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Abstract

This paper makes two contributions. First, we provide a review of the sim-
ilarities and difference between Generalized Method of Moments and Indirect
Inference, focusing particularly on issues of moment selection, identification fail-
ure and model misspecification. Secondly, we provide new results on the limiting
behaviour of GMM and II estimators when first order identification fails but the
parameters are second order identified.



1 Introduction

Lars Hansen was awarded the Sveriges Riksbank Prize in Economic Sciences in
Memory of Alfred Nobel for 2013 jointly with Eugene Fama and Robert Shiller
for their “empirical analyses of asset prices”.! While recognizing Hansen’s many
contributions to this field, the award is primarily in recognition of his introduc-
tion of the Generalized Method of Moments (GMM) framework for inference.
As noted in the “Scientific Background” to the announcement of the award,
Hansen’s 1982 article in Econometrica that introduced the method as “one of
the most influential papers in econometrics”.? One aspect of this influence is
that applications of GMM have demonstrated the power of thinking in terms of
moment conditions in econometric estimation. This, in turn, can be said to have
inspired the development of other moment-based approaches in econometrics, a
leading example of which is Indirect Inference (II).

GMM can be applied in wide variety of situations including those where the
distribution of the data is unknown and those where it is known but the likeli-
hood is intractable. In the latter scenario, it was realized in the late 1980’s and
early 1990’s that simulation-based methods provide an alternative - and often
more efficient way - to estimate the model parameters than GMM. A number
of methods were proposed: Method of Simulated Moments (McFadden, 1989),
Simulated Method of Moments (SMM, Duffie and Singleton, 1993), Indirect In-
ference (II, Gourieroux, Monfort, and Renault, 1993, Smith, 1990, 1993) and
Efficient Method of Moments (EMM, Gallant and Tauchen, 1996). While SMM
and EMM have their distinctive elements, both can be viewed as examples of
IT as they have the “indirect” feature of estimating parameters of the model of
interest by matching moments from a different - and often misspecified - model.

Given the recent award of the Nobel prize to Hansen, it seems timely to ex-
plore the connections between GMM and II, highlighting both similarities and
some key differences. As will be discussed, both methods can be viewed as “min-
imum chi-squared” methods and hence share the same linear algebraic structure
of their first order analyses, although the regularity conditions underlying each
are different in important ways. Since both methods involve moment-based es-
timation, it is natural to expect that issues relevant to GMM estimation are
also relevant to II. In this paper, we investigate the extent to which is the case
focusing on three particular topics that have received attention within the GMM
framework: moment selection, identification failure and inference in misspecified
models.

From this discussion, it emerges that concerns have been raised about the
consequences of identification failure in certain applications of both GMM and
II. However, while this topic has received considerable attention in the context
of GMM, there is very little guidance available for models estimated via II. In

1See http:/ /www.nobelprize.org/nobel prizes/economic-sciences/laureates/2013/press.html.

2See The Royal Swedish Academy of Sciences (2013b), p.24.

3Smith (1993) refers to the method as “simulated quasi-maximum likelihood” and his
analysis covers a more restrictive setting than that of Gourieroux, Monfort, and Renault
(1993).



this paper, we consider the case where first order local identification fails but
the second order local identification holds. Sargan (1983) demonstrates how this
situation can arise in models that are nonlinear in parameters. More recently,
Madsen (2009) and Dovonon and Renault (2009, 2013) show this scenario can
arise in panel data models and factor models respectively. Although this sit-
uation has been recognized to arise in models of interest, there are no general
results available on the limiting distribution of either GMM or II estimators in
this case. In this paper, we fill this gap in the literature. We present the limiting
distribution of both the GMM estimator under second order identification and
also the II estimator in cases where the auxiliary model is second order identi-
fied. These limit distributions are shown to be non-standard, but we show that
they can be easily simulated, making it possible to perform inference about the
parameters in this setting.

An outline of the paper is as follows. Section 2 compares and contrasts the
GMM and IT methods. Section 3 reviews the similarities and differences in the
way the issues of moment selection, identification failure and inference in mis-
specified models have been approached in the GMM and II frameworks. Section
4 considers the behaviour of GMM and IT under second order identification, and
Section 5 concludes.

2 First order asymptotics of GMM and II: sim-
ilarities and differences

In this section, we explore the similarities and the differences of the basic GMM
and II inference frameworks based on first order asymptotics. As will be seen,
the similarities stem from both being essentially “minimum chi-squared” meth-
ods. Therefore, we begin by defining the GMM and II estimators, and then
present the minimum chi-squared framework. To this end, we introduce the
following notation. In each case the model involves random vector X which
is assumed strictly stationary with distribution P(6y) that is indexed by a pa-
rameter vector 6y € © C RP. For some of the discussion only a subset of the
parameters may be of primary interest, and so we write § = (¢’,v¢’)" where
¢ € & C RP¢ and v € ¥ C RP¥. Throughout, Wr denotes a positive semi-
definite matrix with the dimension defined implicitly by the context.

GMM:

GMM is a partial information method in the sense that its implementation does
not require knowledge of P(-) but only a population moment condition implied
by this underlying distribution. In view of this, we suppose that ¢q is of primary
interest and the model implies:*

4If py = 0 then ¢ = 6 and our presentation covers the case when the entire parameter
vector is being estimated.




where g(-) is a ¢ x 1 vector of continuous functions. The GMM estimator of ¢
based on (1) is defined as:

baun = argminges QEMM (¢) (2)
where
T T
QFMM(¢) = T glae, &) WrT™1 Y glar, ¢) (3)
t=1 t=1

{x;}I_ | represents the sample observations on X.

As evident from the above, GMM estimation is based on the information
that the population moment E[g(X, ¢)] is zero when evaluated at ¢ = ¢o. The
form of this moment condition depends on the application: in economic models
that fit within the framework of discrete dynamic programming models then
the moment condition often takes the form of Euler equation times a vector of
instruments;® in model estimated via quasi-maximum likelihood then the mo-
ment condition is the quasi-score.®

1I:

IT is essentially a full information method in the sense it provides a method
of estimation of 6y given knowledge of P(-). Within II, there are two mod-
els: the “simulator” which represents the model of interest - X ~ P(6) in our
notation - and an “auxiliary model” that is introduced solely as the basis for
estimation of the parameters of the simulator. Although 6j is unknown, data
can be simulated from the simulator for any given 6. To implement II, this
simulation needs to be performed a number of times, s say, and we denote these
simulated series by {xtl)(ﬁ) T fori=1,2,...s. The auxiliary model is esti-
mated from the data; let hpr = h ({xt}thl) be some feature of this model, and
B 0) = b ({0 (@)})). Assume dim(hr) = € > p. The II estimator of 6y

is:” A
Orr = argminQl(0) (4)

where
é%wwm—éi#Wﬂwﬂw—éi#Wﬂ. (5)

To characterize the population analog of the information being exploited
here, we assume that hp KR h, for some constant h.. Noting that there exists a

5For example, the consumption based asset pricing model in the seminal article by Hansen
and Singleton (1982).

6For example, see Hamilton (1994)[p.428-9].

"We note that II as defined in (4)-(5) is one version of the estimator. An alternative ver-
sion involves simulating a single series of length ST'. For scenarios involving optimization in
the auxiliary model, this second approach has the advantage of requiring only one optimiza-
tion. The first order asymptotic properties of the II estimator are the same either way; see
Gourieroux, Monfort, and Renault (1993).



mapping from 6y to h(-) through z:(6y), we can write h. = b(6y) for some b( - ),
known as the binding function. Then, as Gourieroux, Monfort, and Renault
(1993) observe, II exploits the information that k(h.,0) = h. — b(fy) = 0 -
in essence that, at the true parameter value, the simulator encompasses the
auxiliary model.

The choice of h(-) varies, in practice, and depends on the setting. Examples
include: raw data moments, such as the first two moments of macroeconomic or
asset series, e.g. see Heaton (1995); the estimator or score vector from an aux-
iliary model that is in some way closely related to the simulator,® e.g. Gallant
and Tauchen (1996), Garcia, Renault, and Veredas (2011); estimated moments
from the auxiliary model, such as impulse response functions in DSGE models,
e.g. see Christiano, Eichenbaum, and Evans (2005).

Minimum chi-squared:

As is apparent from the above definitions, both GMM and II estimation involve
minimizing a quadratic form in the sample analogs to the population informa-
tion about §y on which they are based namely, E[g(X, ¢o)] = 0 for GMM and
k(h«,00) =0 for II. As such they can both be viewed as fitting within the class
of minimum chi-squared. This common structure explains many of the parallels
in their first order asymptotic structure as we now demonstrate.

Minimum chi-squared estimation is first introduced by Neyman and Pearson
(1928) in the context of a specific model, but their insight is applied in more
general models by Neyman (1949), Barankin and Gurland (1951) and Ferguson
(1958). Suppose again that ¢ is of primary interest, recalling that py, = 0
implies ¢ = 6, and let M7 (¢) be a n x 1 vector, where n > pg, satisfying

Assumption 1. mr(¢g) LA N(0, Vi), where Vi, a positive definite matriz of
finite constants.

As a result, mr (o) Vi iy (do) > X7, and this structure explains the des-
ignation of the following estimator as a minimum chi-squared:

argmingece mr(¢)' Vi, ' (4) (6)

5D
where V,,, = V..
However, for our purposes here, it is convenient to begin with the more
general definition of minimum chi-squared estimator:?

prc = argminges Qr () (7)

where
Qr(¢) = mr(d) Wrmr(¢) (8)
where mr (o) = T~ 2mr ().

8For the first order asymptotic equivalence of these two approaches, see Gourieroux, Mon-
fort, and Renault (1993).
9See Ferguson (1958).



To consider the first order asymptotic properties of minimum chi-squared
estimators, we introduce a number of high level assumptions.

Assumption 2. (i) Wy 2 W, a positive definite matriz of constants; (ii)
Qr(¢) = Q(9) = m(¢) Wm(e) uniformly in ¢; (iii) Q(bo) < Q($) V¢ # o,
¢ ed.

Assumption 2(iii) serves as an identification condition. These conditions are
sufficient to establish consistency; for example see Newey and McFadden (1994).

Proposition 1. If Assumption 2 holds then QBMC 2, .

The first order conditions of the minimization in (8) are:

Mr(ae) Wrme (dume) = 0 9)

where Mrp(¢) = Imr(p)/0¢’, a matrix commonly referred to as the Jaco-
bian in this context. These conditions are the source for the standard first
order asymptotic distribution theory of the estimator, but the latter requires
the Jacobian to satisfy certain restrictions. To present these conditions, define

Ne ={¢; [[¢ — doll <€}

Assumption 3. (i) My (¢) 5 M(¢) uniformly in N.; (ii) M(¢) is continuous
on Ne; (i) M(¢po) is rank pg.

Assumption 3(iii) is the condition for first order local identification. It is
sufficient but not necessary for local identification of 6y on N, but it is neces-

sary for the development of the standard first order asymptotic theory. Under
Assumptions 1-3, the Mean Value Theorem applied to (9) yields:

TY2(grrc — ¢o) =~ {M(do) WM (o)}~ M(¢o) Wiy (o)

where ~ denotes equality up to terms of 0,,(1), from which the first order asymp-
totic distribution follows.

Proposition 2. If Assumptions 2-3 hold then:

T2 (e — do) 2 N(0, V)
where
Vo = [M(¢o) WM (o))~ M (o) WV WM (¢ho) [M (b)) WM ()] "

As apparent, V; depends on W. The choice of W that minimizes Vy is
W = V1 which yields: Vy = {M(¢o)'V,;*M (o)} .1 This efficiency bound

can be achieved in practice by setting Wr =V~ I where Vm Lt Vn to produce
the version of the estimator in (6).

10This result can be established via linear algebraic arguments in Hansen (1982)[Theorem
3.2].



Other useful properties of the estimator also stem from the first order con-
ditions. Since Mr(¢) is n X pg, it follows that (9) involves calculating bric as
the value of ¢ that sets the p linear combinations of my(.) to zero. Thus the
estimator is, in effect, based on the information that

M(co) Wm(¢) = 0. (10)

Our starting point, Assumption 1, implies that m(¢g) = 0. However, m(¢g) = 0
and (10) are only equivalent if n = py (and Assumptions 2(i) and 3(iii) hold);
if n > pg then m(¢o) = 0 implies (10) but the reverse is not true. Therefore,
if n > py then the estimation affects a decomposition of the original informa-
tion, m(¢g) = 0 into two parts: the part used in estimation, which can be
characterized as'!

PV, *m(¢o) = 0, (11)
where P = N(N’N)"'N’ and N = W'/2M(¢y); and the part unused in esti-
mation,

(I = PV, *m(¢g) = 0. (12)

While unused in estimation, the restrictions in (12) form a basis for a model
diagnostic test for if m(¢g) = 0 then so too must (12). Such a test can be
conveniently constructed by noting that

T2V, 2 (dare) =~ (In — P)Vi ' *ig(¢o), (13)

which leads to test statistic

ér = mr(dac) Vo, e (due). (14)

Under Hg : m(¢g) =0, & KA th%, where Vi, 2 V..

Discussion:
Hansen (1982) provides general conditions under which the first order asymp-
totic framework above goes through for GMM with

T
mr(¢) =T gz, 9).
t=1
Gourieroux, Monfort, and Renault (1993) prove the same results for IT with
mr(0) = hr — =3 85 (0)
531 S

and also propose certain other model specifications tests. Following Sowell
(1996),'? the decomposition in (11)-(12) is referred to as being in terms of

1 This decomposition applies the results due to Sowell (1996) for GMM to minimum chi-
squared; see below for further discussion.

12Hansen (1982) characterized the overidentifying restrictions in nonlinear models, gener-
alizing Sargan’s (1958) linear model analysis and adopting his terminology; Sowell (1996)
characterizes the decomposition in the form presented here.



identifying and overidentifying restrictions respectively. In GMM, this decom-
position is of the population moment condition: E[g(X, ¢g)] = 0. Ghysels and
Guay (2004) extend Sowell’s (1996) analysis to II where the decomposition in-
volves k(h.,0p) = 0. As a result, the statistic in (14) is commonly referred to
as the overidentifying restrictions test in both GMM and II.

In spite of the similarities of the two methods, the asymptotic properties of
IT cannot be deduced directly from the corresponding GMM analysis because
the simulation-based implementation takes II outside the GMM framework in
two important ways. First, Hansen’s (1982) framework includes the restriction
that X is strictly stationary and ergodic but the simulated series in II, {xtl)(ﬁ)},
do not satisfy these conditions because the initial conditions are typically not
drawn from the stationary distribution rendering the simulated series locally
nonstationary. Second, Hansen (1982) establishes the uniform convergence of
the sample GMM minimand to its population analog (Assumption 2(ii) above)
using certain first moment continuity assumptions that are not satisfied in II
because the simulated process depends on the unknown parameters. This has
led to the development of alternative analyses for II estimators using geometric
ergodicity or near-epoch dependence on mixing processes, and Lipschitz condi-
tions, see Duffie and Singleton (1993) or Ghysels and Guay (2003, 2004).

3 GMM and II Inference

GMM has been widely applied in empirical econometric analysis and the di-
versity of these applications has helped to inspire the development of a broad
array of inference techniques based on GMM estimators. Since, by its nature,
II can only be applied in a more restrictive set of circumstances, the inference
framework for IT has been less well developed. However, since both methods
are moment-based and have a common underlying structure, it is natural to
expect that issues relevant to GMM estimation to be relevant to II as well. In
this section, we investigate the extent to which this is the case focusing on three
topics that have received particular attention within the GMM framework: mo-
ment selection, identification failure and inference in misspecified models. We
note that on each of these topics the literature on GMM is far larger than the
corresponding treatment for II. As a result, we concentrate on the parts of the
GMM literature that are most relevant to II. In view of this, each sub-section
below begins with a brief summary of the relevant GMM literature on each topic
followed by a discussion of the extent to which these methods are relevant to
and have been explored for II. A more complete review of the GMM literature
on these topics can be found in Hall (2015).

3.1 Moment selection

GMM:
GMM works for any choice of g(-) that satisfies the assumptions mentioned
above. While this flexibility can be seen as strength of the method, it leaves



open the question of which moments to employ for any given application. For
in most cases, there is a potentially infinite candidate set of moment conditions
upon which to base the estimation. In seeking answers, this question has been
split in two parts: What is the optimal choice out of a candidate set consisting
of only valid moment conditions? - Which moments are valid in a candidate
set consisting of potentially valid and invalid moment conditions? We consider
each in turn.

Consider first the case where the candidate set consists entirely of valid
moment conditions. In terms of first order asymptotic properties, the only
difference between estimators based on different moment conditions is in the
variance of the limiting distribution. Therefore, from this perspective, the op-
timal choice is the score function associated with the true distribution of the
data. However, Maximum Likelihood (ML) is infeasible in many economic mod-
els. As noted in the Introduction, this is most often because the distribution
of the data is unknown but sometimes this is because the distribution is known
but the likelihood function is intractable. In the latter cases, it can still be
possible to achieve the efficiency of ML via GMM. This will happen if the true
score function lies in the space spanned by the moment conditions; for example
see Singleton (2001).13

However, more often than not, the distribution is not part of the specifica-
tion. In many such situations, GMM is based on a moment condition derived
from the orthogonality of a function of the data and ¢q, u:(¢g), and a vector of
instruments z;, and so the only difference in possible moments is in the choice
of possible instruments. This scenario - often referred to as “generalized instru-
mental variables” (GIV) - has received a lot of attention within the GMM
literature but is less relevant to II. We, therefore, only provide a brief summary
here designed to provide an indication of the approaches taken rather than spe-
cific details. Hansen (1985) characterizes the optimal choice of instruments and
the associated efficiency bound.!> However, recalling the partial information
nature of GMM, this characterization may involve assumptions about aspects
of the data generation process that are not specified as part of the underly-
ing economic model. While non-parametric methods of calculating the optimal
instrument are available for i.i.d. data,'S their extension to time series is com-
plicated by the dependence of the optimal instrument on aspects of the dynamic
structure of the data that are often not part of the economic model. For this
reason and others, attention has focussed on instrument selection based on some
data-based criterion. Examples of such criterion include: the estimated second
order mean squared error of the estimators;'” Lasso techniques.'®

More relevant to exploring connections between GMM and II are methods

13 Also see discussion in Carrasco and Florens (2000).

1 See Hansen and Singleton (1982).

15 Also see Hayashi and Sims (1983), Hansen, Heaton, and Ogaki (1988), Heaton and Ogaki
(1991), Anatolyev (2003) and West, Wong, and Anatolyev (2009).

16See Newey (1990).

7For example see Donald and Newey (2000) and Carrasco (2012).

18See Belloni, Chen, Chernozhukov, and Hansen (2012).



that can handle more general functional forms of ¢g(-). Hall, Inoue, Jana, and
Shin (2007) propose a Relevant Moment Selection Criterion (RMSC) that is
designed to exclude any redundant moment conditions. As defined by Breusch,
Qian, Schmidt, and Wyhowski (1999), a sub-set of the moment conditions used
in the estimation are redundant if their inclusion/exclusion does not affect the
first order asymptotic properties of the GMM estimator. However, while there
may be no first order effects, the inclusion of redundant moment conditions can
lead to a deterioration of the accuracy of first order asymptotic to the finite
sample of GMM based inference techniques.'® Although RMSC is essentially
based on first order asymptotic arguments, Hall, Inoue, Jana, and Shin (2007)
report simulation evidence that its use to eliminate redundant moments from
the candidate set can yield an estimator with better finite sample properties
than the estimator based on all moment conditions in the entire candidate set.

We now consider methods for choosing which moments are valid. An-
drews (1999) considers both sequential testing and information criterion meth-
ods based on the overidentifying restrictions test. In this case, the objective is
to uncover the maximal number of valid moment conditions from the candidate
set, and Andrews (1999) delineates conditions under which this happens with
probability one.?? As pointed out by Hall and Peixe (2003), a weakness of this
criterion is that it leads to the inclusion of valid moments irrespective of whether
their inclusion is informative about 6y. Thus, the chosen moment condition set
may contain some moments that are redundant. Hall, Inoue, Jana, and Shin
(2007) show that the sequential use of Andrews’s (1999) Moment Selection Cri-
terion (MSC) and RMSC leads to the selected moments are both valid and
contain no redundancies with probability one. Liao (2013) proposes a Lasso
based method for selecting valid moment conditions. As with Andrews’s (1999)
MSC, this approach includes all valid moments irrespective of their information
content. Cheng and Liao (2013) propose a modification to the criterion to en-
sure the Lasso method does not include any redundant moments.

1I:

Although comparatively unusual in the GMM context, II involves, by its very
nature, scenarios in which the distribution of the data is specified. Therefore, it
is possible to choose the moments to achieve asymptotic efficiency. As pointed
out by Gallant and Tauchen (1996), it is natural in this context to make the
auxiliary model a QML that is chosen to be as close as possible to the true (in-
tractable) likelihood. The ideal situation is if the simulator model is smoothly
embedded within the auxiliary model that is, when the joint probability density
functions of the simulator evaluated at 6y equals that under the auxiliary model
evaluated at hg = b(fy), where we have replaced the x subscript A by 0 to em-
phasize that it represents the true value of the parameters in the auxiliary model
as that model is now a valid alternative representation of the data generation
process. In this case, II is as efficient as MLE as s — oco. Even if this ideal is not

19Gee Hall and Peixe (2003) and Hall, Inoue, Jana, and Shin (2007).
20See Andrews and Lu (2001) extend Andrews’s (1999) method to select parameters as well.



attainable, careful choice of the auxiliary model can yield II estimators that are
close to the asymptotic efficiency of MLE. For example, Garcia, Renault, and
Veredas (2011) consider II estimation of the parameters of stable distributions
using the skewed-t distribution as auxiliary model, and find II comes close to
achieving the Cramer-Rao lower bound for this model.

If a suitable choice of QML is not known a priori then Gallant and Tauchen
(1996) argue for using a flexible functional form that is known to be able to
approximate the true likelihood arbitrarily well as the sample size increases;
they refer to such a distribution as a “general purpose score generator”. In this
case, if () is allowed to expand so that it nests the score of the true distribu-
tion then the resulting II estimator is as efficient asymptotically as maximum
likelihood. To illustrate, suppose it is desired to estimate a stochastic volatility
model, the likelihood of which is intractable. Then Gallant and Tauchen (1996)
suggest setting h(-) equal to the score from a semi-nonparametric (SNP) den-
sity function whose lead term is the probability density function of a Gaussian
ARCH model.?! If the order of expansion inherent in the SNP increases with
the sample size then the resulting II estimator will be (almost) efficient.?? For
obvious reasons, Gallant and Tauchen (1996) termed this version of II: Efficient
Method of Moments. Expressing this notion in terms of the quasi-scores instead
of QMLE - as Gallant and Tauchen (1996) do - then the argument is essentially
the same as noted in the GMM context that is, asymptotic efficiency is achieved
if the moments in the quasi score span the true score function.

The foregoing discussion deals with the case where the auxiliary model is
a quasi-likelihood. Moment selection may also be an issue in other settings
too, and has received some attention in the context of DSGE estimation based
impulse response matching. In this setting, it is customary to use a relatively
large number of impulse responses. Using the direct analogy to the impact
of redundant moments in GMM, Hall, Inoue, Nason, and Rossi (2012) observe
that the inclusion of (multiple) redundant impulse responses can lead to a severe
deterioration in the quality of the first order asymptotic distribution theory as an
approximation to the finite sample behaviour of the resulting estimator. They
propose the Relevant Impulse Response Selection Criterion (RIRSC), modeled
on RMSC in GMM, and that can be used to screen the candidate set of impulse
responses to exclude those that provide no information. Hall, Inoue, Nason, and
Rossi (2012) demonstrate that its use can improve the the quality of the first
order asymptotic theory to the post-selection estimator.

The issue of selecting which moments are valid has also received attention.
At first sight, this might seem strange as the maintained assumption so far is
that the simulator is correct data generation process. However, Dridi, Guay,
and Renault (2007) argue that DSGE models are inherently misspecified as a
general representation of the economy. However, while we may not believe all of
it, there may be parts of the model that permit consistent estimation of certain
parameters that are of primary interest. So in this setting, if we partition the

21SNP densities are introduced in Gallant and Nychka (1987).
22The use of simulation introduces a multiplication factor of (1 4+ 1/s) in the large sample
variance, but this can be made arbitrarily close to 1 by making s large.
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parameter vector again into §' = (¢’,v'), where ¢ represent the parameters of
interest, v are “nuisance parameters”,?? then this setting is described by the
existence of a binding function by (-) such that,

k1(ha1, @0, ¥s) = hieq — bi(go, ¥«) (15)

where hq . is a subset of h.(-), ¢o represents the true value of the parameters
of interest and 1, is the pseudo-true value of the nuisance parameters. This
scenario is outside the original II framework, and so Dridi, Guay, and Renault
(2007) extend it by both defining partial II (PII) estimators to cover this sit-
uation and presenting their first order asymptotic theory. To implement PII
to obtain consistent estimators of the parameters of interest, it is necessary to
identify the valid relations. Dridi, Guay, and Renault (2007) propose a sequen-
tial testing strategy based on a variant of the overidentifying restrictions test.
Hall, Inoue, Nason, and Rossi (2012) propose a Valid Impulse Response Selec-
tion Criterion (VIRSC) that is an adaptation of Andrews’s (1999) MSC to this
setting.

As the above discussion suggests, the treatment of moment selection in II
depends on the setting. If the auxiliary model is a quasi-score then moment se-
lection is handled through using knowledge of the simulator to make a judicious
choice of QML or through the use of a SNP-based QML. In these cases, there
seems little scope for using the kind of methods developed within the GMM
literature. However, in settings such as estimation of DSGE based on impulse
response functions, the parallels between GMM and II moment selection seem
far stronger. To date, moment selection strategies based on the overidentifying
restrictions test and RMSC have been applied in this setting. In principle, there
seems no reason why other approaches developed for special cases of GMM -
such as selection based on minimizing second order mean square error - could
not be applied in this context as well.

We conclude this section by considering the wider question of whether to
use GMM or II in models where both are feasible, which is, in a sense, an issue
of moment selection. In terms of first order asymptotics, the choice is one of
efficiency. As noted above, II has the potential for (near) asymptotic efficiency
with appropriate choice of auxiliary model. In contrast, GMM estimation can
be based on moment conditions implied by the distribution such as, either the
polynomial moments (mean, variance, skewness etc.) or the characteristic func-
tion (if feasible). Extant evidence suggests IT dominates: for example see Garcia,
Renault, and Veredas (2011) in the context of estimation of parameters of the
stable distribution, or compare the results of simulation studies of GMM and
EMM estimation of the stochastic volatility model in, respectively, Andersen
and Sgrensen (1996) and Andersen, Chung, and Sgrensen (1999).

3.2 Identification failure

GMM:

23Some of which are estimated along with ¢ and others calibrated.
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Asymptotic normality of the GMM estimator (Proposition 2 above) is predicated
on first order local identification (Assumption 3(iii) above). It has been realized
that in certain circumstances of interest this assumption fails or is close to doing
so with the result that Proposition 2 either does not hold or provides a poor
guide to behaviour in the sample sizes relevant to certain types of applications.
The literature on this topic is voluminous and so here we confine our attention
to describing the main ways in which violations of Assumption 3(iii) have been
modeled and the consequences for asymptotic behaviour of GMM estimators.?*
As with moment selection, a large part of the GMM literature has focussed on
the GIV case, and we note that in the case where this is applied to a linear
model then identification (Assumption 2(iii)) and first order local identification
are the same. In nonlinear models, they differ and this is something we return
to below. Below, we use GIV-L to denote GIV applied to linear models.

Identification failure can either be complete or partial: if complete then ¢q
is unidentified; if partial then ¢¢ is unidentified but certain linear combinations
of ¢o are identified. For GIV-L, Phillips (1989) shows e converges to a
random limit and so consistency is lost, but if identification is partial then Choi
and Phillips (1992) show that the identified linear combinations of ¢y can be
consistently estimated but have a non-standard asymptotic distribution.

In nonlinear models, ¢y can be identified even if first order identification
fails. Dovonon and Renault (2013) demonstrate that first order identification
fails but second order, and hence global, identification holds in certain mod-
els of interest in asset pricing. In this case, the Jacobian is null and so the
usual analysis behind the the first order asymptotic distribution does not ap-
ply. Dovonon and Renault (2013) show that in this case, the overidentifying
restrictions test converges to a random variable whose distribution is bounded
from below by x;_,, and from above by X7, meaning the use of the standard
first order asymptotic distribution leads to over-sized tests. We return to the
implications of second order identification for the GMM estimator in Section 4.

The first order identification also does not hold if ¢¢ is on the boundary of
®. In this case, qu cannot be characterized via the standard the first order
conditions in (10) asymptotically and so the conventional first order analysis
cannot be applied to deduce the limiting distribution in Proposition 2. Andrews
(2002) demonstrates that the limiting distribution of TY/2(¢s — ¢q) is non-
standard but can be simulated. Further, he shows that even if only a sub-
vector of ¢o is on the boundary, the limiting distributions of all elements of
TY2(¢p — ¢o) are non-standard unless a certain block-diagonality condition
holds.

In the cases described above first order identification failure is exact. This
case has received relatively little attention in the GMM literature to date.?’
Instead, driven by some high profile empirical examples, attention has focused
on the case where first order identification is technically satisfied but in some

24 A more comprehensive review is contained in Hall (2015).

25 Arellano, Hansen, and Sentana (2012) propose methods for both testing for exact identi-
fication failure and also learning about the dimensions in which identification fails based on
the overidentifying restrictions test statistic.
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sense close to being violated. It is this scenario that is covered by the concepts
of “weak” and “nearly-weak” identification.

Staiger and Stock (1997) introduced the concept of weak identification in
GIV-L, Stock and Wright (2000) refined the concept and extended the analysis
to nonlinear models. The key technical restriction behind weak identification is
that the Jacobian is full rank - and so first order locally identified - for finite
T but is converging to a rank deficient matrix at rate 7-'/2 so that first or-
der local identification fails in the limit. Under weak identification, Stock and
Wright (2000) demonstrate the standard first order asymptotic framework for
GIV does not go through, with the limiting behaviour qualitatively the same as
derived by Phillips (1989) and Choi and Phillips (1992) for GIV-L with exact
identification failure. These analyses therefore indicate that even if identifica-
tion holds but is close to failure then the standard first order asymptotic theory
may provide a poor approximation to finite sample behaviour. This clearly
raises a problem for a practitioner who is concerned the parameters of his/her
model may be weakly identified. Two solutions suggest themselves: first, to
pre-test the quality of the identification of candidate moments; second, to base
inference on procedures that are robust to the quality of the identification. The
first approach has been explored in the context of the linear model estimated
by IV - for which the Jacobian only depends on the relationship between the
endogenous regressors and instruments - with a number of different statistics
being proposed.?6 The second approach is based on finding statistics that can
be inverted to construct confidence sets for vy irrespective of the quality of the
identification. Well known statistics of this type include the Anderson-Rubin
(AR) statistic®?, the K- statistic (Kleibergen, 2002, 2006) and the conditional
likelihood ratio (CLR) statistic (Moreira, 2003; Kleibergen, 2005). While such
confidence sets have the attractive feature of being robust to failures of iden-
tification, the computational burden associated with their calculation increases
with pg and makes this approach infeasible for large ps. This burden can be
reduced if only a subset of the parameters are of primary interest; see inter alia
Dufour and Taamouti (2005), Kleibergen and Mavroeidis (2009) and Chaudhuri
and Zivot (2011). The key difference between these approaches and the stan-
dard Wald-type confidence intervals - “estimator” £+ 2 x “standard error” - is
that the confidence sets based on these identification-robust statistics can be
infinite and non-contiguous whereas the Wald intervals are of finite length and
contiguous by construction. Thus if ¢ is unidentified, the identification-robust
confidence set can be infinite demonstrating nothing has been learned about ¢
from the model, whereas the Wald interval implies spuriously that something
has been learnt.28

The weak identification framework is designed to approximate situations in
which the information content of moments, while non-zero, is sufficiently low to

26For example see Cragg and Donald (1993), Hall, Rudebusch, and Wilcox (1996), Shea
(1997) and Stock, Wright, and Yogo (2002).

27See Anderson and Rubin (1949), Dufour (1997) and Staiger and Stock (1997).

281f ¢y is not first order identified then the Wald intervals are invalid; see Dufour (1997) for
further discussion.
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undermine standard first order asymptotic inferences. For this end, the choice of
T—1/2 as the rate of decay of Jacobian is critical. Hahn and Kuersteiner (2002)
considered the the limiting behaviour of the Two Stage Least Squares (2SLS)
estimator when the rate of decay is slower, a scenario they refer to as nearly-
weak identification. They show that in this case consistency is restored and
many conventional GMM statistics have the same properties as under standard
first order asymptotics. The difference is that compared to the standard case,
convergence to the limiting properties is slower.?9

Both weak and nearly-weak identification are technical devices designed to
understand how the estimator behaves in the case where first order identification
is technically satisfied but in some sense close to being violated. Taken together,
the derived results indicate the “proximity” to first order identification failure
is key. Weak and nearly-weak identification yield different large sample theories
that provide approximations that are appropriate in different circumstances. To
our knowledge, it remains an open question as to how to decide which is more
appropriate in nonlinear models in any given circumstance.

If the moments are less informative, one solution is to increase their number
as the sample size increases. In linear models, Chao and Swanson (2005) estab-
lish conditions under which various estimators, including 2SLS, are consistent
as the number of instruments increases with 7. Han and Phillips (2006) con-
sider the extension of this framework to nonlinear models estimated via GMM
with a constant weighting matrix (Wp = W). They demonstrate that many
different types of asymptotic behaviour of such estimators - including consis-
tency and asymptotic normality - are possible depending on the rate of growth
of information about 6y as the number of moments (¢r) increases. Collectively
these results indicate the key feature here is the rate at which the informa-
tion in the moment conditions increases as the set of moments is expanded.
However, extant evidence suggests that GMM is dominated in such scenarios
by other moment-based estimators, such as Generalized Empirical Likelihood;
see Bekker (1994), Chao and Swanson (2005), Hansen, Hausman, and Newey
(2008), and Newey and Windmeijer (2009).

1I:
While all the original presentations of SMM-II-EMM note the need for first
order local identification in order to justify the first order asymptotic framework
discussed above, the consequences of its violation has received far less attention
in this context than in GMM. This can be explained in the II-EMM case by the
focus on QMLE of the auxiliary model, and the freedom of the researcher to
choose an auxiliary model that is convenient for the situation in hand. However,
in other settings, the assumption of first order local identification may be more
tenuous.

Canova and Sala (2009) have raised concerns about the nature of the identi-
fication in the context of DSGE models estimated by matching impulse response
functions. Here h(-) is a composite mapping, h(-) = r («(d)) where

29 Antoine and Renault (2009) and Caner (2010) extended these results to nonlinear models.

14



e 7(-) is the mapping from the impulse responses to the parameters of the
auxiliary model (the VAR), termed the “moment mapping” by Canova
and Sala (2009);

e ) is the mapping from the auxiliary model parameters to the parame-
ters of the DSGE, termed the “solution mapping”.

Canova and Sala (2009) observe that solution mapping is typically highly
nonlinear, and so it can be that 6, is only partially identified. Furthermore,
weak identification can also be present. Within this setting, the Jacobian of
h(-), H say, equals RA where R is the Jacobian of the moment mapping and
A, the Jacobian of the solution mapping. By analogy to GMM, the problems
associated with weak identification will be present if H is rank deficient or close
to being so. Clearly, as pointed out by Canova and Sala (2009), this can happen
here due to rank deficiency in either R or A. As in GMM this can be difficult
to assess a priori, especially as these derivatives may have to be obtained via
simulation. Canova and Sala (2009) recommend examining the eigenvalues (or
some function thereof) of R'R and A’A to investigate whether either (or both)
of these two mappings may be a source of identification problems.

If the identification problems stem from the auxiliary model then one so-
lution is the use of Constrained Indirect estimation (Calzolari, Fiorentini, and
Sentana, 2004). This method extends the original Indirect Estimation frame-
work (described in Section 2) by allowing restrictions on the parameter space of
the auxiliary model. If these problem areas of the parameter space in the aux-
iliary model can be deduced a priori then it makes sense to avoid them as the
auxiliary model is just a target for the simulator. In such settings, the poten-
tial problems caused by identification are simply side-stepped by appropriately
restricting the parameter space over which the auxiliary model is estimated.

However, in more general settings, this solution may not be available because
the identification problems either apply to the whole parameter space of the
auxiliary or to the simulator. For these cases, it is, in principle, possible to
follow the approaches taken in the GMM literature to develop a companion
theory of II. However, to our knowledge, there are no formal treatments of II
when first order local identification fails or is close to failing. We return to this
topic in Section 4.

3.3 Misspecified models

GMM:

The first order asymptotic theory in Section 2 is predicated on the assumption
that the population moment condition is correct. While this is typically the
assumption under which inference is performed, there are circumstances when
the underlying model is acknowledged to be misspecified and that as a result the
population moment condition is invalid. A leading example is in asset pricing.
Hansen and Jaganathan (1991) demonstrate the mean and standard deviation
of the stochastic discount factor (SDF) that prices a set of assets must fall in
admissible region that can be estimated nonparameterically. It has been found
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that in many cases parametric forms of the SDF do not attain this admissible
region, and thus are misspecified. Hansen and Jaganathan (1997) propose a
measure of the size of the pricing error (made with a misspecifed SDF), known
thereafter as the “Hansen-Jaganathan (HJ) distance”. Hansen, Heaton, and
Luttmer (1995) present methods for testing hypotheses about the HJ distance;
Kan and Robotti (2009) present methods for testing which of two models has a
smaller HJ distance.?® Within this context, it may also be of interest to perform
inference about the parameters of the proxy SDF. Hall and Inoue (2003) develop
an asymptotic distribution theory for GMM estimators in overidentified mod-
els.?! They show the GMM estimator converges to the “pseudo-true value”, 6.,
but that the rate of convergence and 6, itself depends on the weighting matrix.
They further show that, in certain leading cases, TY/2(6 — 6.) converges to
a mean zero normal distribution with a variance that is different from Vy in
Proposition 2 but can be consistently estimated.

1I:

As mentioned in Section 3.1, the idea of inference within misspecified models
has arisen in discussion of the interpretation of DSGE models. Dridi, Guay,
and Renault (2007) have argued in this context that the simulator cannot be
considered the true data generation process. However, there might be parts of
the model that can be used to consistently estimate the parameters of interest,
as described in (15). They propose the PII for estimation in this case. Here the
parameters of interest are consistently estimated, and the misspecified nature
of the model manifests itself through the interpretation of v, as a pseudo-
true value, and in the variance of the first order asymptotic distribution of PII
estimator of ¢ as a distinction now needs to be made in the limits of certain
matrices evaluated at the actual and simulated data.

The above scenario is possible in DSGE models given the underlying models
cover different aspects of the economy. In simpler settings, misspecification may
be anticipated to impact on all the parameters of interest. This gives rise to
the question of how the parameters should be interpreted in this setting. Given
the similarities between II and GMM, it is not surprising that the qualitative
features of GMM analysis in misspecified models carries over to II. Specifically,
the II estimator converges in probability to a pseudo-true value defined as the
argmin of the population analog to the minimand in (5)- a value that depends
then on the weighting matrix; see Aguirre-Torres and Toribio (2004) for EMM,
and Oh and Patton (2013) for SMM estimation of copula-based multivariate
models.?? Aguirre-Torres and Toribio (2004) also present a limiting distribu-

30See also inter alia Gospodinov, Kan, and Robotti (2013).

31Maasoumi and Phillips (1982) present the large sample behaviour of IV in misspecified
linear models.

320h and Patton (2013) explore the use of SMM to estimate copula-based multivariate
models in which the parameters are estimated by matching certain “pure” dependence mea-
sures, such as Spearmans’s rank correlation, that are unaffected by the marginal distributions
of the data. They establish conditions for the consistency and asymptotic normality of the
estimators of the parameters indexing the copula.
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tion for EMM under misspecification. Their analysis highlights an important
difference between GMM and EMM: in GMM, misspecification inevitably im-
plies the moment on which estimation is based cannot be set to zero; in EMM,
misspecification of the simulator is compatible with both k(h.,0y) = 0 and
k(h«,6p) # 0. The intuition is best understood by thinking in terms of match-
ing the score of the auxiliary model. For a finite order SNP, the score involves a
finite set of moments and there is always the potential that these can be matched
by the misspecified simulator. This is important because it is the non-zero mean
of the moment evaluated at the pseudo-true value that complicates the asymp-
totic behavior of the GMM estimator. Thus, Aguirre-Torres and Toribio (2004)
show that the limiting distribution of EMM is asymptotically normal but its
variance depends critically on whether or not k(h., 8y) equals zero. They note,
however, that as the order of the SNP increases, it is the case with k(h., 6) # 0
that must ultimately apply because as the order of the SNP increases then so
do the number of moments involved in the score of the auxiliary model, and a
misspecified distribution can not match all the moments of the data.

Therefore, the parallels between the treatments of misspecification in GMM
and IT depend on the context of the II estimation.

4 GMM and IT asymptotic behaviour under first
order local identification failure

In this section, we consider the moment condition model (1) and study the
asymptotic behaviour of the GMM estimator when the standard local iden-
tification condition (Assumption 3(iii)) fails. We also derive the asymptotic
distribution of the II estimator when the auxiliary model is a moment condition
model that has such a local identification issue.

4.1 Asymptotic distribution of the GMM estimator

While the global identification condition ensures consistency of the GMM es-
timator, its the asymptotic distribution depends on how sharply the moment
function m(¢) = Fg(X, ¢) moves away from 0 in the neighborhood of ¢g. Stan-
dard results are derived under the so-called first order local identification con-
dition, i.e. M (¢o) has rank py. But in nonlinear models, global identification
is possible without first order local identification as highlighted by the exam-
ple in Section A of Appendix. Sargan (1983) has studied the IV estimator in
this context whereas Dovonon and Renault (2009, 2013) have recently studied
the GMM overidentification test when the moment condition moment is rank
deficient at the true parameter value. In globally identified models, local iden-
tification can be ensured by higher order derivatives of the moment function
m(¢$). The second order local identification condition is introduced by Dovonon
and Renault (2009) as follows:
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Definition 1. The moment condition m(¢p) = 0 locally identifies ¢g € ® up to
the second order if:

(@) m(¢o) = 0.

(b) For all u in the range of 2 S “(¢o) and all v in the null space of 2 54 (00),
we have:

(8(;5’(%) ( 8(;58(;5’(%) >1<k<q—0> = (u=v=0).

Without requiring that the Jacobian matrix M (¢) has full rank, conditions
(a) and (b) in Definition 1 guarantee local identification in the sense that there
is no sequence of points {¢,} different from ¢y but converging to ¢¢ such that
m(¢rn) = 0 for all n.

We will study the asymptotic behaviour of the GMM estimator by restricting
ourselves to the case of one-dimension rank deficiency, i.e. rank of M (¢o) is equal
to pg — 1, since this seems to be the only case that is analytically tractable.
If M(¢o) has rank py — 1 with 3 ((;50) = 0, second order identification is

equivalent to:

82
Rank (3(}51/ (¢0) 8(;5 (¢0)> = DP¢>

where ¢ is partitioned into ((bl/,(bp ,)'. This is the setting studied by Sar-
gan (1983) for the instrumental variables estimator in nonlinear in parameters
model.

Letting D = 3 ¢1/ 7 (¢o) and G = 3 ¢2 7+ (¢0), we next derive the asymptotic

distribution of the GMM estimator under the following condition.
Assumption 4. (i) a‘i—m(qﬁo) =0.
P

(i) Rank (D G) =

We also require the following stronger assumption than Assumptions 1 and
3 in Section 2:

Assumption 5. (i) mr(¢) has partial derivatives up to order 3 in a neigh-
borhood N, of ¢o and the derivatives of mp(¢) converge in probability
uniformly over N to those of m(¢).

(i) VT ( B ) “(Z)

P

) WT ~W =op(T~%), 925 (do) — D = Op(T'/?),
a¢z L(¢o) — G = Op(T~/?) and W()\o) — Gip, = op(1), with

Gl;% = 8(;51/&;5 (o).
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Assumption 5 is useful to derive the asymptotic distribution of the GMM
estimator under the second order local identification setting of Assumption 4.
These conditions are slightly stronger than the standard ones. The derivation
of the asymptotic distribution of the GMM estimator requires a mean-value
expansion of my(¢) up to the third order and the uniform convergence guaran-
teed by Assumption 5(i) are in particular useful to control the remainder of our
expansions. Assumption 5(ii) gives the joint asymptotic distribution of mz (o)

and ggw (¢0). Under mild assumptions on g(x, ¢g) and %(x, ®0), both hav-
Py Py

ing zero mean, the central limit theorem guarantees that ( %0 ) ~ N(0,v),
1

with v = lim7_, o Vary'T ( 521—7;(250))

oy

Assumption 5(iii) imposes the asymptotic order of magnitude of the differ-
ence between some sample dependent quantities and their probability limits.
These orders of magnitude are enough to make these differences negligible in
the expansions. It is worth mentioning that Assumption 5(iii) is not particularly
restrictive since most of the orders of magnitude imposed are guaranteed by the
central limit theorem.

In preparation for our asymptotic theory result, we define the following quan-
tities. Let My be the matrix of the orthogonal projection on the orthogonal of
Wi/2D:

My =1, - WY?D(D'WD)~"'D'W/2,

where I, is the identity matrix of size g, let Py be the matrix of the orthogonal
projection on MyW'/2G:
-1
Py = MJW'2G (G'W MW 2G)  Gw M,
and let My, be the matrix of the orthogonal projection on the orthogonal of
(w2p wiic):
Mag = Mg — Py.

Let
R, = (Zgwlﬂpgwlﬂzoe’—G/W1/2del/2zozg)

% W1/2MdW1/2(%L+G1p¢HG)/O’G (16)

+ ZGWY2MagWY(Zy + Gap, HZy),
with og = G'W'2M;W'/2G, and H = —(D'WD)~'D'W.

_ The following result gives the asymptotic distribution of the GMM estimator
¢ as defined by (3):

Theorem 1. Under Assumptions 2, 4, and 5, we have:
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(a) ¢* — ¢ = Op(T~?)  and (;3;% — ¢op, = Op(T™4).
(b) If in addition, ¢¢ is interior to P,

21 1
\/T( P - >i<HZO+HGV/2>,
(¢P¢ - ¢07P¢)2 v

with V= -2 200 and 2 = G'W2MgW/?Zy. 1(:) is the

usual indicator function.

(¢) If in addition, Ry does not have an atom of probability at 0, then:

( T/@(b - fﬁ)) ) nx= ( s ) ’

with B = I(Ry > 0).

The proof of this theorem is provided in Appendix. Part (a) is due to
Dovonon and Renault (2009). We however provide a proof since our conditions
are slightly different from theirs. Part (b) gives the asymptotic distribution
of (¢' — 8, (dp, — P0,p,)?). This result is obtained by eliciting the Op (T~
terms of m/, (¢)Wrma($) which are collected into K7(¢) as given by (39) in
Appendix. The fact that Kr(¢p,,) is a quadratic function of (¢p, — do,p,)? gives
an intuition of the fact that only the asymptotic distribution of ((;310 o — D0,ps)?
can be obtained from this leading term of the expansion of the GMM objective
function. The distribution of ((;310 » — ®0,p,) can be obtained from Part (b) up to
the sign which cannot be deduced from this leading term but rather is obtainable
from the higher order, Op(T—%/%), term of the objective function’s expansion.
We actually obtain:

M (O)Wrme(9) = Kr(¢p,) + (Spy — bo,p,)Bar + 0p(T /%)

showing that the minimum is reached at ((;310 » — $0.p,) having opposite sign to
Rir. See (40) in Appendix for the expression of Rir. So long as TRy, with
limit distribution R; does not vanish asymptotically, the sign of ((;Aﬁp s — P0.p,)
can be identified by this higher order term in the expression leading to Part (c)
of the theorem.

Remark 1. The continuity condition for Ry at 0 is not expected to be restric-
tive in general since Ry is a quadratic function of the Gaussian vector (Zy, Z})' .
However, when H = q = 1 (one moment restriction with one non first-order
locally identified parameter), we can see that Ry = 0. In this case, the charac-
terization of the asymptotic distribution of T1/4((;3 — ¢o) may be problematic if
the estimating function is quadratic in ¢. Actually, T1/4((;3 — ¢o) may not have
a proper asymptotic distribution in this case whereas \/T((JB—¢O)2 does have one
as given by Theorem 1(b).
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Remark 2. The asymptotic distributions in Parts (b) and (c) of Theorem 1 are
both non standard but easy to simulate. The source of randomness is (Zg, Z})
which is typically a Gaussian vector with zero mean and asymptotic variance

m
v =limyr_,oc TVar ( 6mTT(Eb£(3) ) which can be consistently estimated by sam-

Dén
ple variance if there are ;0 serial correlation or by heteroskedasticity and au-
tocorrelation consistent procedures if there are serial correlations (see Andrews
(1991)). Letting © be a consistent estimate of v, drawing randomly copies of
(Zy, Z)" from N(0,9) and using consistent estimators of D, W, G, L and G1p,
shall give reasonable approximation of copies from these limiting distributions.

Assumption 4 requires that the rank deficiency occurs in a particular way
as one column of the Jacobian matrix of the moment function vanishes whereas
the other columns are linearly independent. This is only a particular form of
lack of first order identification that does not fit exactly our example in Section
A of Appendix. However, as mentioned by Sargan (1983), up to a rotation
of the parameter space, all rank deficient problems can be brought into this
configuration as we can see below.

Let My = g—$(¢0) and assume that the moment condition model (1) is such
that Rank (My) = py — 1 without having a column that is equal to 0.

Let R be any nonsingular (pg, pg)-matrix such that MoR,p, = 0, where R,,,
represents the last column of R. We can write (1) in terms of the parameter
vector 71 A = Rn and consider the model:

E (9(X, Rn)) = 0. (17)

By the chain rule, it is not hard to see that Model (17) identifies 770 = R~ 1¢g
with local identification properties matching Assumption 4. More precisely, we
have:

om(Rn)

My,

om(Rn)
ont'

= MyR,p, = 0 and Rank ( ) = Rank(MoR) = py—1,

no no

where R! is the sub-matrix of the first ps — 1 columns of R. We can therefore
- S|
claim that the asymptotic distribution, X, of ( \/T(n ) ) is obtained

Tl/4(ﬁp¢ - 770,;04,5)
by Theorem 1 with D, G, L, and G1,, replaced respectively by:

D= MR" G= (R, Pmy L= (R’ AR, )
) "13(253(25/ Do 1§k§q’ Dy Do 1§k§q’

FBPmy, )
A= ————— Re ;
g (8@8@8@(%) ") 1<ii<pe

and G1p,, the (¢, ps — 1)-matrix with its k-th row equal to Rip¢%Rl.
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We use the fact that (;3 — ¢o = R(7) — no) to obtain the asymptotic distribu-

\/Tg%fl T(l)/4 ) , we obtain the

asymptotic distribution of By R™(¢ — ¢g) as that of By (7 — o).

tion of (;3 — ¢g. Specifically, letting By = (

Feasible inference is possible by replacing R by a consistent estimate R.
However, because all the components of R*1(<;3 — ¢o) are not converging at
the same rate, one needs to exercise some caution in claiming the asymptotic
equivalence between BrR™(¢ — ¢o) and By R™(¢ — ¢g). Clearly,

BrR™' (¢ — ¢o) = BrR™' (¢ — ¢o) + er (18)
er = —BpRY(R — R)R(¢ — ¢o). But ep does not always vanish asymptoti-

cally. We distinguish two cases:

Case 1: R—R = op (T—'/*). This is the case, for example, if R does not depend
on ¢g and R is a smooth function of sample means of the data (and does not
depend on ¢g). In such a case we typically have R — R = Op(T~1/2). By the
Cauchy-Schwarz inequality, we have:

lez ]| < [RHITY 4R = R)ITV*R™ (6 — do)| = Op(1)or(1)Op(1)

and this remainder is negligible so that BT]A%*l(qB — ¢o) is asymptotically dis-
tributed as X

Case 2: R— R = Op (T—'/%). This is expected for example if R is a function of
¢o, 1-e. R = R(¢o). If R(-) is continuously differentiable in a neighborhood of
¢o, we can show (see Appendix) that:

€T = _A\/T(ﬁp(;s - 770,p¢)2 + OP(l)a (19)
with

Ipy-1 0\ 100,
A_( e O)R ! a¢f¢(¢0)R.p¢.

Hence, By R~ (¢ — o) is asymptotically distributed as X—-A(X, ,)%. It is worth
mentioning that this change of joint asymptotic distribution of (;3 — ¢o does not
affect the marginal distribution of its slowest converging linear combinations.

Our example in Section A of Appendix falls in Case 2 since possible choices
of R depend on the true value of the parameter of interest. We can actually
choose:

1000 0 1000 0
0100 0 0100 0
R=|0010 0 , R=lo0oo0 10 o0 ,
0001 1 0001 1
00 0 0 260 00 0 0 260

with QQ = iLQ - ibg/g
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4.2 Asymptotic distribution of II with under-identified
auxiliary

In this section, we derive the asymptotic distribution of the indirect inference
estimator as defined by (4) and (5) when the auxiliary model is given by moment
conditions that are first order locally under-identified.

Let us consider the auxiliary model to be the following moment condition:

Elg(z, h)] =0, (20)

where g(-) a ¢ x 1 vector of continuous functions and h is the £ x 1 vector of
parameters. As described in Section 2, h is estimated based on ( 20) using the
data and simulated series providing the sequences hp and hg)(ﬁ), i=1,...,s
that are the auxiliary features used to estimate the parameter of interest 6 by
the quadratic optimization (5).

We assume that (20) satisfies the local identification property in Assumption
5 in terms of the parameter h and derive the asymptotic distribution of the
indirect estimator él 7 in this framework. We use )7 to denote the sequence
of weighting matrices that determine the indirect estimator in (5) and keep
Wr as sequence of weighting matrices that determine hr. We assume that Qp
converges in probability to €2 that is symmetric positive definite.

Proposition 2 ensures that the indirect estimator is consistent under As-
sumption 2 which continue to hold even when the auxiliary model is not first
order locally identified. If 6y is interior to 6, the indirect estimator solves with
probability approaching 1 the first order condition (9):

Myr(0r1)' Qrmrr(017) = 0,

with myr(0) = by — 2375 h$P(6) and Myp(0) = 2242(6). By a first order

00’
mean-value expansion of myp around 6y, we have:

My (0r1)Qr (mlT(i%) + Myr(67) (011 — 90)) =0,

with 67 € (él 1,60) and may differ from row to row. We deduce that:

. . N .
Orr — 60 = — (MIT(9U)/QTM1T(9T)) Mir(0r1) Qrmir(6o).
That is:
R . 1<
Orr — 6o = Fr (hT - Z; h(T)(90)> ) (21)
with

. A . -1 ~

Fr=— (MIT(9U)/QTM1T(9T)) Miyr(0r1)'Qr.
The asymptotic distribution of 6;; — 6y depends on that of hp — I hg) (0o).
Under the conditions of Theorem 1 for the auxiliary moment condition model,

Br(hr —ho) %X, and Br(h{Y —ho) % X

3
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for all i« = 1,...,s with By the diagonal ¢ x ¢ matrix of rates of convergence
with all its diagonal elements equal /T except for the last one which is T''/4.

Hence, assuming that hg)(ﬁo) are independent across i and independent of
hr33, we have:

1 S (l) d B 1 S
Br (hT - ;hT (90)> SY =X - - ;X
where Xy, Xy, ...X, are independent with the same distribution as X.

The fact that the rates of convergence in the diagonal of Br are not all
equal make the determination of the rate of convergence of él 1 — 6y from that
of myr(fy) more complicate than in the standard case. Pre-multiplying (21) by
T4 we have:

TY* (071 —00) = Fr.oTY*mipe(00) +0p(1) = ForT *myrro(60) +op(1), (22)

where F' is the probability limit of FT and FT).g and F,y are the /-th column of
Fr and F, respectively. Hence:

TY*(011 — 6o) < oYy,

where Fyy is defined similarly to FT).g and Yy is the ¢-th component of X.

This asymptotic distribution represents a p-dimensional sample dependent
random vector that converges in distribution to a random vector that has only
one dimension of randomness. In fact, T'/* appears to be the slowest rate of
convergence of (91 1 — 6o) in any direction in the space asymptotic inference on
0o would benefit from a further characterization of the asymptotic distribution.
We expect that some linear combinations of él 1 — 6y converge faster than other
others that converge at the rate T%/4.

To derive this asymptotic distribution, we will rely on a second order ex-
pansion of mjr (él 1) around fy. Such higher order expansion is imposed by the
fact that (677 — 0) has the rate of convergence T%/4 in some directions and
therefore, its quadratic function is not negligible component of mjp (él 7). We
make the following assumption:

— 62771['1",]6(9)

Assumption 6. Ajr . (0) = —5555-— converges in probability uniformly over
2
N, to App(0) = T2 @ for 1, 0.

By a second order mean-value expansion of m;r(6y) around 6;7, and after
re-arranging, we have:

mIT(éII)

= mr(fo) + MIT(éH)(éH — o) — % ((éll N 90)/AIT’k(éT)(éH B 90))1<k<e’

33This is the case when there are no state variables so that the simulated samples are
independent across i = 1,...,s. (See Gourieroux, Monfort and Renault (1993).)
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where 01 € (0o, éH) may differ from row to row. Solving this in (éH —09) yields:

011 — 6o = Fr (mlT(eo) -z ((911 —00) A1 (07) (011 — 90))1<k<£> , (23)

with

Fr=— (MIT(éH)/QTMIT(éH)) Mir(0r7) Q.

To characterize the directions of fast convergence of Orr — 0o, let Sr be the PXD
matrix with unit and pairwise orthogonal p-vectors as rows with the last row
equal to the last column of ' normalized and S’ L be the (p—1) x p submatrix of
the first (p—1) rows of Sp. The last remark in this section gives how the ‘matrix
ST can be determmed as a continuous function of the last column of FT By
definition, STFTmIT (6p) does not depend on the slow converging component,
mrr.e(6o), of mrr(6y). We therefore have:

VTS5 (én - 90)
(24)
= SLFrBr (mlT(eo) -1 ((011 —00)' Arr(07) (011 — 00))1<k<e> .

By combining (22) and (24) and letting S be the probability limit of S and

B — ( VTI,_1 0

0 T1/4 ), we have the following result:

Theorem 2. Assume that the indirect estimator’s program satisfies Assump-
tions 2, 8 and 6 with 0y interior to ©. Assume that the auxiliary model satisfies
Assumptions 2, 4 and 5, and that hg is interior to the auxiliary parameter set
and that the related random variable Ry as defined by (16) has no atom of prob-
ability at 0. If the s indirect inference samples are generated independently and
the last column of F is different from 0, then:

SlF(Y—M(F/A (60) Fut)

N A d 2 o= LLE\V0 ) Vel )1 <<y

BrrSr (911 - 90) — ;
SpoFoEYE

where S* is the submatriz of the first (p — 1) rows of S, Spe is the last row of
S, Fey is the last column of F, Y = Xy — %Z;l X, with X, ’s independently
and identically distributed as X, and Y, s the £-th component of Y.

The proof is relegated to the Appendix. The asymptotic distribution of
By St (011 — 6y) can be simulated by replacmg S, Fand A1 (00), k=1,...,¢
by their estimates, S F and Asp k(@g) k =1,...,£. The simulation of Y
which is based on that of X which is described in the previous section.
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Remark 3. In the case where the rank deficiency in the auziliary model appears
in a way that no column of the Jacobian matrix is nil, we can get the asymptotic
distribution of the indirect estimator as follows. The asymptotic distribution of
BT]A{fl(hT—ho) is derived in the previous section. Let X denote this asymptotic
distribution in either Case 1 or Case 2. From (21), we can show that:

TY*011 — 00) = FReTY* (R myz(60))e + 0p(1),

where Reg is the last column of R and (R™Ymyrr(00))e is the last component of
R myr(6p). Also, from (23), we have

. o R 1 . R . N
0;1—0y = FrR (lelT(i%) - §R71 ((911 —00) Arr(07) (011 — 90))1<k<£> .

Letting Spr be row-wise, the orthonormal basis obtained by completing the
last column of FrR according to Remark 4 below,and Sg its probability limit,
we have that:

~ V)2
o [ SkFR (Y — G2 R1 (R, F'A ;4 (00)F Rac) <, g)
BrrSrr (911 - 90) —
SkpeFReYy

where Y = Xo— % S, X;, with §§j ’s are independent and identically distributed
as X and Sk, Srpe are defined similarly to S* and Spe in Theorem 2.

Remark 4. Let us now describe a procedure that can be used to determine the
matriz of orthogonal directions St from Fr.

Let u be a p-vector different from 0. Take the first p — 1 vectors from the
canonical basis (e1,e2,...,ep,) of NP, the span of which does not contain u.
Assume without loss of generality that these elements are eq, ea, . .., ep—1 in this
order (the order of elements in the bases are important to guarantee uniqueness
of the outcome).

Consider the basis (u,e1,e2,...,ep—1) and determine an orthonormal ba-
sis from this basis using the Gram-Schmidt orthonormalization process. Let
(4, é1,€,...,6,_1)be the resulting orthonormal basis. Take

S(u) = (61 & ép1 @)

We can verify that this procedure gives a unique S and is a continuous func-
tion of u. The continuity of this procedure allows the application of the contin-
uous mapping theorem as we do in the proof of Theorem 2.

In this subsection we have studied the asymptotic behaviour of the indirect
estimator when the auxiliary moment condition model is only second order
locally identified, but the indirect inference estimation program (5) is standard
in the sense that it satisfies Assumptions 1, 2 and 3. It is worth mentioning
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the possibility of the indirect inference program suffering local identification
issues in its own right. This would be the case if M;(6p) has rank r < p. Second
order identification would be warranted if m(6) satisfies Definition 1 at 6. If, in
particular, the rank of M;(6p) is p—1 and the conditions of Assumption 5 apply
to my(-) and Qp, then the asymptotic distribution of the indirect estimator is
readily available by applying Theorem 1. Note however that the investigation of
local identification properties of the indirect inference program may be difficult
particularly as my(-) and M;(-) are often obtained by simulation.

5 Concluding remarks

In this paper, we make two contributions. Firstly, we explore the connections
between Generalized Method of Moments and Indirect Inference, and secondly,
we provide new results on the limiting behaviour of GMM and II estimators
when first order identification fails but the parameters are second order identi-
fied.

Our examination of the connections between GMM and II reveal some in-
teresting similarities and differences between the methods. Although GMM
and II are implemented in different ways, both can be viewed as “minimum
chi-squared” methods and hence share the same linear algebraic structure of
their first order analyses, although the regularity conditions underlying each
are different in important ways. Since both methods involve moment-based es-
timation, it is natural to expect that issues relevant to GMM estimation are also
relevant to II. In this paper, we investigate the extent to which this is the case,
focusing on three particular topics: moment selection, identification failure and
inference in misspecified models. We find that extent of the influence of GMM
analyses of these topics for II depends on the context of the I estimation.

In applications such as estimation of stochastic volatility models, it is natural
to choose the auxiliary model to be a quasi-likelihood based on a distribution
with similar properties to the simulator. In such cases, there seems little need for
GMM-type moment selection methods or GMM-type weak identification robust
inference procedures. However, in applications such as estimation of DSGE
models, the auxiliary model consists of impulse response functions and GMM-
type methods of moment selection seem more relevant. Furthermore, DSGE
models are often highly nonlinear and so it is quite possible that parameters may
be only partially or weakly or second-order identified. All these scenarios for
identification failures, near or exact, have been explored in the GMM literature
to some degree but, to our knowledge, these approaches have previously not
been extended to II.

Within the GMM framework, misspecification implies the population mo-
ment condition is invalid, and as a result the estimator is inconsistent and
standard first order asymptotic theory does not apply. Within II, misspecifica-
tion implies the simulator is not the true model and, again, the consequences
of this depend on the context. In applications such as the stochastic volatility
model, the consequences for II are similar to those for GMM. In applications to

27



DSGE, the focus has been on finding parts of the model that permit consistent
estimation of certain parameters of interest. This approach is termed Partial 1T
(PII), and the first order asymptotic distribution is similar to that of II once
allowance is made for the fact that other aspects of the model are wrong.

Our second contribution is to present the limiting distribution of both the
GMM estimator under second order identification and also the II estimator in
cases where the auxiliary model is second order identified. These limit distri-
butions are shown to be non-standard, but we show that they can be easily
simulated, making it possible to perform inference about the parameters in this
setting. An implication of our results is that the limiting distributions of GMM
and II are different under first order and second order identification. The choice
of limit theory then requires knowledge of the quality of the identification but
this may be difficult to assess a priori. It would therefore be interesting to ex-
plore ways to generate confidence sets based on these estimators that are robust
to the rank deficiency issue. One possible approach may be the use of bootstrap
methods, building from recent work on bootstrapping the GMM overidentifica-
tion test by Dovonon and Gongalves (2014).
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A Example: Indirect estimation of the condi-
tionally heteroskedastic factor model

In this example, we consider the conditionally heteroskedastic factor CHF) model that
is specified in terms of parameter 6 to be estimated. We derive a natural auxiliary
model implied by this CHF model. The auxiliary model is a moment condition model
with parameter vector h that can be expressed in terms of 8 (h = h(0)) allowing
for indirect inference on . We show that the auxiliary model is first order locally
underidentified and indirect inference on 6 can be performed via our asymptotic theory
in Section 4.
Consider the conditionally heteroskedastic factor model of two asset returns:

()= () (), (25)

E((ft,u)|§1-1) =0, Var (fil§i—1) = 071,

with

(26)
Var((uie,u2t) |§e—1) = Diag(Q1, Q2), Cov(ft, us|Fe—1) = 0.

In this model, f; is the latent common GARCH factor, u; is the vector of idiosyncratic
shocks and o2_; is the time varying conditional variance of f; where the conditioning
set §+ is an increasing filtration containing current and past values of f; and y:. In
addition to this specification, it is assumed that 7, # 0 and ~2 # 0, meaning that the
two asset return processes are conditionally heteroskedastic. The conditions 1 > 0
and Var(f;) =1 are added for identification purpose.

This model has been introduced by Diebold and Nerlove (1989) and further stud-
ied by Fiorentini, Sentana, and Shephard (2004) and Doz and Renault (2006). It is
sometimes assumed that (f:,u:)" is conditionally normally distributed.

We are interested in estimating the parameter vector 6 = (y1,7v2, Q1, Qg)’.

FEstimation: In the literature, this model has been estimated by:

e Kalman filter and other simulation methods (Fiorentini, Sentana, and Shephard,
2004)): They specify an AR(1) dynamics for o7 along with some distributional
assumption for f; and u:. They are then able to write some state-space rep-
resentation for the model that can be optimally estimated when the assumed
distribution is correct.

e GMM: Moment conditions are derived that identify all parameters up to one
(say, 1) that is given a ‘reasonable’ value. (See Doz and Renault, 2006;
Dovonon, 2013). An extra benefit from doing this sort of calibration is that
Var(u¢|§i—1) can be identified even if it is nondiagonal.)

Auziliary Model: There exists ¢ such that ( 1 =6 ) < 31 ) = 0. Hence, y1t —dy2t =
2
u1t — Ouo¢. We therefore have:
E ((yu - 5y2t)2|13:t71) =c(=U+ 5292)-

Taking an appropriate instrument z;—1 from F:—1, (e.g lagged square returns), we

B{( 1) - omrt -4} o
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We can show that this model identifies globally both § and ¢. We also have:
Eyfy=7i+Q=b, Byl =++Q=b, and Eyiyii— =7 = b

The auxiliary model is defined as:

E{( ztl,l ) [(y1e — Oyar)? _C}} W

Eylt = bl (27)
Eygt = b
Eyltth = ba.

The parameter vector h = (b1,b2,b3,d,¢c) of this model is globally identified. In
addition, the parameter 6 of the structural model can be determined from h. In fact,
we can use the relations:

by =vi4+Q1, by =7v2+Q2, bs=yv2, c=0+6°Qe, and c¢= b +62by—26bs
to obtain:

/b b
915’}/1:\/&)3, 92572: ?7 93EQ1:b1—5b3, 94EQ2:b2—§.

The auziliary model is first order locally underidentified: The Jacobian matrix of

(L1 )l bwy -}

at the true parameter value is:

R (e )

At the true parameter value, y1:—0y2¢: = u1t—0uz:. Therefore, E (y2: (Y1t — 0y2¢)|Fe—1) =
—0Q2. (Since yat(y1t — dy2t) = Y2 fe(ure — duat) + w2t (u1r — duze).) Thus, By the law
of iterated expectations, this Jacobian matrix is:

(oo (,2) ()

which is of rank 1. In total, the Jacobian matrix of the auxiliary model is

0 0 0 262 -1
0 0 0 25Q2EZ,571 —Ezt,1
-1 0 0 0 0
0o -1 0 0 0
0 0 -1 0 0

which is of rank 4 instead of 5.
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B Proofs

Proof of Theorem 1 (a) We write mr(¢) = mr (¢, qg%). A first order mean-value

expansion of ¢* — my (¢!, qu ) around op yields:
mT(le7 Qgp¢) = mT(¢é7 Qgp¢) 8¢1/ (¢ ¢P¢)(Qg1 - ¢(1))7

where ¢! € (czﬁ(l), le) and may differ from row to row. Next, a second-order mean-value
expansion of ¢p, — mT(qﬁ(l), bp ¢) around ¢o,p, that we plug back in the expression of

mr () yields:

mr(¢) = mr(po) + FZF(G",dp,) (9" — 60) + FL(00)(p, — S0p,)

(¢07 ¢P¢)(¢P¢ ¢0’P¢)27

,\)|,_.

where czg% € (do,py 5 qg%) and may differ from row to row.

Since ggz (o) = Op(T~1/2) and QAS% — ¢o,py, = or(1), we have:

mr(¢) = mr(do) + Z2(6", by, ) (0" — 1)

aet
192 17 ; 2 1/2 (28)
+§W§I(¢0’¢P¢)(¢P¢ = bo.p,)? +op(T12).
Let us define D = ¢1/ 7 (P, ¢p¢) and G = (qﬁo,qﬁ%) Pre-multiplying (28) by
D'Wr, we get
¢ — ¢y = (D'WrD) ' D'Wr (mT(QAﬁ) - mT(¢o))
(29)

—% (D/WTD)71 D/WTG(Qgp¢ — ¢0,p¢)2 =+ OP(Til/z).

The op(T~/?) term stays with the same order because D and Wy are both Op(1).
Plugging this back into (28), we get:

mr($) = mr(¢o)+ D (D'WrD) ' D'Wr (mT(Qg) - mT(¢o))
+5Wr MWy * G, — bop,)* + 0p (T2,

with My = I, — W;/>D (D'WrD) ™" D'W,/>.
Hence,

mr (¢) Wrmr () ) ) o
= mip(¢o)Wrmr(po) + iG/W%/ZMdW%/ZG@% — hop,)* (30)
+(bp, — $01)20p(T~?) + Op(T1)

The orders of magnitude in (30) follow from the fact that My converges in probability
to My and therefore is Op (1) and the fact that both mr(¢o) and mr(¢) are Op (T~/?).
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The latter comes from the fact that m/(¢)Wrmzr(¢) < mip(¢o)Wrmer (¢o) (by defini-
tion of GMM estimator). Since Wr converges in probability to W symmetric positive
definite, we can claim that mr (@) is Op(T~Y/?) as is mr(¢o). Again, by the definition
of the GMM estimator, the right hand side of (30) is less or equal to m7(¢o) Wrmz(po)
and this gives:

%GlWl/szWI/ZGT(Qgp¢ - ¢0,p¢)4 + OP(I)T(ngs - ¢0,p¢)4 ( )
31
< O0p(1) + VT(p, — $05,)*0p(1)
Thanks to Assumption 4(ii) and the fact that W is nonsingular, MgW/2G # 0. As
a consequence, G'WY2MaWY2G # 0 which is sufficient to deduce from (31) that
T($p, — do.ps)* = Op(1); or equivalently that T4 (¢py, — ¢0,p,) = Op(1). We obtain
¢t — ¢ = Op(T~/?) from (29).

(b) From (a) and (28), we have
mr(9) =mr(¢o) + D(3" — o) + %G(é% — bop,)” +op(T71?).

The first order condition for interior solution is given by:

3mT

o0 () Wrmr($) =0.

In the direction of ¢!, this amounts to

(0" + oW (VEmr(on) + DVIG' — o)+ S6VT(Gy, b0y + or(1)) =0.
This gives:

. _ 1 .
VI(@! — 68) = ~OWD) " D'W (VTmr(60) + 36VT@y, — 901, )*) +or (1)
(32)
In the direction of ¢p,, the first order condition amounts to
(G4, = b0.,) +0p (1))

R R 33
< W (VEme(60) + DVT( — 08) + 36V TG, — dmg)? +0r(1) =0 )

The terms in the first parentheses are obtained by a first order mean-value expansion
of g{’;T (¢) around ¢o and taking the limit. Plugging (32) into (33), we get:
P

T1/4 (ngw - ¢0,p¢)
x (G’Wl/szW”z\/TmT(qﬁg) + LG WMWY GV T (B, — ¢0’,,¢)2) = op(1).

(34)
Since vTmr (¢o) and T/* (¢py, — Po,p,) are Op (1), the pair is jointly Op(1) and by the
Prohorov’s theorem, any subsequence of them has a further subsequence that jointly
converges in distribution towards, say, (Zo, Vo). From (34), (Zo, Vo) satisfies:

Vo <Z + %G’Wl/ 2 Maw ZGVS) -0,
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almost surely with Z = G'WY2M;W/%Zy. Clearly, if Z > 0, then, Vo = 0, al-
most surely. Conversely, following the proof of Dovonon and Renault (2013, Propo-
sition 3.2), we can show that if Z < 0, then Vo # 0, almost surely, and hence
Vi = —27Z/G'WY2M,W2G.

In either case, V§ = —2%(5 V) and is the limit distribution of the

relevant subsequence of \/T(qu » — Pop ¢)2. Hence, that subsequence of
(VTmr (o), \/T(qg% — ¢0,p¢)2) converges in distribution towards (Zo,V). The fact
that this limit does not depend on a specific subsequence means that the whole se-
quence converges in distribution to that limit. We use (32) to conclude.

Next, we establish (c). We recall that the result in (b) gives the asymptotic
distribution of \/T(qg% — ¢0,p¢)2. To get the asymptotic distribution of T/4 (QE% —
0,p ¢), it suffices to characterize its sign. Following the approach of Rotnitzky, Cox,
Bottai, and Robins (2000) for MLE, we can do this by expanding m&«(q@)WTmT(qAﬁ) up
to op(T~%/%). Being of order Op (T~ 1), its Op (T ~5/*) terms actually provide the sign
of (QE% — $o,p,); leading to the asymptotic distribution of (VT($* — ¢b), T* (QE% —

#0,p,,))- By a mean-value expansion of mz(¢) up to the third order, we have:

mr ()
= mT(¢0)+z’;—5(¢0)(¢ ¢o)+amT(¢o)(¢p¢ ¢o,p¢)+§a¢ (60)(dpy — P0.p,)°

+a¢ ~oov (60)(8" — 60) (b, — Pop,) + é%}’gg (@) (Dpy — d0.py)° +Op(T ),
where ¢ € (o, czg) and may differ from row to row. From Assumption 5(i), we get:
mr($) = mr(go) + D(" —#5) + G5 (90) (I, — Po.py) + 5G(dp, — Po.p,)?

+G1p, (czgl _ ¢(1))(¢3p¢ — bo,py) + %L(({spas _ ¢0’p¢)3 + 0p(T73/4),

mr(¢) = Zor + D(¢" — ¢) + Zir(dp, — dop,) + G (Ip, — b0p,)°
+G1P¢ (le - ¢(1))(Qgp¢ - ¢0,P¢) + %L(ngw - ¢0,P¢)3 + OP(T73/4)'
(35)
The first order condition for the ¢ in the direction of ¢! is:

- a¢1 (QB)WTmT(qAﬁ) = (D + Gp, (fp, — ¢07p¢))/ Wmz(d) + op(T~3/%)  (36)

Plugging (35) into (36) and solving this in (¢! — ¢§) from the linear term and
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plugging back the outcome into the quadratic terms, we obtain:

¢ —¢y = H (ZOT + (Zir + Grpy HZor) ($p, — d0.0,) + 2G(p, — d0.0,)?
+ (LG, HG + LL) (¢p, — ¢0,p¢)3)

+Hy ((Zor + DHZor)(dp, = b0.0,) + H(DHG + G) (b, = $0,)°)
+op (T73/4)

= H (ZOT + %G(Qgp(ﬁ - ¢0,p¢)2)
+ (HZyr + HGrp, H Zor + HiZor + H1DH Zor) (ép, — $0,p,)

+1 (H(Gip, HG + L) + Hi(DHG + G)) ($p, — do.p,)* + 0op(T~3/4).

with H = —(D'WD)"'D'W and H, = —(D'WD)~'G},,W. Hence, for a natural
choice of A1, By and C1, (q@l — ¢¢) has the form:

(6" — ¢6) = A1+ Bi(dp, — bop,) + Ci(dp, — b0p,)" + 0p(T7) (37)

Using (35), we have:

mi (Q)Wrme () = mip(§)Wmar () + op(T~7/*)
= ZyWZor + (0" — ¢5) D'WD(' — ¢b) + 1G'WG(bp, — do.p,)"

+2Z5r WD($" = 6b) + 2Z6eW Zir (bp,, — Po,p,) + Zbr WG (p, — bop,,)°

+2Z5rWGlip, (6" — ¢0)(bp, — $o,) + 3202 W L($p, — d0.p,)°

+2(" = 60) D'W Z11(p, — bop,) + (6" = 6) D'WG(bp, — bo,p,)°

+2(¢" — $6) D'WGlip, (6" — $6)(9p, — Pow,) + 3(6" — $6) D'WL(bp,, — b0.p,)°

+ 211 WG(p, — d0.p,)° + G WGy, (6" — 60)(dp, — Pop,)°

+1G'WL(¢p, — dop,)® +op(T7/*).

(38)

Replacing o - #5 by its expression from (37) into (38), the leading Op (T™1) term
of m(¢)Wrmr (o) is obtained as Kr(¢p,) with

KT(¢P¢)
= Z(/)TWZOT + (ZOT + %G(¢p¢ - ¢0p)2)/ H'D'WDH (ZOT + %G(¢p¢ - ¢0,P¢)2)
+%G/WG(¢P¢ - ¢0,P¢)4 + 2Z(/)TVVZDI—I(ZOT + %G(¢P¢ - ¢0,P¢)2)

+Z(/)TWG(¢P¢ - ¢0,P¢)2 + (ZOT + %G(¢P¢ - ¢0,P¢)2)/ H/D/WG(¢P¢ - ¢0,P¢)2'
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Hence,

Kr(¢p,) = Zoe W2 MW Zor + Z(/)TWI/ZMdWUZG@% — bop,)’
(39)
+%GlW1/2MdW1/2G(¢p¢ - ¢0,p¢)4-

The next leading term in the expansion of m/.(¢)Wrmr () is of order Op(T~%/*) and
given by:

Ry = (¢p, — Po,p,) ¥

{2A’1D’WDBl + 22,7 WDBy + 274y W Zar

+2Zbe WGy, Ay + 2A,D'W Zip + 245 D' W Gy, Ay

+(bpy — Po,)? (2A’1D’WD01 +2Z4eWDCh + 3 Zos WL + BiD'WG
+LAD'WL + Z{r WG + G'WGip, A )

+(bp, — bop,)* (CID'WG + LG'WL) }

Ry = (¢p, — Po,p,) %

{2Z(’)TH’D’WDBl +2Z4rWDB1 + 2Z4p W Zr + 2Zr W Grp, H Zor
+2Z4r H' D'W Zyr + 2Z4r H'D'W Ghyp, H Zor

+(bpy — Po,)° (2Z(3TH’D’WD01 +2Z4eWDCh + 3 Zos WL + BiD'WG
+3ZyrH'D'WL + ZiwWG + G'WGhry, HZor + G'H'D'WDB;

+G'H'D'W Zyr + ZypW Grp, HG + Zyp H' D'WGhp, HG + G'H'D'W Gy, HZOT)
+(bpy — Bop,)* (O{D’WG + :G'WL+ 3G'H'D'WG,,, HG + G'H'D'WDC,

+iG'H'D'WL + %G’WGl%HG)} = (ép, — d0.p,) X 2R17.
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Re-arranging the terms and using the fact that MyW/2D = 0, we have:
2Rir = 2Zye WP MaW?? Zyg + 225 W2 MaW/? Gy, H Zor

+(¢gp¢ - ¢0,p¢)2 (%Z(I)TWUZMdWUZL + Zip WMWY 2G
FGWY2MaW2 Gy, H Zor + Zhe W MW 2G1P¢HG)

oy = b00,) (3G W MW 2L 4+ LG W2 MW 2 Gy HG)
R (40)
e can check that the estimator as given by the first order condition

Wi heck that the GMM esti bpg i by the fi d diti
(34) is minimizer of Kr(¢p,). When T1/4(q§p¢ — ¢0,p,) is not op(1), this first order

condition determines

; 2 G'W' MW % Zor

(Ppy = Popy)” = — 1/2 1/2
G'W2 M W/2G

+ OP(Tfl/Z)

but not the sign of (qg% — ¢0,p,)- Following the analysis of Rotnitzky, Cox, Bottai,
and Robins (2000) for the maximum likelihood estimator, the sign of qu » — $o,p, cAN

be determined by the remainder Ry of the expansion of m/(@)Wrmr(d). At the
minimum, we expect Rt to be negative; i.e. (qg% — qﬁo’%) and Ri7 have opposite sign.

Hence,

T1/4 (ngw - ¢0,p¢) = (_I)BTT1/4|QA5P¢ - ¢0,p¢|7

with By = I[(TRir > 0).

Plugging the expression of (¢, s — ®o,p ¢)2 into (40) and scaling by T, we can see,
using the continuous mapping theorem, that T'Ri7 converges in distribution towards
Ry:

Ry = ZoW'Y2MagW'?(Z1 + G1p, HZ0)
T (Z{)W”Z(Md — M) W2 ZoG' — G’Wl/ZMdW”ZZOZ{)) (41)

< W2 N, W/? (%L + G1p¢HG)/ag,

with o = GWY2M,WY2G and
Mag = Mg — MdWUZG(G’Wl/ZMdWUZG)*lG’Wl/ZMd, the matrix of the orthogo-

nal projection on the orthogonal of (WI/ZD Wl/ZG).

We actually have that: (\/T Zor, \/T Z11r, TR17) converges in distribution towards

(Zo,Z1,R1). Applying Lemma, 1, we have (v'T Zor, VT Zir, (—1)5T) A (Zo,Z1,(—1)B),
where B = I(R; > 0).

Since (\/T(le — &), T1/4|q§p¢ — D0,py |5 (—I)BT) = Op(1), any subsequence of
the left hand side has a further subsequence that converges in distribution. Using (b),
such subsequence satisfies:

(VI = 8b), T80, = b0y, (~1)°7) 2 (HZo+ HGV/2, VT, (-1)).

(We keep T to index the subsequence for simplicity.)
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Since the limit distribution does not depend on the subsequence, the whole se-
quence converges towards that limit. By the continuous mapping theorem, we deduce
that:

(VI@ = 6b), TV (9n, — d0,)) > (HZo+ HGV/2,(~1)°V7).
|

Lemma 1. Let (X7)r and (Yr)r be two sequences of random variables and Br =
(X7 >0). If (X7,Yr) % (X,Y) and P(X =0) =0, then

(0P vr) % (17 Y),
with B=1(X > 0).
Proof of Lemma 1: Using the Cramer-Wold device, it suffices to show that: for all
(A1, A2) € R X R,

M(=DPT £ xvr S A (=1)F + Ay
Let z € R be a continuity point of F(z) = P(A1(—1)® + A\2Y < z). We show that:
P (Al(—l)BT + XoYr < :c) — F(z), as T — co.

We have:
P (,\1(—1)BT +AYr < :c) = P(\Yr < 2— A\, X7 < 0)+ P(\Yr < 2+ A1, X1 > 0).
To complete the proof, it suffices to show that, as T' — oo,

PXoYr <z — A, X7 <0)— PAY <z—A,X<0) and
(42)
P()\QYT §$+)\1,XT > O) — P()\QY S:E—F)\l,X > O)

since F(z) = P(A2Y <z — X1, X <0)+P(XY <z+XA,X >0).

We now establish the first condition in (42). The second one is obtained along
the same lines. Note that P(A2Yr < x — A1, X7 < 0) = P((AYr, X7) € A) with
boundary of A given by: dA = ((—oo,z — A1] x {0}) U ({z — A1} X (—00,0]). Since
(X7,Yr) converge jointly in distribution towards (X,Y), it suffices to show that

P((A.Y,X) € DA) = 0.

We have:
P((AY,X) € (—oo,z— A1) x {0}) < P(X=0)=0.

Besides,
P (XY, X)e{z—A} x (—00,0]) = P(A2Y =z — A1, X <0).
By continuity of F' at x, P ()\1(—1)3 + XY = :c) =0, i.-e.
PuY =2+ A, X >0)+ PA2Y =2 — A, X < 0) =0.
Thus, P(A2Y =z — A1, X <0) =0. Since P(X =0) = 0, we can claim that

PAY =2+ A1, X <0)=0.
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This completes the proof. [

Proof of Theorem 2: We have:
A A Tgl (é[[ — 90)
Bir& (9 ) ) =( V2Tl .
ITOT II 0 < T1/4ST’p(911 _ 90)

From (24), we have

A A a1 7 1
\/TS%« (911 — 90) = S%«FT <BTm1T(90) — EZT) N

with zZT = BT ((é[} — 90)’A1T,k(éT)(é[[ — 90)) . For k = 1, e ,f — 1,

1<k<t
2T K = \/T(én —00) Arr (éT)(éII —6p) = T/* (éII —00) Arrk (éT)T1/4 (éII —6o)
and R ) R
2T = T/* (011 — 00) Arr,e(07) (011 — 60).

From (22), we have TY4(0r1 — 60) = ForTY*mir.0(60) + op(1). In addition, the fact
that Arrx(07) converges in probability towards Ar (o) for all k = 1,...,¢, allows
us to claim that: for 1 <k </f-—1,

2
zrp = FapArk(00) Fer (T1/4mIT,Z (90)) +opr(1)
and
zre = Op(1)Op(1)op(1) = op(1).
Thus,
VTS (611 - 60)

A / 2
— SqleT <BTmIT(90) _ % < (FOZAI,k(HOE)FoZ)lngZ*I ) (T1/4mIT,Z(90)) ) +0P(1)-

Since the last column of S%«FT is nil, we can write:

VTSh (61— 00 )
Al A 2
= %«FT <BTm1T(90) — %(F'/ZAI’]“(QO)F'Z)ISICSZ (T1/4m1T’g(90)) ) + Op(l).
(43)
Using again (22), we have
T1/4§T,p (é[[ — 90) = SVT,pF.ng/ALm[T,g(Q()) —+ Op(l). (44)

By the continuous mapping theorem, 5'71«FT converges in probability towards S'F
with nil last column and St converges in probability towards Spe. Since Brmrr(6o)
converges in distribution towards Y, we can deduce from (43) and (44) that:

\/ngl“(éll _ 90) . SIF (Y — (Yé)2 (F./ZAI,I‘C(QO)F'Z)ISICSZ)
=
T1/4ST,p (éll - 90) SpoFoZYZ
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O
Proof of Equation (19): Since ¢ — ¢o = R(fj — 10), we have
T4 (& = 60) = Rep, T (iipy, — 0., ) (45)
We also have
er = —BrR™' (R~ R)R™' (6~ ¢o) = —BrR™' (R = R)(ip, — o).

But R = R(qg) and R = R(¢o). By mean-value expansions, for j = 1,..., py,

~ 8Ro ) n

Rej — Rej = W/(@)(Qﬁ - ¢o),
where q;j € (¢o, g%) and may differ from row to row and R.; denotes the column vector
corresponding to the jth column of the matrix R. We also use Rje to denote the row
vector corresponding to the hth row of R.

Forh=1,...,ps — 1,

ern = —VT (R’l) % (%&j(éj)(é—aﬁo)) (15 —no.5)

he j=1

= - (Rfl) pi (a;z:/ ()T (6 — ¢o)) TY* (75 — no.5)

he j=1

— ORe R 2
=~ (RB7),s 52 (60) Repy, (T4 (s, = m0,)) + 0r (1),
where the last equality uses (45) and the fact that R and % (¢;) converge in proba-

ORsej

bility towards R and -5+ (¢o), respectively and the fact that TY4(#; — o) = op(1)
forj=1,...,ps — 1.

Besides, we have

€T,py = — (Ril) i <8£;,j ()T * (¢ — ¢o)) (M5 —mo,5) = op(1).

Py =1

Putting together these last two equalities, we get:

2
er = =A (T4, —m0p,)) +or(1)

as expected. [
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