;‘l (mﬁjg%oe . (ﬂ;,,m — Eppp [%w)b :

A minimax regret test ¢arymr = Payap(p) 1S 0ne whose power function is as close as
possible to the power envelope for the class of CLC tests in the sup norm. As an
optimality criterion this is an intuitive choice: having already restricted attention to
the class of CLC tests, focusing on MMR tests minimizes the maximal extent to which
the test we choose could under-perform relative to other CLC tests.

Given the way that MMR tests are defined, it is not obvious that an MMR test
exists, i.e. that infae 4 SUD( 1) e (6* —Enup [%(D)D is achieved by any a € A.

m,1D

Theorem 5 establishes that an MMR test ¢0/r always exists.

Theorem 5 For any non-empty set of alternatives Hy : m = Mp(up)\{0}, up € Mp
in the limit problem (2) there exists a weight function a* € A such that

L (B = Egap |Gar(0)]) = inf Lo (Biyip = Emoan [Sa()]) -
Example II: Minimum Distance (Continued) Calculating the MMR test in
Example II is straightforward. In particular D = p is non-random, so rather than
picking a function from D to [0, 1] we are simply picking a number a in [0, 1] . Moreover,
we know that in this example m = m(f) = Q;% (f(0)— f(6y) and up = p =
O, %% (0o), so the maximum attainable power against alternative 6 is simply 3} =
SUDque(0,1] Em(0),u [#a] Which we can calculate for any value ¢. To solve for the MMR

test ¢aar, we need only calculate apap = arg mingep 1) Supgee (65‘ — Eno)u [gzﬁa]) O

5.1 Plug-in Minimax Regret Tests

While finding the MMR test is straightforward in Example II, Example I is less
tractable in this respect. In this example D is random, so solving for ¢,/yr requires
that we optimize over the set A of functions. In most cases finding even an ap-

proximate solution to this optimization problem is extremely computationally costly,
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rendering ¢,/ g unattractive in many applications. To overcome this difficulty we
suggest a computationally tractable class of plug-in tests.

There are two aspects of Example II which make calculating ¢/ps g straightforward.
First, rather than optimizing over the space of functions A we need only optimize over
numbers in [0,1]. Second, p = pp is known so in solving the minimax problem we
need only search over §# € O rather than over some potentially higher dimensional
space of values for (m, up) € Hy.

To construct a test for the general case with similarly modest computational re-
quirements, imagine first that pp is known. Let us restrict attention to unconditional
linear combination tests with a(D) = a (up) € [0, 1], where we write a as a function of
1p to emphasize its dependence on this parameter. The power envelope for this class
of unconditional linear combination tests is 3, , = suD,e(o1] Empup [@a]. A minimax

regret unconditional (MMRU) test ¢aarru = Gapnino(up) then uses

anmru(fip) € arg aIEIl[clﬁ] me/itl;p(un) (6::1,#0 = Emup [¢a]> :
Just as when we derived ¢y g for Example I above, here we need only optimize over
a € [0,1] and m € Mp (up), rather than over a € A and (m, up) € H;.
In defining ¢prarry we assumed that pup was known, which is unlikely to hold in
contexts like Example I where D is random. Note, however, that for any estimator fip
which depends only on D, ayru (fip) can be viewed as a particular weight function

a(D) and the plug-in minimax regret (PI) test
Opr = ¢ap,(D) =1 {K + apmRU (ﬂD) -J >, (aMMRU (ﬂD))}

is a CLC test and so controls size by Theorem 1. Moreover, to calculate this test we
need only solve for ap;pry taking the estimate fip to be the true value, so this test
remains quite computationally tractable.

It is important to note that ¢p; is not in general a true MMR test. First, ¢ps
treats the estimated value fip as the true value, and hence does not account for any
uncertainly in the estimation of up. Second, even taking the value pup as given ¢py
restricts attention to unconditional linear combination tests, which represent a strict
subset of the possible functions a € A. Despite these potential shortcomings, we find
that PI tests perform quite well in simulation, and show in Section 7 that PI tests will

be asymptotically optimal under strong identification in our examples.
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To use PI tests in a given context we need only choose the estimator fip. While
the MLE for up based on D, jip = D, is a natural choice we may be able to do
better in many cases. In particular, in weak IV (Example I) with homoskedastic
errors estimation of fip is related to a problem of non-centrality parameter estimation,

allowing us to use results from that literature.

Example I: Weak IV (Continued) Consider again the case studied by AMS
where 0 = A ® B has Kronecker product structure. Results in AMS show that
(J,K,D'S5'D) is a maximal invariant under rotations of the instruments, where
D'Sp'D ~ X3 (Wp¥p'up).® AMS show that the distribution of (J, K, D'S;'D) de-
pends on ¢ = /T only through the non-centrality parameter r = WS o ip.

Note that the MLE fip = D for up based on D implies a severely biased estimator
for r, # = D'Sp'D, with E[f] = E [D’Z;D} = r + k. The problem of estimating
r relates to the well-studied problem of estimating the non-centrality parameter of a
non-central y? distribution, and a number of different estimators have been proposed
for this purpose, including 75/, the MLE for r based on # (which is not available in
closed form) and 7pp = max {7 — k, 0} which is the positive part of the bias corrected
estimator 7 — k.7 Both 75 and 7pp are zero for a range of values 7 > 0 so we also

consider an estimator proposed by Kubokawa et al. (1993),

0 A\ 1 -1
7 T
r :A_k—i_ 2 N 77 AN
Frcs = F =k + e (;)( 2) j!(mzj))

which is smooth in 7 and greater than zero whenever 7 > 0. We show in Section 6
below that estimators fip corresponding to all three non-centrality estimators 7y, g,

7pp, and Tkrs yield PI tests ¢p; with good power properties.[]

5.2 Implementing MMRU and PI Tests

The weight functions apyru(pp) and apr(D) are not typically available in closed
form, so to implement MMRU and PI tests we need to approximate these weight
functions numerically. Since PI tests are simply MMRU tests that plug in an estimate

for pup, we focus on the problem of evaluating MMRU tests. For details on our

6Tt suffices to note that (J, K, D'S.,' D) is a one-to-one transformation of Q as defined in AMS.
“#pp has been shown to dominate 73/ g in terms of mean squared error but is itself inadmissible
(Saxena and and Alam, 1982).
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application of this approach to the heteroskedastic linear IV model discussed in the
next section, see the supplementary appendix.

Calculating a good approximation to the weight function apyry is straightfor-
ward when Mp (up) is compact. In particular, since up and Xp are both known
in the MMRU problem, the only unknown parameter that affects the power of linear
combination tests ¢, is m. Moreover, it is clear that E,, ,,, [¢.] is continuous in (m, a).
Thus for any compact set of values Mp (up), for a sufficiently fine grids of values

M C Mp (up) and A C [0, 1] the approximate value for an gy (1p)

@hasne () = arg min sup (sup Bunny [66] = Evns w)
a€A jeM \acA

will have maximum regret arbitrarily close to that of the true MMRU choice

Sy G = B [sion]) > iy 50, B = B )
To calculate a};yry (1p), however, it suffices to evaluate E,, ,, [¢,] for all (a,m) €
A x M, which can be done by simulation.®

Even if the initial set of alternatives Mp (up) is non-compact, it is typically rea-
sonable to restrict attention to some bounded neighborhood of the null, for example
the set of alternatives against which the S test ¢g attains power less than some pre-
specified level 8. This amounts to considering Mp (up) = Mp (up) N Bs where
Be = {m e RF: |Im|]? < C’} and C' solves Pr {Xﬁ (C’) > Xz,l—a} = . Once we re-

strict attention to Mp (up) we can approximate ayyry (14p) as discussed above.

6 Performance of PI Tests in Weak IV

In this section, we examine the performance of PI tests in linear IV with weak in-
struments (Example I). We begin by considering the model studied by AMS, whose
assumptions imply Kronecker product structure for the covariance matrix 2. Since
data encountered in empirical practice commonly violate this assumption, we then
consider the performance of PI tests in a model calibrated to match the heteroskedas-

tic time-series data used by Yogo in his (2004) study on the effect of weak instruments

SFor this step it is helpful to note that Ep, ., [¢a] = [ Er,(D),ri(D) [#a] dFD, s0 we can tabulate
E., r« [#4] in advance and calculate the integral by simulation.
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on estimation of the elasticity of inter-temporal substitution.

6.1 Homoskedastic Linear IV

AMS consider the linear IV model Example I under the additional restriction that the
errors V are independent of Z, normal, and iid across t with corr(Vi4, Vay) = p. AMS
show that under these restrictions the CLR test of Moreira (2003) is nearly uniformly
most powerful in a class of two-sided tests invariant to rotations of the instruments,
in the sense that the power function of the CLR test is uniformly close to the power
envelope for this class. Mueller (2011) notes that using his Theorems 1 and 2 one can
extend this result to show that the CLR test is nearly asymptotically uniformly most
powerful in the class of all invariant two-sided tests that have correct size under the
weak convergence assumption (6) with the additional restriction that Q@ = A® B for A
and B symmetric positive-definite matrices of dimension 2 x 2 and k x k, respectively.
As Mueller notes, matrices €2 of this form arise naturally only for serially uncorrelated
homoskedastic IV models, limiting the applicability of this result. Nonetheless, the
asymptotic optimality of CLR under the assumption that 2 = A ® B provides a
useful benchmark against which to evaluate the performance of ¢p;. In particular, by
Theorem 2 the CLR test is a CLC test. Hence, if our plug-in minimax regret approach
is to work well in this benchmark case, it should match the near-optimal performance
of the CLR test.

We begin by directly comparing the CLR test’s weight function acpgr(D) to the
weight functions implied by the plug-in MMR approach for the different estimators
for r = pp X5 up described in Section 5.1. Next, we simulate the power of the various
PI tests considered and show that tests based on reasonable estimators for » match

the near-optimal performance of the CLR test.

6.1.1 Weight Function Comparison

The task of comparing the weight functions implied by PI tests for the various esti-

mators of r is considerably simplified by the following lemma:

Lemma 1 For A and B symmetric positive-definite matrices of dimension 2 x 2 and
k x k, respectively, the function ayry (1tp) in the limit problem (6) with Q = A® B
can be taken to depend on pp only through r = pp X5 up.
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Figure 1: Weight functions acpg(7?) for CLR and appgy (7 (7)) for PI tests with
different estimators 7 of r discussed in Section 5.1 for linear IV with five instruments
and homoskedastic errors.

Since the weights of both the CLR test and the plug-in approaches discussed in
Section 5.1 depend on 7 alone, in Figure 1 we plot the values of acpr (%), ayary (7),
apvyvry (Pyure), aymvre (Ppp), and ayvro (Prrs) as functions of 7 for k = 5. All
the weight functions exhibit similar qualitative behavior, placing large weight on S
for small values of 7 and increasing the weight on K as 7 grows, but there are some
notable differences. Perhaps most pronounced, ayyry (7) is lower than any of the
other functions, as is intuitively reasonable given that 7 tends to overestimate r. As
previously noted both 73,z and 7pp are zero for a range of strictly positive values 7.
Also notable, we have that apprey (0) < 1: this reflects the fact that the MMRU test

down-weights S even when r = 0, due to its higher degrees of freedom.

6.1.2 Power Simulation Results

To study the power of the PI tests, we follow the simulation design of AMS and
consider a homoskedastic normal model with a known reduced-form covariance matrix.
Like AMS we consider models with five instruments, reduced-form error correlation

p equal to 0.5 or 0.95, and concentration (identification strength) parameter A = p/u
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| | CLR | PI# |[Pl-fypp | Plipp | Pl-fkps | AR [ K |
k=2 [1.18% | 1.44% | 0.72% | 0.72% | 0.88% | 9.40% | 29.96%
k=5 [214% | 5.90% | 1.37% | 1.07% | 2.04% | 25.05% | 53.71%
k=10[351% | 13.21% | 2.29% | 2.18% | 4.00% | 30.76% | 64.62%

Table 1: Maximal power shortfall relative to other tests considered, in linear IV model
with homoskedastic errors. For each k (number of instruments) we calculate the point-
wise maximal power of the tests studied. For each test, we report the largest margin
by which the power of that test falls short of point-wise maximal power. CLR denotes
the CLR test of Moreira (2003) while PI-#, PI-7ypp, PI-7pp, and Pl-7xgrs denote
the PI tests with Weight functions QN MRU (f), A N MRU (fMLE)a AN MRU (fpp), and
aymru (Pirs), respectively. AR is the Anderson Rubin test (equivalent to the S test)
and K is Kleibergen’s (2002) K test.

equal to 5 and 20. To examine the effect of changing the number of instruments, as
in AMS we also consider models with two and ten instruments, in each case fixing
p equal to 0.5 and letting A equal 5 and 20. The resulting power plots (based on
10,000 simulations) are reported in the supplementary appendix. For brevity, here
we report only the maximal power shortfall of each test, measured as the maximal
distance from the power functions of the CLR, PI, AR, and K tests to the power
envelope for the class consisting of these tests alone. These values can be viewed as a
measure of maximum regret relative to this restricted set of tests. As Table 1 makes
clear, the PI tests considered largely match the near-optimal performance of the CLR
test. The one exception is the PI test using the badly biased estimator # for r, which
systematically overweights the K statistic and consequently under-performs relative
to the other tests considered. As these results highlight, in one of the only weakly
identified contexts where a near-UMP test is known, reasonable implementations of

the plug-in testing approach suggested in this paper are near-optimal as well.

6.2 Linear IV with Unrestricted Covariance Matrix

The near-optimal performance of PI tests in linear IV models where €2 has Kronecker
product structure is promising, but is of limited relevance for empirical work. Eco-
nomic data frequently exhibit of heteroskedasticity, serial dependence, clustering, and
other features that render a Kronecker structure assumption for €2 implausible. It is
natural to ask whether PI tests continue to have good power properties in this more

general case. As an alternative CLC test, we consider Kleibergen (2005)’s quasi-CLR
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test, which takes r (D) = D'S;'D and can be viewed as a heteroskedasticity and
autocorrelation-robust version of the CLR test, as well as the K and Anderson Rubin
(S) tests.

In addition to these CLC tests, we also consider the MM1-SU and MM2-SU tests
of MM. These tests maximize weighted average power, for weights which depend on
the covariance matrix X, over a class of similar tests satisfying a sufficient condition
for local unbiasedness (their SU tests). We show in the supplementary appendix that
all conditional linear combination tests are SU tests, and thus that the MM1-SU and
MM2-SU tests have, by construction, weighted average power at least as great as the
other tests considered under their respective weight functions. MM present extensive
simulation results which show that these tests perform very well in models where €2
has Kronecker structure, as well as in some examples with non-Kronecker structure.

There are a multitude of ways in which 2 may depart from Kronecker structure,
however, and it is far from clear ex-ante how the power of the tests we consider may be
expected to compare under different departures. To assess the relative performance
of all the tests we consider at parameter values relevant for empirical practice, we
calibrate our simulations based on data from Yogo (2004). Yogo considers estimation
of the elasticity of inter-temporal substitution in eleven developed countries using
linear IV and argues that estimation of this parameter appears to suffer from a weak
instruments problem.” Yogo notes that both the strength of identification and the
degree of heteroskedasticity appears to vary across countries, making his data-set
especially interesting for our purposes since it allows us to explore the behavior of the
tests considered for a range of empirically relevant parameter values.

Unfortunately, unlike in the homoskedastic case above ap;(D) may depend on all
of D, rather than only on the scalar 7. Consequently visual comparison of ap;(D) to
the weight function agerr(D) implied by the QCLR test is impractical and we move

directly to our simulation results.

6.2.1 Power Simulation Results

We simulate the behavior of tests in the weak IV limit problem (6), and so require

estimates for p and €). To obtain these estimates, for each of the 11 countries in Yogo’s

9The countries considered are Australia, Canada, France, Germany, Italy, Japan, the Netherlands,
Sweden, Switzerland, the United Kingdom, and the United States. For comparability we use Yogo’s
quarterly data for all countries, which in each case covers a period beginning in the 1970’s and ending
in the late 1990’s.
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| PI |QCLR| AR | K |MMI-SU [ MM2-SU |

Australia 0.53% | 0.28% | 17.85% | 0.95% 9.32% 2.46%
Canada 1.73% | 1.44% | 19.07% | 2.22% 4.37% 2.27%
France 1.70% | 1.84% | 21.33% | 1.60% 4.03% 3.55%

Germany 3.64% | 3.03% | 17.76% | 11.09% 2.58% 2.62%

Italy 1.69% | 3.81% | 14.59% | 6.44% 9.26% 3.20%
Japan 8.45% | 42.02% | 11.23% | 85.22% 7.17% 14.84%
Netherlands 1.76% | 1.45% | 19.07% | 7.43% 2.66% 2.20%
Sweden 1.02% | 1.13% | 18.34% | 1.73% 6.36% 0.81%
Switzerland 1.33% | 0.44% | 17.53% | 1.53% 5.16% 4.90%
United Kingdom | 7.38% | 28.33% | 14.09% | 38.73% | 10.85% 4.82%
United States | 2.74% | 8.53% | 13.84% | 11.09% | 24.10% 6.54%

Table 2: Maximal point-wise power shortfall relative to other tests considered, for
simulations calibrated to match data in Yogo (2004). QCLR denotes the quasi-CLR
test of Kleibergen (2005) while PI is the plug-in test discussed in Section 6.2. AR is
the Anderson Rubin (or S) test, K is Kleibergen (2005)’s K test, and MM1-SU and
MM2-SU are the weighted average power optimal SU tests of Moreira and Moreira
(2013).

data we calculate {1 and ) based on two-stage least squares estimates for the elasticity
of inter-temporal substitution, where Qisa Newey-West covariance matrix estimator
using three lags.!® A detailed description of this estimation procedure, together with
the implementation of all tests considered, is given in the supplementary appendix.
In particular, for the PI test we consider an estimator fip which corresponds to the
positive-part non-centrality estimator 7pp in the homoskedastic case discussed above.
The resulting power curves (based on 10,000 simulations for the non-MM tests, and
5,000 simulations for the MM tests) are plotted in Figures 2-4.!' Since for many
countries the power curves are difficult to distinguish visually, in Table 2 we list the
maximum regret for each test relative to the other tests studied, repeating the same
exercise described above for the homoskedastic case.

Both the figures and the table highlight that while for many of the countries the K,
QCLR, MM, and PI tests all perform well, as in the homoskedastic case there are some

parameter values where the K test suffers from substantial declines in power relative

10While the model assumptions imply that the GMM residuals f;(/3) are serially uncorrelated at the
true parameter value, the derivatives of the moment conditions a%a f+(8) may be serially dependent.

HTn implementing the MM tests, we encountered some minor numerical issues which may have a
small effect on the results- see supplementary appendix section D.4 for details.
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to the other tests. In contrast to the homoskedastic case, the QCLR test does not fully
resolve these issues. Instead, in cases where the K test exhibits especially large power
declines, as in the simulations calibrated to match data from Japan and the United
Kingdom, the QCLR test suffers from substantial power loss as well. While the QCLR
test reduces power loss relative to the K test, the PI test does substantially better,
and has the smallest maximal power shortfall of any of the tests considered. While the
power of the AR test is stable, for all countries its maximal power shortfall exceeds
10%. The MM1-SU and MM2-SU tests both have high power in most calibrations,
but in some cases exhibit larger maximal power shortfalls than does the PI test,
with maximal shortfalls of 24.1% and 14.84% respectively, while the maximal power
shortfall of the PI test is 8.45%.

The relatively poor performance of the QCLR test is driven by the fact, discussed
above, that in the non-homoskedastic case the K statistic may focus on directions
yielding low power. Since Kleibergen’s QCLR test uses the CLR weight function,
which is optimal in the homoskedastic case, it does not account for the fact that K
may have worse performance when ¥ lacks Kronecker product structure. In contrast,
the PI test takes both the structure of ¥ and the estimated value fip into account
when calculating ap; (D), and so performs well in both the homoskedastic and non-
homoskedastic cases.

The relative performance of PI and MM-SU tests is as we might hope given their
derivation. The PI test, while not a true minimax-regret test, is motivated from a
minimax-regret perspective, so it is encouraging that it has a smaller overall maximal
power shortfall than do the MM-SU tests. The power shortfalls of the PI test in
particular calibrations also tend to be smaller, with the PI shortfall smaller than the
MM1-SU shortfall in nine of the eleven countries considered, and smaller than the
MM2-SU shortfall in eight of the eleven.'? By contrast the MM-SU tests are designed
to maximize weighted average power, and simulations in the supplementary appendix
confirm that the MM tests have higher weighted average power than the other tests
considered under their respective weight functions.

Unlike in the homoskedastic case we can see that that none of the tests considered
is even approximately uniformly most powerful, but the PI test nonetheless delivers

powerful, stable performance over the range of parameter values considered.

12Note that even were the PI test a true MMR test this would not be guaranteed, since the class
of SU tests larger than the class of CLC tests.
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7 Asymptotic Properties of CLC Tests

The results of Sections 3-6 treat the limiting random variables (g,Ag,7) as ob-
served and consider the problem of testing Hy : m = 0,u € M against Hy : m €
M(u)\{0}, n € M. In this section, we show that under mild assumptions our results
for the limit problem (2) imply asymptotic results along sequences of models satisfy-
ing (1). We first introduce a useful invariance condition for the weight function a and

then prove results concerning the asymptotic size and power of CLC tests.

7.1 Postmultiplication Invariant Weight Functions

Let us introduce finite-sample analogs S, Dr, K, and Jp to the limiting random
variables S, D, K, and J, where Sy = ¢/-gr and so on. We previously wrote the
weight functions a of CLC tests as functions of D alone, since in the limit problem
the parameter v is fixed and known. In this section, however, it is helpful to instead
write a(D, ). Likewise, since the estimator jip used in plug-in tests may depend on
7, in this section we will write it as fip (D, 7).

Our weak convergence assumption (1), together with the continuous mapping theo-
rem, implies that Dy —; D for D normally distributed, where we assume that D is full
rank almost surely for all (6,) € © x I'. In many applications such convergence will
only hold if we choose an appropriate normalization when defining Agy, which may
seem like an obstacle to applying our approach. In the linear IV model for instance,

the appropriate definition for Agr will depend on the strength of identification.

Example I: Weak IV (Continued) In Section 2 we assumed that the instruments
a1
were weak, with 77 = =, and showed that Agr = VT Qf % fr(Bo) converged in
distribution. If on the other hand the instruments are strong, 7 = m; and ||m|| > 0,
Al

then a%fT(ﬁ) —1>p E[X:Z)] # 0 so ﬁfo%fT<ﬂo) diverges and we should instead
take Agr = Q;fa%f:r(ﬁo)-m

This apparent dependence on normalization is not typically a problem, however,
since many CLC tests are invariant to renormalization of (g7, Agr,#). In particular,

for A any full rank p x p matrix consider the transformations

hAg (AgT, A) = AgTA
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® Ik) by ( A ® Ik)
and let h, (7; A) be the transformation of v such that X (h, (7; A)) = hs (2 (y); A).
Let

hg (E,A) = (

h(gr, Agr,5; A) = (g1, hag (Agr; A) , hy (55 A)) (16)

and note that the statistics Jr and K are invariant to this transformation for all full
rank matrices A, in the sense that their values based on (g7, Agr,#) are the same as
those based on h (gr, Agr,%; A). Thus if we choose a weight function a(D, ) which
is invariant, the CLC test ¢4p,4) Will be invariant as well. Formally, we say that
the weight function a(D,~y) is invariant to postmultiplication if for all full-rank p x p

matrices A we have

G(D,ﬁ/) =a (hAg (D; A) ) hV (7; A)) )

where we have used the fact that D calculated using h (g, Ag, v; A) is equal to ha, (D; A) .
Invariance to postmultiplication is useful since to obtain results for invariant tests

based on (gr, Agr,7) it suffices that there exist some sequence Ar such that

(gT7 AgT7 &) =h (gT’ A§T7 ;5/; AT)

satisfies the weak convergence assumption (1), without any need to know the correct
sequence Ar for a given application. Thus, in the linear IV example discussed above
we can take Agr as originally defined and make use of results derived under the
convergence assumption (6) without knowing identification strength in a given context.

The class of postmultiplication-invariant weight functions a is quite large, and
includes all the weight functions discussed above. In particular we can choose the
minimax regret weight function a,y g to be invariant to postmultiplication. Likewise,
provided we take the estimator fip(D, ) to be equivariant under transformation by
h, so that ha, (ip(D,7); A) = fip (hag (D; A), by (75 A)), the plug-in weight function

ap; will be invariant as well.

7.2 Asymptotic Size and Power of CLC Tests

Let F(g,Ag,~) denote the distribution of (g, Ag, ) in the limit problem, noting that
the marginal distribution for  in the limit problem is a point mass. Since we have as-

sumed that D is full rank almost surely, J and K are F-almost-everywhere continuous
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functions of (g, Ag,~y) and the continuous mapping theorem implies
(JT, KT, DT> —d (J, K, D) .
To obtain asymptotic size control for the CLC test

Pa(pr5) = {1 =a(Dr,7)) - Kz +a(Dr,7) - S > o (a(Dr, 7))}

all we require is that a be almost-everywhere continuous. Indeed, this test is asymp-

totically conditionally similar in the sense discussed by Jansson and Moreira (2006).

Proposition 1 Assume (gr, Agr,4) satisfies the weak convergence assumption (1)
and let a(D,~) be F (g, Ag,)-almost-everywhere continuous for (6y,v) € {6y} x T
Then under (6y,7) we have that

Jim Er o) |Guors)| = o (17)

Moreover, for F the set of bounded functions f(D) which are F (g, Ag,~)-almost-

everywhere continuous under (6y,7),

Jim Erg,.) [ (€aprs) — @) £ (Dr)| =0 Vf € F. (18)

It is important to note that Proposition 1 only establishes sequential size control,
and depending on the underlying model establishing uniform size control over some
base parameter space may require substantial further restrictions. In Example I,
however, we can use results from Andrews et al. (2011, henceforth ACG) to prove
that a large class of CLC tests based on postmultiplication-invariant weight functions

control size uniformly in heteroskedastic linear IV with a single endogenous regressor.

Example I: Weak IV (Continued) Define Q and 3 in the usual way (detailed in
the proof of Proposition 2 in the supplementary appendix). Define a parameter space
A of null distributions as in ACG Section 3, noting that ~ consists of the elements of
(Qp, 'p, X F) in the notation of ACG. Building on results in ACG it is straightforward

to prove the following proposition:

Proposition 2 Consider the CLC test ¢q(p,. 5) based on a postmultiplication-invariant
weight function a(D,~y) which is continuous in D and v at all points with ||D|| > 0
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and satisfies

lim sup a(D,~) | = lim inf a(D,y) | =ao (19)
020 \ (D,4):||D||>e, mazeig(Sp)<é 8=0 \ (D,y):||D||>e,mazeig(Sp)<s

for some constant ay € [0, 1], mazeig (A) the mazimal eigenvalue of A, and all e > 0.

The test ¢q(py4) ts uniformly asymptotically similar on A:

Jim )1\I€1£ Er\ [%(DT,@)} = lim sup Era {(ba(DTﬁ)} = .

The assumption (19), together with the assumed postmultiplication invariance of
a(D,~) and the restrictions on the parameter space A, ensures that under sequences
with v/T||7r|| — oo we have that a (Dr,4) —, ao asymptotically, and hence that un-
der all strongly identified sequences the test converges to the linear combination test
®a,- We show in the next section that for ay = 0 this condition plays an important
role in establishing asymptotic efficiency of CLC tests in linear IV under strong iden-
tification, and will verify this condition for PI tests ¢p; in linear IV. The conditions
needed to ensure that ap; satisfies the continuity conditions in Proposition 2 are much
less clear, but we can always create a sufficiently continuous weight function @ which
approximates ap; arbitrarily well by calculating ap; on a grid of values for (D, ) and
taking @ to continuously interpolate between these values.!3[]

Power results in the limit problem (2) also imply asymptotic power results un-
der (1). In particular, for a(D,7) almost everywhere continuous with respect to
F(g,Ag,7), the asymptotic power of ¢q(p,4) is simply the power of ¢qp ) in the

limit problem.

Proposition 3 Assume (g7, Agr,%) satisfies the weak convergence assumption (1)
and let a(D, ) be F (g, Ag,~)-almost-everywhere continuous for some (0,v) € © x I
Then under (0,7)

711—{120 ET7(9,'y) [qba(DT,’?)} = EmaHDﬂ/ [gba(D,’y)}

where m = m(0,60y,7) and pp are the parameters in the limit problem.

13To ensure that @ is invariant to postmultiplication we can fix || D|| = 1 in the grid used to calculate
a and evaluate a for other values by rescaling the problem to ||D|| = 1 using the transformation (16).
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Thus, under mild continuity conditions on a(D, ), the asymptotic size and power
of tests under (1) are just their size and power in the limit problem. Moreover,
sufficiently continuous postmultiplication invariant weight functions a(D,~) which
select a fixed weight ag under strong identification yield uniformly asymptotically

similar tests in heteroskedastic linear IV.

7.3 Asymptotic Efficiency Under Strong Identification

The power results above concern the asymptotic properties of CLC tests under general
conditions that allow for weak identification, but since the commonly-used non-robust
tests are efficient under strong identification we may particularly want to ensure that
our CLC tests share this property.

As noted in Section 3, under strong identification we typically have that g9 =
Yoy = 0, that p is full rank, and that M(u) = {p - ¢ : ¢ € RP} . We say that (g7, Agr, 9)
converges to a Gaussian shift model under (0,7) if (97, Agr,5) —a (9, Ag,~y) for

g ([ *Y 0 (20)
vec(Ag) vec(p) )\ 0 0

where p is full rank and b € RP. We show in the supplementary appendix that under
strong identification general GMM models parametrized in terms of local alternatives
converge to Gaussian shift models. In many cases strong identification is not necessary
to obtain convergence to (20), however, and sequences of models between the polar
cases of weak and strong identification, like the “semi-strong” case discussed in An-
drews and Cheng (2012), often yield Gaussian shift limit problems under appropriately

defined sequences of local alternatives.

Example I: Weak IV (Continued) Suppose that mp = rpc for ¢ € RP with
||| > 0 for any sequence {ry}o_, such that rp — r as T — oo and v/Try — oco. For
0 < r < oo this is the usual, strongly identified case, while for » = 0 this is falls into
the “semi-strong” category of Andrews and Cheng (2012): the first stage converges
to zero, but at a sufficiently slow rate that many standard asymptotic results are pre-
served. Let Q be a consistent estimator for limy_,o, Var ((\/Tf;p (Bo)", 7t fr (Bo)'>/>

and define §r(8) = VT Q;fg fr(B) and 4 = vec (Q) as before. Consider sequences of
local alternatives with S = 5y + rTbi\/T and let Agr = T;IQ;%%fT(B). As T — oo,
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(g7, Agr,7) converges to the Gaussian shift limit problem (20) with u = F [Z,Z]] ¢
and b = b*.[J

In the Gaussian shift limit problem (20), the Neyman Pearson Lemma implies
that the uniformly most powerful level « test based on (J, K, D) is ¢k as defined in
(13). Further, under the weak convergence assumption (1) for (g, Ag) as in (20) the
test ¢, =1 {KT > Xi,pa} is asymptotically efficient in the sense of Mueller (2011)
for a family of elliptically-contoured weight functions.!* Under strong identification
Ok, =1 {KT > X;%,l—a} is also generally equivalent to the usual Wald tests, though
we will need conditions beyond (1) to establish this. It is straightforward to show
that a CLC test based on the weight function a(D,~y) will share these properties,
and so be asymptotically efficient under sequences converging to (20), if and only if

a(Dr,%) —, 0 under such sequences.

Proposition 4 Denote by A. the class of weight functions functions a(D,~) that are
continuous in both D and ~y for all full-rank D. Fiz (6,v) € © x T with § # 6y and
suppose that (gr, Agr,4) converges weakly to the Gaussian shift limit problem (20)
with b # 0. For a(D,v) almost-everywhere continuous with respect to the limiting

measure F' (g, Ag,~y) under (0,7),
Jim Er ) [ Patbray] = sup lim B0, |ba(or)]
if and only if a (D,~) = 0 almost surely with respect to F (g, Ag,~y). Thus

H Erjoy 0xr] = sup lim Ero. (Pa(ora] -

Using this proposition, it is easy to see that the condition (19) that we used to
ensure uniformly correct size for CLC tests in linear IV Example I will also ensure
asymptotic efficiency under strong and semi-strong identification provided ay = 0.

It is straightforward to give conditions under which MMRU tests select a (up,7y) =

0 asymptotically in sequences of models converging to Gaussian shift experiments:

“Formally, in the limit problem p = Ag is known so to derive weighted average power optimal
tests we need only consider weights on b. For any weights G (b) with density ¢ (b) that depends on b
only through [|ub||, so that g (b) oc g (||ud]|), ¢k is weighted average power maximizing in the limit
problem and by Mueller (2011) ¢k, is asymptotically optimal over the class of tests with correct
size under (1) and (20).
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Theorem 6 Suppose that for some pair (up,vy) € Mp x I' with pp full-rank and
Yo (7) = 2gg () =0, for all C > 0 and all sequences (fipn, V) € Mp x I' such that

(:uD,nafyn) — (/’LD77> we have
dg (Mp (pnsn) N Be, {pp -b:b € RPN Be) — 0

where Bo = {m : ||m|| < C} and dy (A1, A) is the Hausdorff distance between the
sets Ay and As,

dy (A1, Ay) = max{ sup inf ||z; — x|, sup inf ||z, — xQH} :
x1€A; T2€A2 wo€ Ay T1EAL
Then fO'I" B;Ln”uDﬂm'yn - SupaG[O,l] EmuuD,m’Yn [(rb(l] and all (luD,na ’Yn) — (/’LDJ 7) the MMRU
weight

QN MRU (ND,’m/yn) = arg min sup ( ;Ln,uDyn,'yn - Em,MD,n77n [¢a])

a€l0,1] MEMD(MD,n,’Yn)
satisfies ayrnrru (D ny Vo) — 0.

Using Theorem 6 we can show that PI tests will be efficient under strong and semi-
strong identification in Example I, while MMR tests will be efficient under strong and
semi-strong identification in Example II, where the MMR and MMRU tests coincide.

Example I: Weak IV (Continued) Define (g7, Agr,d) as in Section 1, and as
above let mp = rrc for ¢ € RP with ||c|| > 0. For simplicity we take fip = Dy but the

extension to other estimators is straightforward.

Corollary 2 Provided VTre — 00, we have that in the linear IV model apr (fip, ) —
0 and thus that the PI test based on (g1, Agr,7) is efficient under strong and semi-

strong identification.[]

Example II: Minimum Distance (Continued) We can model semi-strong iden-

tification in this example by taking €2, = r7€), o where rr — 0 and r;lfln —p o,
1
T

and note that M (3) = {Q; S(F0)—f (90))}. Defining gr(8) = Oy % (7 — £(6)) and

noting that rp = # is the typical strongly identified case. Again define 4 = vec (Qn)
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, Al
Agr(8) = Zgr() = Q, 2L f(6) as before, a global identification assumption yields
that PI tests are asymptotically efficient.

Corollary 3 Assume that 6 is in the interior of © and that for all 6 > 0 there exists
£(6) > 0 such that ||f(0) — f(0)]| < £(6) implies ||§ — 0|| < 6. Provided ry — 0, the
MMR weight function apyr satisfies apmr (7) —p 0 and the MMR test is efficient

under strong and semi-strong identification.[]

Hence, in our examples the plug-in test ¢p; is asymptotically efficient under strong

and semi-strong identification.

8 Conclusion

This paper considers the problem of constructing powerful identification-robust tests
for a broad class of weakly identified models. We define the class of conditional linear
combination (CLC) tests and show that this class is equivalent to an appropriately de-
fined class of quasi-conditional likelihood ratio (quasi-CLR) tests. We show that CLC
tests are admissible, locally most powerful, and weighted average power maximizing
conditional on D. To pick from the class of CLC tests we suggest using minimax regret
(MMR) tests when feasible and plug-in (PI) tests when MMR tests are too difficult
to compute. We show that PI tests match the near-optimal performance of the CLR
test of Moreira (2003) in homoskedastic linear IV, compare favorably to alternative
approaches in simulations calibrated to match an IV model with heteroskedastic time-
series data, and are efficient in linear IV and minimum distance models with strong

instruments.
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Appendix

This appendix proves Theorems 1 and 2. Proofs for all other results, further details
on our examples and simulations, and simulation results in a new Keynesian Phillips

curve model, can be found in the supplementary appendix.
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Proof of Theorem 1

By the independence of J, K, and D under the null, conditional on the event D = d

K+a(D)-J|D =d~ x:+a(d) - x}

k—p-

Hence

Pri{K +a(D) - J>cq(a(D)|D=d}=a

SO Fr—oup {gba(D)‘ D = d} = « for all d in the support of D and all values up.

Em—oup [%(D)] can then be written as

/ Em—oup | Ga()| D = d| dFp = / adFp = o

for Fp the distribution of D, proving the theorem.

Proof of Theorem 2

We first argue that conditional on D = d the test ¢gcrr, is exactly equivalent to the
level a test that rejects for large values of the statistic K + % - J. This result
is trivial for r (d) = co. For r(d) < oo and K > 0 or J —r (D) > 0, note first that
for fixed d the QCLR statistic is strictly increasing in (J, K). Further, for any L > 0,

the L level set of the QC LR, statistic is of the form L = K + %r(d) - J so that fixing
D =d,

2 2 L
{(J,K)€R+:QCLRT_L}—{(J,K)ER+:L—K+W.J}.

To verify that this is the case, note that if we plug K = L — #T(d) - J into the

QCLR, statistic and collect terms we have

1 2

However,

<L+r(d)+W-J>2—4J-r(d): <L+r(d)—Lfr<f)(d)-J>2



and thus for K = L — -,

L+r(d)

1 r(d) r(d) ?

Since we've taken K = L — L+L -J and we know K > 0, we have that J < L+7 (d).
Thus L+ r(d) — L:(d -J>0 and we can open the square root and collect terms to

obtain QCLR, = L on the set {(J, K)eRY:L=K+ L+T(d) J}, as we claimed.

Conditional on D = d the rejection region of ¢gcrr, is

o (1(d)
ww»+m>”&‘

{(J,K) € Ri Lo (r(d) < K +

Since J and K are pivotal under the null,

4o (r(d))

Proym—oup {qa (r(d)) < K + “ (r?d)) n

<@'4D:d}:

ga (r(
( (d))+7"(d

must be the 1 — «a quantile of this random variable. Hence, if we define the test ¢z(p
as in (15) with a(D) = %, we can see that ¢, (@ (d)) = ¢, (d) and thus that
®QcLRr, = Pa(a) conditional on D = d. Since this hold for all d, ¢gcrr, = dap). Thus,

for any function r : D — R4 U {oo} there is a function a : D — [0, 1] such that

so since K + -J is continuously distributed with support equal R, g, (r(d))

®QCLR, = Pa(D)

To prove the converse, that for any CLC test ¢4y for @ : D — [0,1] we can
find a function 7 : D — R, U {oo} yielding the same test, fix the function a(D) and
note that g,(r(D)) is a continuous function of (D) which is deceasing in (D) and

is bounded below by x2,_, and above by x7,_, (see Moreira (2003)). Hence for any

value d, as r(d) goes from zero to infinity % varies continuously between zero
: Ga(r(d)  _ a(r(d)  _  ga(o0)
and one, with lim, (40 W = 1 and lim,(g)—00 qa((i(d))Jrr(d) = qaq(oo)Jroo =0.If

a(d) = 0 define 7 (d) = oo. If a(d) > 0, note that there exists a value r* < oo such

that a(d) > —9=0)_ 5o by the intermediate value theorem we can pick 7(d) € [0, ]

qa (T‘*)+T* )
such that a(d) = % Repeating this exercise for all values d we can construct

a function 7 : D — Ry U {oo} such that ¢,p) = ¢ocrr,, completing the proof.
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Supplementary Appendix to
Conditional Linear Combination Tests

for Weakly Identified Models

Isaiah Andrews

October 3, 2014

This supplementary appendix contains material to supplement the paper “Condi-
tional Linear Combination Tests for Weakly Identified Models,” by Isaiah Andrews.
Appendix A provides further details on the derivation of the limit problems discussed
in Section 2 of the paper. Appendix B shows that general nonlinear GMM models
which are weakly identified in the sense of Stock and Wright (2000) give rise to limiting
problems of the form (2). Appendix C collects the proofs for all results save Theorems
1 and 2, for which the proof is included with the paper. Appendix D concerns our lin-
ear IV simulations, and gives power plots for PI tests in linear IV with homoskedastic
errors, provides further information on our simulation design, and discusses our im-
plementation of the MM1-SU, MM2-SU, and PI tests. Finally, Appendix E discusses

simulation results and derivations in a nonlinear new Keynesian Phillips curve model.

Appendix A: Derivation of Limit Problems for Ex-

amples

In this section, we provide additional details on the derivation of the limit problems

in examples I and II.
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Example I: Weak IV Re-writing our moment condition we have that

fr(Bo) = fr(Bo) — fr(B) + fr(B) = ,;Z (X8 — XiBo) Ze + fr(B).

Note that the expectation of fr(8) under true parameter value ( is zero by our
identifying assumption, so Ejs [fr(fo)] = E [% ZXtZt} (8 — Bo) - Since

E H > tht] =F [; > Z(Zim+ Vg,t)} =FE [; > thg} T,

we can see that provided that % > ZiZ, —, Q7 for Q7 positive definite and % > Vi
and % > ZiVa, converge in distribution to jointly normal random vectors, the weak-

_<_

instruments sequence T = 7 implies that under true parameter value (3,

fT(ﬁO) QZC(ﬁ o 50)
ﬁ( —a5.fr(5o) ) —a (( Oyc ) ,9(50)> ,

Combined with the consistency of O ¢, this immediately yields (6).

Example II: Minimum Distance The identifying assumption for the minimum

distance model imposes n = f(#). Note, however, that

A1 A N

1 _1 _
2

gr(0) = 07 (71— F(80)) = Q0 (7 — F(0)) + Q0 (F(6) — F(0))

where by assumption the first term converges to a N(0, I;) distribution and the sec-
ond term converges to Q% (f(0) — f(6y)) by the Continuous Mapping Theorem and
the assumed consistency of ,. The consistency of Agy(6) for Q_%% (6o) follows

similarly, immediately implying (7).

Appendix B: Limit Problem for Weak GMM Models

In this appendix, we prove some additional results for GMM models which are weakly
identified in the sense of Stock and Wright (2000). Suppose we begin with a moment
function f;(¢)) which is differentiable in the parameter ¢ and satisfies the usual GMM
identifying assumption that Ey, [f;(¢)] = 0, and are interested in testing Hy : 1) = ).
Suppose that, much like in Stock and Wright (2000), our parameter vector ¢ =
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(11,19) is such that 1y is weakly identified while 1)y is strongly identified, and that

the expectation of f;(1)y) under alternative 1 is
By [h(40)) = ) + (w1, )

for i, hy continuously differentiable. Letting ¢/ denote the true parameter value, for
sample size T let us reparametrize in terms of 6 = 0 = (\/T (1 — Y1) ,%) and note
that the null can now be written Hy : 6 = 6y = (0,650). This reparameterization is
infeasible as it demands knowledge of the unknown true value 11, but this is irrelevant

provided we use a test which is invariant to linear reparameterizations. Let

0
g:(0) = f <¢1,0 + ﬁ, 92)

denote the moment function under this new parametrization, and note that the ex-

pectation of g¢(6y) under alternative 6 is
= 6, 1 0,
E, 0o)l = h 4+ —= |+ —= + 0
0 [9:(00)] 1 (@/)1,0 ﬁ) \/T (%0 ﬁ )
7 91 1 g 01
=h - —=|+—=h +—=.0
1 (%,0 T) T (%,0 T 2)

0, 1 th
= hy (1) + \/_aW (1/11 0+ \/—> 0 + \/T (@/)1,0 + \/T,92>

where in the last step we have taken a mean value expansion in #; with intermedi-

1

ate value 6;. Note, however, that the identifying assumption for GMM implies that

hy (¥1) = 0 while under our continuity assumptions

8 0, 8
31// (%0 + \/—> 81[)1 hi (Y1)

and

0, -
h +—,0,] = h ,05) .
2 (1/11,0 \/T 2) 2 (¢1,0 2)
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Hence, Fy[g:(60)] = h(0) + o (ﬁ) where

1 0 - 1 -
h(f) = —=—h 0+ —=h ,02) . 21

(6) = 7 g (900) 61 o (01.60) (21)

Note that the strongly identified parameters 6; enter h(#) linearly while the weakly
identified parameters 65 may enter non-linearly. Suppose that for our original moment

functions f;(0), we have that under the sequence of alternatives ¢y = (@01,0 - %01, @/)2)

1 > filvo) — By, [fi(10)]

VT ( vee (32 g5 Fulthn) — B [5:5:(00)]) ) V08

where (2 is consistently estimable and €2, the upper-left block of €2y, is full rank.
Since alternative # in the new parametrization corresponds to this sequence of alter-

natives in the original parametrization, this implies that under # we have

1 ( > 1(00) — Ey [g:(00)]

VT \ vec (Z 2.9:(60) — Es {%gt(eo)b ) —a N (0,9)

Q,,
for Q) = ( 99 790 ) consistently estimable and €,, = Qf full-rank. Letting

Qog Qoo
L oo
QT(QO) = —=0gg th(eo)
T ¢
and
Agr(t0) = —=0ut 3 gy (00)
gr\bo) = ng taegto
note that

gr(6o) N m I Xy
Agr(fo) ’ po)\ Sog Tos

where p = limp_o Fy {ﬁ 3 %gt(ﬁo)} provided this limit exists and m = h(f) €
M(p,y), where M(u,~y) will depend on the structure of the problem at hand: in
some cases it may be that without additional structure we cannot restrict the set of
possible values m and have M(u) = R* while in others, like Example I, we may be
able to obtain further restrictions. Note further, that while we framed the analysis

here using reparameterization in terms of local alternatives for strongly identified
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parameters, we could equivalently have formulated Agr using the Jacobian of the
original moment function, a%/ fi (o), post-multiplied by an appropriate sequence of
normalizing matrices Ar, as in Section 7.1.

We can say a bit more regarding the strongly identified parameters 6;. Note that by
the definition of 6, 207 9 g:(09) = faw' 9 f(1y). Hence, ﬁ 3 a%lgt(eo) = %Z a%gftw[))

and we can re-write p as limp_.o Fy [ T T%ft(l/}()) % > a%éft(wo) } Further, the
central limit theorem we have assumed for % > 8%3 fi(¥p) implies that % 3 6%,1 9:(6p) —
1 = limp_o Fy [% 3 a%g ft(%)} . Together with (21) this implies that under standard
regularity conditions (see e.g. Newey and McFadden (1994)) h(6;,620) = p1 - 61 and
hence that in the special case where all parameters are strongly identified we obtain

the Gaussian shift limiting problem

g N JTRN’ I 0
Ag v J\Vo o))
Appendix C: Proofs

Proof of Corollary 1

Conditional on D = d the CLC test ¢qp) fails to reject if and only if K + a(d) - J <
co(a(d)), where a (d) € [0,1]. Thus, for this test we can define

1= {(VIVE) : K +a(d) - J < cala(d))}.

This set trivially satisfies requirement (2) of Theorem 3. To verify that it satisfies (1),
note that Cj is closed and if we have two pairs (\/J_l, \/Kl) , (\/J_g, \/K2> € Cy then

for all A € [0, 1]
() 03 (1) e

since by the convexity of the function f (z) = z?
2
()\ J1+(1—A)\/72) <A+ (1= 2)

</\ K1+(1—A)\/E>2SAK1+(1—A)K2.
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Proof of Theorem 4

(1) follows from results in Monti and Sen (1976) and Koziol and Perlman (1978).
Specifically, both papers note that if (A, B) ~ (Xifp (T4), X (TB)) and (74,78) =
A (ta,tp) for ta, tg > 0 then for ¢ any size a test for Hy : 74 = 75 = 0 based on
(A, B) there exists some A > 0 such that for 0 < A < ),

ta tp
Ery ) [¢] < Ery ) |} {/{ _pA + ?B > C}

for ¢ the 1 — o quantile of a 4 x3_, + “Zx; distribution. Statement (1) then follows
immediately by the fact that (J, K)|D = d ~ (Xifp (1) X3 (TK)).

Establishing statement (2) is similarly straightforward. In particular for F}, ¢,
as described in Theorem 4, Koziol and Perlman note that we can use the Neyman
Pearson Lemma to establish that the weighted average power maximizing level a test

based on (A, B) ~ (X%_p (Ta) s X (TB)> is ¢% = 1 {t;t(ilA+ B> c}, where ¢ is

the 1 — a quantile of a t;ﬁlxg + tjilxi_p distribution. In particular, for ®, the class

of level « tests based on (A, B),

¢ € arg max/ E., s [0l dF (T4, TB).
T(d)

PP,

Statement (2) again follows from the fact that (J, K)|D =d ~ (Xi—p (71) X5 (TK)> .

Proof of Theorem 5

For this proof we assume that D has a density with respect to Lebesgue measure. The
proof for D degenerate follows along the lines. By the definition of the infimum we

know that there exists a sequence of functions {a,} -, C A such that

lim  sup (ﬁr*n,up — Emup [Qban(D)D = inf sup (B;WD — Erup [%(D)D )

n—00 (m.up)eH: acA (mup)EH,
(22)

Since we have defined A to consist of Borel-measurable functions, by Theorem
A.5.1 in Lehman and Romano (2005) there exists a sub-sequence {ay, };-, C {an},—;

and a function a* € A such that for v Lebesgue measure on R*P+2
/ank(D)h(J, K,D)dv — /a*(D)h(J, K, D)dv (23)

o1



for all v-integrable functions h(J, K, D).

For any value (m, u) € H; denote the joint distribution of (J, K, D) under this value
by Fjrxp(m, p) with density frxp (m, up) with respect to Lebesgue measure v. Note
that for any bounded, continuous function n of (J, K, D), n(J, K, D) f;xp (m, pup) is

an integrable function with respect to Lebesgue measure v. Hence, (23) implies that

/ank(D)n(J, K, D)dFJKD — /a*(D)n(J, K, D)dFJKD

for all bounded continuous functions n. By the Portmanteau Lemma (see Lemma 2.2
in Van der Vaart (2000)) this implies that, viewed as a random variable, (J, K, a,, (D)) —4
J (, K,a*(D)). Since c,(a) is a continuous function of a, the Continuous Mapping The-

orem implies that
K+ an, (D) -J = ca(an, (D)) =4 K +a” (D) - J = ca(a” (D).

Since zero is a continuity point of distribution of the random variable on the right
hand side this implies that £, , [gbank ( D)} — B [gzﬁa*( D)}. This suffices to establish

i, P = B [ l) =3 20, G = B [0

To see that this is the case, note that the right hand side is weakly smaller than the
left hand side by construction. If the right hand side is strictly smaller then there

exists some value (m*, u})) € H; such that

5;*,% — Ems ) {%*(D)} > égf (mjl;)pem (/3’;';’% — Epup [gba(D)D + €

for some ¢ > 0, which since Em*,u*D [%*( D)} = lim,, .o Em*,% {%n( D)} implies that
lim  sup (ﬁ;“wm —Enup [gban(D)D > inf  sup (57’;7,@ —Enup [qba(D)]) +e

"7 (mup)eHy €A (m,up)eH;

which contradicts (22).
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Proof of Lemma 1

1 A /An

Ap/An Axn/An
result, it is easier to work with the formulation of the problem discussed in AMS. In

particular, consider k x 1 random vectors S and T (denoted by S and 7' in AMS) with

(7)) )

were cg ranges over R for different true values of 5. AMS (Theorem 1) show that the

Note that 2 = A ® B implies that ¥ = ® I. To prove the

maximal invariant to rotations of the instruments is (g’ S, ST, T T), and note that

~ o~ 2

.o . o e . NI s .
the S statistic can be written S = 5’5, while the K statistic is K = % Kleibergen
(2007) considers a finite-sample Gaussian IV model with a known covariance matrix
for the structural errors, and his Theorem 3 establishes that (in our notation) 7"T =

D'S5'D!, where Xp = 1 (ﬁﬁ — (‘31?)2). Hence, in the limit problem (6) with ¥ =
1 Arp/An

Ap/An Axn/An

(S’g, S'T, f’f) is a one-to-one transformation of (J, K, D'>XpD).

By the imposed invariance to rotations of the instruments, it is without loss of

® I, the maximal invariant under rotations of the instruments

generality to assume that dgj, = e; - /7, where e; € R* has a one in its first entry
and zeros everywhere else. Hence, T'T = D'SpD ~ Xz (r) . For fixed r, the distribu-
tion of (J, K, D'YpD) depends only on cgp, = ||m||e; and on consistently estimable
parameters. The value of r imposes no restrictions on the value of ||m||. Hence, the
power of any unconditional linear combination test ¢, can be written as a function of
||m|| and 7, the power envelope for unconditional linear combination tests is defined
by B+ = SUPacpo,1) Elpmi» [@al; and the maximum regret for any unconditional linear

combination test (taking up and hence r to be known) is

sup (5ﬁm||,r = Ejjm|r Ma])

[lm]|ER+

which depends only on . We can thus take the MMRU test ¢apru(1ip) to depend
on pup only through r = ), X tup.
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Proof of Proposition 1

The discussion preceding Proposition 1 establishes that under (6o, ), (Jr, K1, D7) —4
(J,K,D) and 4 —, . Since we assume that a (D, ) is almost everywhere continuous
with respect to the limiting distribution F' and ¢, (a) is a continuous function of a,

the Continuous Mapping Theorem establishes that
Kr +a(Dr,7) Jr = ca(a(Dr,7)) =a K+ a(D,7)J = ca(a(D,7)).

Since zero is a point of continuity of the distribution of the right hand side this implies

that
Prrgom A K1 +a(Dr,4) Jr > co (a(Dr, 7))} —
Prm:O,p,D {K_’_CL(D?’Y)J > Co (CL(D,’}/))} =

which proves (17). To prove (18) note that the results above establish that ¢qp ) is

almost-everywhere continuous with respect to F', and hence for f € F

(%(DT,@) - 04) f(Dr) —a <¢a(D,'y) - 04) f(D).

Since the left hand side is bounded, convergence in distribution implies convergence

in expectation, proving (18).

Proof of Proposition 2

Let us take the estimator € to be

Q- ( NIV ) _
Qsr Qpp

12( filbo) = fr (o) )(ftwo)'—fT(ﬁo)’ 2 1Bo) = fr (B) )

2 f(Bo) — 2 fr (o)

and ) )
5 ( B Sty ) |
QpfQopSlyf Qi Qo
These choices imply that our Sy and Kr coincide exactly with AR and LM in ACG,
and that our Dr is \/TQ;JC%ZA) for D as in ACG. To prove the proposition we will rely

heavily on their results. ACG consider two cases: sequences Ap for which v/T||mr]|

o4



converges to a constant and those for which it diverges to infinity.

Let us begin by considering the case where v/T||mp|| converges. ACG establish
that for this case their (LM, AR, 15) converges in distribution to (X%, X2 1, D) where
all three random variables are independent and D has a non-degenerate Gaussian
distribution. Since fo —p 247 which is full-rank by assumption, this proves that
(Kr,St,Dr) —4q (Xf, X34, D) where again all the variables on the RHS are mutu-
ally independent and D has a non-degenerate Gaussian distribution. Thus, by the
Continuous Mapping Theorem and consistency of f]gg and 299, which under the null

follows from (6.7) and (6.9) in ACG, we have that

(1 —a(Dr,%)) Kr + a(Dr,4)St — co (a(Dr,5)) —a
(1 —a(D,v)) K +a(D,7)S — ca (a(D,))

which establishes correct asymptotic size under sequences with v/T'||77|| converging.

Next, consider the case where v/T||wr|| diverges. Let

(g7, Agr.7) = h (g7, Agr, % [z 71)

and define the random variables Dy, ¥, and p accordingly. ACG equation (6.22)
establishes that for this parametrization Dy —, D* for ||D*|| > 0, and equations
(6.7) and (6.21) together establish that ¥ —, 0. Our assumption on a(Dyp,7) thus
implies that a(Dgp,%) —, ag. Since ACG establish the convergence in distribution of
(LM, AR) under sequences of this type, we have that

(1 —a(Dr, ’7)) Kr + a(Dr,&r)St — co (a(Dr, &) —a (1 — ag) K + apS — cq (ao)

and thus that the CLC test gba( D7) has asymptotic rejection probability equal to «
under these sequences. By the assumed invariance the postmultiplication, however,
this implies that ¢.(p, ) has asymptotic rejection probability a as well.

To complete the proof, following ACG we can note that the above argument verifies
their Assumption B* and that we can thus invoke ACG Corollary 2.1 to establish the

result.

Proof of Proposition 3

Follows by the same argument as the first part of Proposition 1.
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Proof of Proposition 4

As discussed in the text, ¢x is efficient in the limit problem (20) by the Neyman-

Pearson Lemma, and ¢k, = ¢ap,45) for a(D,v) =0, a € A, so

P Ergoy 0xr] = sup lim Ero. Paora]

follows from Proposition 3.

If a(D,y) = 0 almost surely, then we have that limy_. Er ) [gzﬁa(DTﬁ)}
limr 0 Er,(0,4) [0Ky) by Proposition 3. If, on the other hand, Pr{a(D,v) # 0} =
0 > 0, note that D = g is non-random in the limit problem, so this implies that
a(p,v) = a* # 0. Note, however, that the test ¢,+ does not satisfy the necessary con-
dition for a most powerful test given in Theorem 3.2.1 in Lehmann and Romano and
thus has strictly lower power than the test ¢x in the limit problem, which together

with Proposition 3 implies that limr_,o Er s, {qba( DTﬁ)] < limyp_yo0 Er(0,9) [PK1)-

Proof of Theorem 6

Define My = {up -b:b e RP}. Note that for any ( > 0, there exists C; > 0 such
that

inf inf E,, I>1—C
a€ 1] meMplml|>C; P (@] ¢

Note further that C; — oo as ¢ — 0. Since the test ¢x is UMP over the class
of tests depending on (J, K, D) against m € My for ¥p = 0, we can see that for

u
m,1p,Y

= SUPyue(0,1) Empup [@a] We have By = Ep .~ [¢x] Y € My, Thus,

SUD (Bl iy = By [8a]) = SUD (B [05] = Enuy i [60]) -

meMyp, meMy,

Next, note that since as discussed in the proof of Proposition 4 none of the tests
¢a : a € (0,1] satisfy the necessary condition for an optimal test against m € M, for

Yp = 0 given in Lehman and Romano Theorem 3.2.1. Thus if we define

e(a) = sup (Emupy [0k] = Empp.y [@a])

meMy,
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we have that (a) > 0 Va € (0,1]. Moreover for all a there is some m* € M/ such
that

ela) = B pp oy [9x] — B pp oy [Pa] »

which can be seen by noting that for ( = @, Be = {m:|lm|| < C}, and A =
Mpn Bg{ (for Bg< the complement of B, )

SUD (Brsup oy [05] = By o [@a]) < 1= < (Q‘L)

by the definition of C;. Thus, for A = M N Be,,

e(a) = sup (Binpupy (0] = Emup o [9al)

meA

Since A is compact and Ey, .~ [0x] — Empup - [#a) is continuous in m, the sup must
be attained at some m* € A.

Since Ey, 1p ~ [@a) is continuous in a for all m, the fact that

e(a) = sup (Enyupy [0k] — Empp,y [dal)
meMy
is achieved implies that € (a) is continuous in a. We know that €(0) = 0 by definition,
so 0 is the unique minimizer of (a) over [0, 1]. By the compactness of [0, 1], this implies
that for any ¢ > 0 there exists £ (4) > 0 such that e(a) < £ () only if a < §. Further,
by the intermediate value theorem there exists a(d) > 0 such that € (a(9)) = @.
To prove Theorem 6 we want to show that under the assumptions of the theorem,

for all v > 0 there exists N such that n > N implies

arg aréfl[érh sup ( ’:ﬁl’ND,ru'Yn - EmaﬂD,nv’Yn [qba*]) sV
’ mGMD(MD,m’Yn)

Fixing v, let & = & (v), a* = a(v), for £(-) and a (-) as defined above. Let * = <,
and take C* to be such that

inf By o] >1 ="

meRFE:||m||>C*

Under our assumptions and the continuity of E,, ., ~ [¢a] in (M, pp, 7, a), there exists
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some N such that forn > N,

infl sup ( 'fUT‘L:UD,na'Yn - Em,,u,D’n,’Yn kba]) = 3C*
a€ly, ]meMD(uD,M")OBC*

while

Sup < glvl‘D,ny’Yn - Em7ND,ny'Yn [¢a*]) < 3C*
meMp (ND,na'Yn)mBC*

and
sup ( o = B om [%*]) < 2¢.

mGMD (ﬂD,naVn)nt*

Thus, for n > N we have

SumeMD(MD,m’Yn) (/B;Ln“uD’mfyn - Em,#D,m’Yn [¢a*]) <

infae[yvl] SumeMD(MD’n,’yn>ﬁBc* (/BgnyllD,ann - Emy,“D,ann [(bll])

and thus that a (ppn,7,) < v since a* < v. Since we can repeat this argument for all

v > 0 we obtain that a (ftpn, ¥s) — 0 as desired.

Proof of Corollary 2

Let (gr, Agr,7) = h(gT,AgT,ﬁ;r;l/\/T) for h as defined in (16), and note that
this is the same definition of (g7, Agr,7) given near the beginning of Section 7.3.
By the postmultiplication-invariance of plug-in tests with equivariant fip, tests based
on (§r, Agr,7) with plug-in estimate fip = Dy will be the same as those based on
(97, Agr,4) with estimate fip = Dp. To prove the result we will focus on tests based
on (gr, Agr,7)-

As established in the main text, (Gr, Agr,y) converges in distribution to (g, Ag, )
in a Gaussian shift model with u = E[Z,Z,]' c and b = b*. Note that in linear IV we

have
Mp (pp, ) = {(I = sy -b) " pip - b: b€ R}

Hence, for any sequence (fipn, vn) With pp,, — p, ||p]| > 0, and Xg, (v,) — 0 we can
see that for any C' > 0

dy (MD (uD,n,’yn) N Be, {,uD -b:be Rp} N Bc) — 0,
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so by Theorem 6 we have that ap; (tpn,7,) — 0. Note, however, that under our
assumptions (fip,%) —p (i,7y) with [|p|| > 0 and X, () = Xp (y) = 0. Thus, the
Continuous Mapping Theorem yields that apy (fip, %) —, 0.

Proof of Corollary 3

Note that

M@ = {0t O - s 00} =t {(5'9,) " (F0) -7 (@0) 0 € 0}

For any sequence r7'Q, 7 — Q, 9 and B = {m € R? : ||m|| < C} for C > 0 we have
that

lim dg ({r;% (r7'20r) 2 (£(0) — £ (60)) i 0 € @} N Be, {r;%n;é (F(0)— F(00)): 0 € @} n Bc> ~o.

T— o0

From the definition of differentiability, we know that

iy £ (0) = f(6o) — 2. F (60) (0 — 6o)

=0.
6580 16— ol

Thus, for any sequence dr — 0,

lim sm)1<ﬂm—fw@—(?ﬂ%me—%ﬁzn.

07 =0 ||g—gy|| <61 or 0o’

Moreover, by our identifiability assumption on 6, we know that for any constant
K >0,
lim sup |16 — 00| = 0.
1

T—o00 1 1 1
Oy 2192, 6 F(0) =, § f(00)[|I<K

Combined with the previous equation, this implies that

lim sup Pt 1008 (F(0) = £ (00)) — Q2 f (66) (0 — 6o)| = 0

T—o00 1 1 1
0:ry 2 (19, 2 £(0)-9, 2 f(60)||I<K

which in turn shows that for any C' > 0, provided 6 belongs to the interior of ©

diy <r;5 {Q;(% (f(e)—f(ao)):ee@}ch,r;5 {Q;éa%,f(eo)-b:bew}mjsc) ~o0.
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Thus, we see that for any T;IQHVT — €1, the convergence required by Theorem
6 holds, so for the corresponding sequence {yr};_, we have that apy g (yr) — 0.
Hence, by the Continuous Mapping Theorem we have that under our assumptions
ammr (5) = 0. )

One can show that sequences of local alternatives of the form 6y = 6y + r7.b* yield
Gaussian Shift limit problems in this model. The fact that apar () —, 0 implies, by
Proposition 4, that the MMR test is asymptotically efficient against such sequences,
and hence that the MMR test is asymptotically efficient under strong and semi-strong

identification, as we wanted to prove.

Appendix D: Additional Details of Weak IV Simu-

lation

In Section 6.2 we discuss simulation results in weak IV limit problems calibrated to
match parameters estimated using data from Yogo (2004). This section details the
estimates, simulation design, and implementation of CLR and PI tests underlying

these results.

Appendix D.1: Power Plots for Homoskedastic Model

Figures 5 and 6 plot power curves for the CLR, K, AR, and PI tests in the linear IV

calibrations discussed in Section 6.1 of the paper.

Appendix D.2: Estimation of Parameters for the Limit Prob-

lem

The behavior of (g, Ag) in the weak IV limit problem (6) is determined entirely by
(m, 1, ). The set M(u) of possible values m given u is M(u) = {b-p:b € R}, so
to simulate the power properties of different tests in the limit problem all we require
are values of p and (2.

To obtain values for these parameters, as noted in the text we use data from Yogo’s
(2004) paper on weak instrument-robust inference on the elasticity of inter-temporal
substitution. For all countries we use quarterly data for a (country-specific) period

beginning in the 1970’s and ending in the late 1990’s. We focus on estimation based
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on the linear IV moment condition

fi(B) = Z, (Y = Xi3)

where Y} is the change in consumption (Yogo’s Ac), X; is the real interest rate, and
Z; is a 4 x 1 vector of instruments which following Yogo we take to be lagged values of
the nominal interest rate, inflation, consumption growth, and the log dividend-price
ratio. We focus on the case with X; the risk-free rate since this is the case for which
Yogo finds the strongest relationship between the instruments and the endogenous
regressor (see Table 1 of Yogo (2004)). All data is de-meaned prior to beginning the
analysis.

For country ¢ we estimate p by fi; = ﬁ > Z: Xy, take BZ to be the two-step GMM es-
timate of 3, and let Q, be the Newey-West covariance estimator for Var <\/1T > ( ft(B,)’ , ZéXt),>

based on 3 lags of all variables. These estimates will not in general be consistent for
the parameters of the limit problem under weak-instrument asymptotics, but give us

empirically reasonable values for our simulations.

Appendix D.3: Simulation Design

For each country ¢ we consider the problem of testing Hy : § = [y in the limit problem.
1

For true parameter value 3 and fi; = Q;fil,&z, in simulation runs b = 1, ..., B we draw

( 9b )NN((ﬂi(ﬁ—ﬂo)) i)
Agy i T

A_1 A A_1
1 I 1 foi,z‘Qfﬂ,ifo?i
Qr 7180 7 78864827,

where

Note that this is the limiting distribution (6) of the normalized moment condition
and Jacobian (gr, Agr) in a weak IV problem with true parameters 3, ) = Qi, and
p = fi;. We then calculate the S and K tests ¢sp, ¢xp as in (14) and (13). We define
the QCLR test as in Theorem 2 and, following Kleibergen (2005), take r = D{)flg}iDb
for f]ai = igg,i — 29971'29971'. Details on the implementation of the MM-SU tests are
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discussed in the next section. Finally, to calculate the PI test we take

\/max { D5 Dy — k,0)
fpy = Dy - —
/DiS5D,

which is a generalization of the positive-part estimator 7pp to the non-Kronecker case,

and consider ¢prp = ¢, MRU(jipy)* Details on calculation of the PI test are given in
the section D.6.

For each value (8 in a grid we estimate the power of each test against this alternative
by averaging over B, e.g. estimating the power of ¢x by % > ¢xp (where we take
B = 5,000 for the MM tests and B = 10,000 for the others), and repeat this exercise

for each of the eleven countries considered.

Appendix D.4: The MM1-SU and MM2-SU Tests

The MM1-SU and MM2-SU procedures of MM maximize weighted average power
against particular weights on (5, ) over a class of tests satisfying a sufficient con-
dition for local unbiasedness. To relate the results of MM in our context, we can
take (Z'Z)~" Z'Y (in the notation of MM) to equal ( g Ag ) and then derive their
statistics S and T" as they describe, noting that S as defined in MM is, up to rotation,
equal to g as defined here. MM calculate their weights using the 2 x 2 and k& x k
symmetric positive definite matrices Q* and ®* solving min ||¥ — Q ® || (see MM
for the weights). Thus, since we estimate different covariance matrices for each of the
11 countries in the Yogo data, the MM tests use different weight functions for each
country. For each pair (Q*,®*) MM consider two different weight functions, which
they label MM1 and MM2 respectively. Each of these weight functions features a
tuning parameter (which MM call ¢ and ¢ for the MM1 and MM2 weights, respec-
tively). Following the choice made by MM in their simulations we set ¢ = ¢ = 1 for
the simulations reported in the paper.

MM consider several different tests based on their weights. They find in simula-
tion that weighted average power optimal conditionally similar tests can have some
undesirable power properties in non-homoskedastic linear IV models, in particular ex-
hibiting substantial bias. To remedy this they impose further restrictions on the class
of tests, considering first locally unbiased (LU) tests, which satisfy %Eﬁo,u [¢] = 0 for
all € M. They then consider the class of strongly unbiased (SU) tests which satisfy
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the condition Ejp, , [¢g] = 0 for all u € M, and which they show are a subset of the LU
tests. They find that weighted average power optimal tests within this class (based
on the MM1 and MM2 weights) have good power in their simulations, and it is these
tests which we consider here.

As noted in the main text, the class of CLC tests is a subset of the SU tests. To
see this, note that (for fixed D) S and K are both invariant to switching the sign of
g. Since g ~ N (0, I;) conditional on D = d under = [y, we can see that for any

conditional linear combination test ¢a( D),
Egy [¢a(D)g|D = d] = Epyp [—¢Q(D)g|D = d] =0

and thus that all CLC tests satisfy Eg, [gba(p)g} = 0 and are SU tests. Since the
MM1-SU and MM2-SU tests are weighted average power optimal in the class of SU
tests, it follows that their weighted average power must be at least as high as that of
any CLC test (for their respective weights).

The MM-SU tests are not available in closed form. However, as discussed in
the supplementary appendix to MM, approximating these tests numerically is fairly
straightforward. We implement the MM-SU tests using the linear programing ap-
proach discussed by MM, using 5,000 draws for S (J = 5,000 in MM’s notation).
Evaluating the MM-SU tests also involves an integral over a function of 3, which we
likewise approximate via Monte-carlo (based on 1,000 draws). One issue we encoun-
tered at this stage is that some of the matrices used in the construction of the MM
weights are near-degenerate, leading to negative eigenvalues when evaluated numer-
ically. The issue appears to be purely numerical, but despite extensive exploration,
as well as consultation with Marcelo Moreira, we have not succeeded in fully elim-
inating this issue. It seems unlikely to have a substantial impact on the simulated
performance of the MM procedures, but it is possible it could have some effect.

To complement the power simulation results in the main text (which consider the
power of the MM-SU and CLC tests at parameter values estimated from the data
used by Yogo (2004)), Tables 3 and 4 report the weighted average power of the CLC
and MM-SU tests under the MM1 and MM2 weights, respectively (the CLC tests
considered here are the same as in Section 6.2), based on the covariance matrices X
estimated from the data. Table 3 shows that the MM1-SU test has power substantially
greater that the PI, QCLR, S and K tests under the MM1 weights, as expected.
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[ MM1-SU| PI | QCLR| AR | K |

Australia 16.10% | 14.33% | 14.58% | 10.40% | 14.37%
Canada 17.02% | 16.50% | 16.78% | 12.49% | 16.18%
France 16.08% | 15.63% | 15.11% | 12.31% | 15.43%

Germany 19.42% | 18.57% | 17.98% | 16.90% | 16.84%

Italy 15.80% | 14.37% | 13.98% | 10.29% | 14.38%
Japan 15.54% | 13.91% | 13.89% | 11.07% | 13.72%
Netherlands 18.25% | 17.23% | 17.12% | 14.69% | 16.39%
Sweden 17.33% | 16.46% | 15.90% | 11.06% | 16.52%
Switzerland 15.10% | 14.48% | 14.55% | 11.76% | 14.09%
United Kingdom | 15.95% | 13.55% | 13.26% | 9.13% | 13.73%
United States 16.41% | 15.47% | 14.53% | 11.26% | 15.47%

Table 3: Weighted average power of tests under MM1 weights of Moreira and Mor-
eira (2013), with covariance ¥ calibrated to data from Yogo (2004). Based on 5,000
simulations.

Likewise, Table 4 shows that the MM2-SU test has power greater that the PI, QCLR,
S and K tests under the MM2 weights, up to simulation error (the power of the
MM2-SU test appears lower than that of the PI and QCLR tests in the calibration to

German data, but the difference is statistically insignificant even at the 10% level).

Appendix D.5: Implementation of PI Test

To implement the PI test, we need to calculate the MMRU test

¢MMRU(,1D,,,) =1 {(1 - aMMRU(gD,,,)) K, + aMMRU(,)D,,,)ST 2 Ca (aMMRU(;}DJ,))}

so the critical task is evaluating Urpairo( As discussed in Section 5 above,

ins)
UrrRU () solves a minimization problem Wﬁich depends on fip; and on 3.

We approximate aysp gy by considering grids of values in a and 3. We first simulate
the critical values ¢, (a) for linear combination tests based on K +a - J for a € A =
{0,0.01, ..., 1}, which are simply the 1 — « quantiles of Xz% +a- Xi_p distributions, and
store these values for later use. To speed up power simulations, for each a € A and

(77, Tk ) values in a grid we calculate

Pr{x; (7ic) + 0 x; (72) > cala)
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[ MM2-SU| PI | QCLR| AR | K |

Australia 37.93% | 35.70% | 35.33% | 31.33% | 32.73%
Canada 17.87% | 17.22% | 16.20% | 15.56% | 15.04%
France 15.93% | 14.63% | 14.39% | 12.98% | 13.35%

Germany 8.59% 8.77% | 8.83% | 8.01% | 8.24%

Italy 36.35% | 34.43% | 33.89% | 30.24% | 30.75%
Japan 20.94% | 17.97% | 18.25% | 15.83% | 16.12%
Netherlands 12.57% | 12.19% | 12.25% | 11.52% | 10.95%
Sweden 34.23% | 32.91% | 33.36% | 29.87% | 28.89%
Switzerland 18.99% | 16.78% | 16.45% | 14.94% | 15.21%
United Kingdom | 35.59% | 31.20% | 30.49% | 27.38% | 28.35%
United States 38.21% | 36.82% | 36.51% | 32.36% | 32.84%

Table 4: Weighted average power of tests under MM2 weights of Moreira and Mor-
eira (2013), with covariance ¥ calibrated to data from Yogo (2004). Based on 5,000
simulations.

based on 10° simulations and store the results as well.
We next consider a grid B of 41 values for the alternative ;. For each value f,

we solve for

fiyp, = (f - i@g,i (Br — ﬁo))il fipp

which gives us the value p for which D would have mean fip; under alternative fj,.
Note that the mean m of g under fj, is then my; = fion (B — Bo). We take draws
l=1,..,L = 10,000 from

Dy, ~ N (ﬂD,ba i31:),1‘)

and for each (h, ) pair we calculate Ty = mgthDbylmbﬁ and Typp; = mgthDbylmbﬁ.
We could estimate the power of the linear combination test with weight a against

alternative (3, by

E [PalB = Br] = ll;ZPT {X; (TKppt) +a- Xlz, (Trpn) > Ca(a)} .

Instead, to reduce the amount of required computation we note that for (b, h) fixed,
TR bl T Tabhl = My M, and thus for fixed (b, k) the power of the linear combination
test with weight a can be written as a function of 7k 5 alone. Using this observation,
we group the ten smallest values of 7x 5 5, the next ten smallest, etc. and assign each

cell the (1x,7;) values given the by average of its endpoints. This gives us pairs
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(Tk.q:Tsq) for g € {1,...,1000}, and we estimate

1

E 0.8 = By] = 1000

Z Pr {XZ (Tk,q) +a- XIQJ (T1q) > ca(a)}

where by using (Tk 4, 7s4) We need only calculate power 1000 times rather than 10000.
To further speed computation, we approximate Pr {X,% (Tk,q) +a- Xz (Trq) > ca(a)}
by interpolating using our stored values for Pr {XI% (Tx) +a-x2(15) > ca(a)} .

For each a € A we estimate the maximum regret by

sup (1max £ [0al = ] — (615 = i)
BLEB acA

and pick ayaro (ftpp) as the largest value a € A which comes within 1075 of minimiz-
ing this quantity- we do this instead of taking ayry gy (fipp) to be the true minimizing

value in order to slightly reduce simulation noise in ayaru (fpp) -

Appendix E:

E.1 Simulation: Inference on the New Keynesian
Phillips Curve

To illustrate the application of PI tests to a nonlinear example, we study the perfor-
mance of robust minimum distance inference on new Keynesian Phillips curve (NKPC)
parameters. There is considerable evidence that some NKPC parameters are weakly
identified: Mavroeidis et al. (2014) review the empirical literature on the role of ex-
pectations in the NKPC and find that parameter estimates are extremely sensitive to
model specification and, conditional on correct specification, suffer from weak identifi-
cation. To address these weak identification issues Magnusson and Mavroeidis (2010)
(henceforth MM) propose identification-robust S and K statistics for testing hypothe-
ses on NKPC parameters using a minimum distance approach. These statistics will
form the basis for our analysis.
MM study a simple new Keynesian Phillips curve model
(1—v)? 1

T = Ty + Elr 7| +
t V(1+p)t 1+p [Te41| Ze]

p
1+ ¢ 24
om e (24
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where m; is inflation, z; is a measure of marginal costs, E[-|Z;] denotes an expec-
tation conditional on information available at time ¢, ¢; is an exogenous shock with
E[e111|Z) = 0, and the parameters v and p denote the degree of price stickiness and
price indexation, respectively. Following Sbordone (2005), MM further assume that
(7, x¢) follows a nth order vector auto-regressive (VAR) process, which can be written
in companion form as

2z = A(Q)zi—1 + €&

where z; = (74, T4y ooy Tp—nt1, Te—nt1) 18 @ 2n X 1 vector, A (p) is a 2n x 2n matrix,
@ is the vector of 4n unknown VAR parameters, and ¢, are VAR innovations with
Eleq1|Zy) = 0. For e, and e, unit vectors such that e/ z, = m, e,z = z; and

0 = (v, p), define the 2n-dimensional distance function f(p,0) as

p 1 p 1—v)° p

o0y = A {1 At e - Grel - e

MM show that the NKPC model (24) implies that the true parameter values ¢ and

0 satisfy f(¢,0) = 0, and propose testing Hy : § = 6y using an identification-robust
minimum distance approach.

To model weak identification in this context, suppose the data is generated by

a sequence of models with drifting true VAR coefficients o7 = ¢ + %CW +o (%)

We assume that the usual OLS estimates for the VAR coefficients are consistent and

asymptotically normal
VT (@ — er) —=a N (0, Yp)

where we have a consistent estimator f)w for ¥,,. The A-method (Theorem 3.1 in
Van der Vaart (2000)) then yields that

0 0

VT (£(2.0) — f(or,0) =4 N (o, 10 ey) |

To model weak identification in this context MM assume that 2 f(¢r,0) = %C’
for a fixed matrix C, with the result that v/T % f(er,0) is constant across T'. This
leads to the usual issues associated with weak identification, including nonstandard
limiting distributions for non-robust test statistics. Here, we will take a more flexible
approach and assume only that % f(er, 0) drifts towards some, potentially reduced-

rank, matrix as the sample size grows.
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To apply our robust testing approach in this context, define

A 0
Qpp = 0y

A~ & a A~ /
f(% 00)2@@@f<w7 60)

which is a consistent, A-method-based estimator for Q¢ = limyp_,oo T-Var (f(p, 0)’) .
We can then define
A1
g7 (0) = VTQ, 7 f(,0)

~_1 0 R
Agr (0) = fo2 @f(% 0)Ar.

for Ar a sequence of full-rank normalizing matrices which may depend on the sequence
of true VAR parameters 7. Under sequences of true parameter values 61 such that
gr (6p) converges in distribution, corresponding to local alternatives for strongly iden-
tified parameters and fixed alternatives for weakly identified ones, arguments discussed

in section E.3 below yield the weak convergence

()= () () (L) e
Agr (0o) ‘ Ag i)\ Sy S .

where Ag is full rank almost surely, m € M (u,~y) for M (u,~) appropriately defined,
Y is consistently estimable, and details on all terms may be found below. Hence,
this model falls into the class considered in the paper. While Agr depends on the
(generally unknown) sequence of normalizing matrices Ar, provided we restrict at-
tention to postmultiplication-invariant CLC tests we can instead conduct tests based
on the feasible statistics (gr, Agr,¥) = h (gT,AgT,’Ay;A;l) . For 4 as defined below
the statistics S7 and Kp based on (g7, Agr,7) are equivalent to the M D — AR and
MD — K statistics discussed in MM.

E.2 Coverage Simulations

After assuming that (m, x;) follows a VAR(3), MM apply their approach to create
confidence sets for the parameter # based on quarterly US data from 1984 to 2008
and show that their robust minimum distance approach yields smaller confidence sets

than an identification-robust GMM approach. MM suggested using S and JK tests
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| [ PL | K ]| S [ K |
[ Size [ 9.34% [ 10.52% [ 12.28% | 8.74% |

Table 5: Size of nominal 5% tests in NKPC simulation example based on 10,000
simulations. PI is plug-in test, while JK, S, and K are MD-KJ, MD-AR, and MD-K
tests of Magnusson and Mavroeidis (2010), respectively.

bs, =1 {ST > Xél,a} and

®JK, = max {1 {KT > X%,l—a;(} , 1 {JT > X?l,l—ou}} ,

where ag = 0.8 and ay = 0.2 - . They use the JK test rather than the K test ¢g,.
to address spurious power declines for the K test. We take these tests, together with
the K test ¢k, as the benchmarks against which we compare the performance of the

PI test. In particular, we consider the plug-in test

¢opr, = 1{(1 —ap; (Dr,7)) - Kr + apr (Dr,7) - Sr > calapr(Dr, 7))}

where as before

apr(D,7) = arg min sup  (By, — Emjipy [@al)
a€[0,1] me Mp (ip,y)
and for simplicity we take fip = D.

To compare the performance of the PI test to the tests discussed by MM, we cali-
brate a simulation example based on the empirical application of MM. In particular,
we estimate structural and reduced-form parameters using the data studied by MM
and generate samples of 100 observations based on these estimates together with the
assumption of Gaussian errors €; (see below for details).!® We calculate the true size
of nominal 5% tests, based on 10,000 simulations, and report the results in Table 5.
We find that all the tests over-reject, which is unsurprising given the non-linearity of
the model together with the small sample size, but that only the JK and S tests has
true size exceeding 10%.

Next, we simulate false coverage probabilities for confidence sets formed by invert-

ing these tests. In particular we calculate the rejection rates for PI, JK, S, and K

15We simulate samples of size 100 because MM use a dataset with 99 observations in their empirical
application.
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| [ PL [JK [ s | K |
PL[ * [30% ] 42% | 1.0%
JK | 64% [ * [ 20% | 6.0%
S [312% [266% | * ]30.0%
K [17.6% [ 17.6% [ 17.4% | *

Table 6: Maximal point-wise differences in false coverage probability of nominal 5%
tests in NKPC example. The entry in row i, column j lists the maximum extent to
which the rejection probability of test i falls short of the rejection probability of test
j. For example, the largest margin by which the simulated rejection probability of
the PI test fall short relative to the JK test is 3%. Based on 500 simulations. PI is
plug-in test, while JK, S, and K are MD-KJ, MD-AR, and MD-K tests of Magnusson
and Mavroeidis (2010), respectively.

tests of hypotheses Hy : 8 = 6, for 0y not equal to the true parameter value.!® Table
6 reports the maximal difference in point-wise false coverage probability across tests,
based on 500 simulations. For each test we report the largest margin by which the
rejection probability of that test falls short relative to that of the other tests consid-
ered over 6y € (0,1)*, which is the parameter space for the model.'” For example, the

second entry of the first row of Table 6 reports

sup  Ej[¢rxr.00 — OPir.60)
0oe(0,1)?
where ¢pr, 0, and ¢x,.0, denote the PI and JK tests of Hy : 8 = 0, respectively,
and § = (7, p) = (0.96,0.48) is the true parameter value in the simulations. As these
results make clear, the PI test outperforms the other tests studied and has the smallest
maximal rejection rate shortfall. The JK test also performs reasonably well, with a
much smaller maximal rejection rate shortfall than the S and K tests. Interpreting
these results is complicated by the fact that, while all the tests considered have correct
asymptotic size under weak identification, their finite sample size differs substantially.

To account for such size differences, Table 7 reports results analogous to those of Table

16We focus on calculating false coverage probabilities rather than power because there are many
reduced-form parameter values ¢ compatible with a given structural parameter value 6*, and the
power of tests of Hy : 8 = 6y against 6 will generally depend on ¢. Hence, to simulate the power
function we must either adopt some rule to pick ¢ based on 8* or calculate power on a 12-dimensional
space, whereas to calculate false coverage probabilities it suffices to consider a 2-dimensional space
of values 6.

1TFor computational reasons, our simulations use a discretized version of this parameter space- see
below.
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(P [ JK [ S | K |
PI| * | 16% | 2.0% | 82%
JK | 114% | * | 14% | 164%
S [42.0% | 332% | * | 46.0%
K | 204% | 21.6% | 21.8% | *

Table 7: Maximal point-wise differences in false coverage probability of size cor-
rected 5% tests in NKPC example. The entry in row i, column j lists the maximum
extent to which the rejection probability of test i falls short of the rejection probability
of test j. For example, the largest margin by which the simulated rejection probability
of the PI test fall short relative to the JK test is 1.6%. Based on 500 simulations. PI is
plug-in test, while JK, S, and K are MD-KJ, MD-AR, and MD-K tests of Magnusson
and Mavroeidis (2010), respectively.

| (P UK [ S | K|
Expected Area: feasible confidence sets | 0.084 | 0.0873 | 0.110 | 0.094
Expected Area: corrected confidence sets | 0.131 | 0.141 | 0.169 | 0.138

Table 8: Expected area of 95% confidence sets formed by inverting tests in NKPC
example, based on 500 simulations. PI is plug-in test, while JK, S, and K are MD-KJ,
MD-AR, and MD-K tests of Magnusson and Mavroeidis (2010), respectively.

6 based on (infeasible) size-corrected versions of all four tests. As in Table 6, we can
see that the PI test offers the best performance, followed by the JK test.!8

After simulating false coverage probabilities, it is easy to calculate the expected
area of confidence sets obtained by inverting the PI, JK, S, and K tests. The expected
area for confidence sets formed by inverting both the feasible and size-corrected tests
is reported in Table 8. As we can see, using size-corrected tests increases the area of
all confidence sets. In each case the PI test produces confidence sets with the smallest
expected area, while the S test yields confidence sets with the largest expected area.
The feasible JK test yields smaller confidence sets than the feasible K test, but size

18T size-correct the S and K tests, we simply take their critical values to be the 95th percentiles
of their respective distributions for testing Hy : # = 0. To size-correct the PI test we consider

¢pr, = 1{(1 —apr (Dr,7)) - Kr + apr (Dr,7) - St — calapr(Dr, 7)) > c*}

where ¢* is chosen to give correct size when testing Hy : 6 = 0. Likewise, the size-corrected JK test
is

¢3KT =1 {max {KT - ngl_aK’ Jr — Xil_aJ} > C*}
for ¢* chosen to ensure correct size for testing Hy : @ = 0. Note that if we instead take ¢* = 0, these
coincide with the non-size-corrected PI and JK tests.
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correction reveals that this is due in part to finite-sample size distortions for the
JK test: when we invert size-corrected tests, we find that JK confidence sets have
higher expected area than K confidence sets. A further advantage of the Pl-test-
based confidence sets is that, like K-test-based confidence sets, they are non-empty in
all 500 simulations, whereas confidence sets formed by inverting the JK and S tests
are empty in 3.2% and 4.8% of simulations, respectively.!® These results confirm that

the PI test outperforms the other tests considered.

E.3 Details of NKPC Example

Define the infeasible estimator ) by

Bl f(<P790> Y f(‘f’ )
a‘?pvec(ag, (2,00 AT/\/_>Z

s f(2,60)% Wai,vec (& f (%90)AT/\/_) )
Bi/'liec(ag/ (SO,GO)AT/\/_) Sé,w(wfzjec((,)a, (@’GO)AT/\/_)

and note that given our assumptions this will be consistent for

5.0)

0= hm Var <\/_f(<,0,90) vec (a{;f(@,@o)AT> ) :

To derive the weak convergence (25), as well as the form of the matrices Ay, note
that since we have assumed @7 — ¢ and VT (¢ — @r) =4 N (0,%,,), the A-method
(Theorem 3.1 in Van der Vaart (2000)) yields that

VI (rp0t0) = Jrlor, ) = ¥ (0. 7 £ 01, .80

\/T vec (39/]0(@7 to) — aglf(QOTa 90)) —d
oz (vee (51 (2:00))) Bty (vee (552, 00)) ) -

Note that there is no guarantee that confidence sets formed by inverting the PI test will be
non-empty.

74



We can see that the assumed convergence of gr (6y) = V/T' Q;g% f(&,00) thus holds only
if VT f(r,0y) converges. To obtain convergence in distribution for Agy (6y) , we will
need to choose an appropriate sequence of normalizing matrices Ar, which may in
turn depend on the sequence of true VAR parameters ¢p. To examine this issue in
more detail, in the next subsection we briefly discuss two ways in which identification
could fail in this model, one resulting in weak identification for v and the other in

weak identification for p.

E.3.1 Possible Sources of Weak Identification

Since we have assumed that (7, z;) follow a VAR(3), we have that ¢ is 12-dimensional

and can take

P11 P12 P13 P14 P15 P16
P21 P22 Y23 P24 P25 P26

1 0 0 0 0 0
A —

2 O 1 0 0 0 0

0 0 1 0 0 0

0 0 0 1 0 0

Note that e, = (1,0,0,0,0,0) and e, = (0,1,0,0,0,0)".
Fix a true parameter value 6. Identification of v fails if p9; = 0 for all i € {1, ...,6}.
In this case we have that A(y)'e, = 0, with the consequence that v does not enter
the distance function f (¢,0) and 2 f (¢,0) = 0. To model v as weakly identified,
fix grir = @1 for i € {1,...,6} at values such that f(¢r,0) = 0 when ¢y = 0
for i € {1,...,6}. We can take sequences of true VAR parameter values ¢r such that
Pu,r = ﬁclﬁ—o (ﬁ),@zw = ﬁcujto (%) and f (pr,0) = 0 VT, which will imply
VT 0
0 1
we will have that the first column of % f(p,0)Ar converges in distribution to a non-
degenerate random vector. Provided the values ¢y, 7 are such that a% f(er,0) = C,

that \/Ta%f (pr,0) — C, for a 6 x 1 vector C,. Thus, if we take Ay =

A1
for a non-zero vector C,,, then €y’ %f(@, 0)Ar —4 Ag for a matrix Ag which is full
rank almost surely, as we assumed.

The parameter p may also be weakly identified. In particular, note that

0 / 1 / (1—v)2
%f(@’ b) = Al {[(1+p)2A (%) } er + V(1+p)26“"3} R

1
p
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so if
(1-v)
v

(T-Ap) A(p) ) ex = Ap) a

then 8% f(p,0) = 0 for all values of p, so p is unidentified. In the same manner as
above, for any pair (¢, ) satisfying this restriction we can take v fixed and construct
a sequence @p converging to ¢ at a /T rate such that Qgg%%f(gb, 0)Ar —4 Ag for
1 0
VT

Ag full rank almost-surely with Ar =

E.3.2 Derivation of the Limit Problem

To derive the form of the limit problem (25) we need to understand the behavior of
gr and Agr under alternatives. Note that for alternative #r and true reduced-form

parameter value @r, we have that since f(¢r,0r) =0,

fler,00) = f(or,60) — flpr, 0r).
Define

m(er, 0r) = flor,0) — fler, 0r) =
' 1 1 ! (1—vp)? (1-wp)?
A (QDT) {(1+PT - 1+Po) A (SDT) Cr + (VT(H'TPT) o V0(1+0P0)) 636} + (1fﬁ;T - 1-7-(;)0) Er

and note that the assumed convergence for gy implies that /71" m(er, Or) converges
to m. To determine the form of the set M (u), which characterizes the behavior of m

under various alternatives, note that

0 1 1-12 / / (1—1p)*
o0 (¢r,00) = [ Aler) (v§(1+po)) ¢z Aler) {[(1;}0)214 (¢7) } Er + V0<1+20>2€w} N (14;0)267r
and hence .
1— 12 10
A (T 9 _
e~ () o/ or®)]
By (60) | -2 (r60)
W)\ 5gr ¥T,bo 1
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for hy (0y) = ( 1—vg >_1, and

v (1+po)

A(por) Aler) ex = (1+ po)° lai,f(w, 90)] - MA (o7) €x 4 ex =

2 Yo

0

1) [ . 0)] .

— h(60)ha (65) [89,

f(er, 90)1 + e,

2 1

for hy (6y) = (1 +p0)2 and hg (6y) = % For m (ypr,0r) as defined above, this
implies that

m (¢, 07) =
(1+1PT - 1+p02 (h2(90) {69/ vr, 0 } —hs 90) ( ) [
(V(Tl(ll-/&-T,!J)T) N Vol 1:-0P0 ) I 90 {5}98 QOT’ 90 } ( - 1-7-0P0) br =

a0 f (o1, 90)}1 + €7r) +

a
+pr
h4(0079T [89, 90T790 +h5 9079T Lf,i (QDT7QO)}

for

ha (6o, Or) = —< L1 >h3<90)h1(90) + ( 0—vr) (- ”0>2>) b (60)

L+pr 14po vr (L+pr)  vo(1+ po

and
1 1

L+pr 14 po

hs (8o, 07) = ( ) ha(6).

Thus, knowledge of -2 297/ (o1, 00) suffices to let us calculate m(¢r,6) for any alter-
native # in the sample of size T. Consequently, in each sample size T', an estimate of
pr = 52 f(or, 60) Az implies a corresponding set My (ur) = {\/Tm(ng, 0):0¢ @}.
For a given convergent sequence @, we can then define M in the limit problem as
M(p) = limp (Mp(p) N C) for any compact set C: the restriction to the set C' ensures
convergence, and has the effect of restricting attention to a particular neighborhood of
fixed alternatives for weakly identified parameters and local alternatives for strongly
identified parameters. Note that in any given sample size we need not know Ar to
calculate M (ur) once given an estimate of -2 89, fler,60), so if we just treat -J; f(,6o)
as a Gaussian random matrix with mean ﬁ f(er,6y) and proceed accordingly, this
will (asymptotically) correspond to using the correct M (u) under all sequences yield-
ing limit problems in this class. Indeed, this is the approach we adopt to calculate

plug-in tests in our simulations.
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E.3.3 NKPC Simulation Details

The assumption that (7, x;) follows a 3rd order VAR means that, once we make a
distributional assumption on the driving shocks ¢, we can simulate data from the
NKPC model discussed above for any combination of parameters (g, #) such that
f(p,0) =0. For ¢ the VAR coeflicients estimated from the data used by MM with
estimated variance matrix EAJW, we find the coefficients (gb, 5) solving
~ 9~ _ . A 1271 A .
(2,0) = arg Loin, (B9 S0 (8- ¢)
This yields the pair of reduced form and structural coefficients consistent with the
NKPC model which, in a covariance-weighted sense, are as close as possible to the

estimated VAR coefficient . Using the residuals ¢ from calculating the VAR coeffi-

cients ¢, we estimate the covariance matrix of the driving shocks by

‘/}6:

N =

G— = | l&—=)> &/ .
t=1 T s=1 T s=1

Taking ¢; to be normally distributed, to conduct our simulations we then generate
samples of 100 observations from the the model with true parameter values (@,5)
and true covariance matrix Vﬁ for €.

For computational purposes, when calculating PI tests and simulating coverage
probabilities we discretize the parameter space, considering grids of values in both v
and p. For both parameters we consider grids ranging from 0.005 to 0.995, with grid
points spaced 0.03 apart.
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