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1 Introduction

The generalized method of moments (GMM, Hansen, 1982) is one of the most widely applied
methods in econometrics. In the efficient GMM method, a feasible two-step estimator requires a
consistent estimate of the variance—covariance matrix to weight the moment conditions. In the
estimation of the weight matrix, the moment process is unobservable and has to be approximated
by plugging an initial GMM estimator into the moment function. Windmeijer (2005) points out
that the estimation uncertainty from the plugged-in estimator contributes to the finite-sample
variability of the feasible two-step GMM estimator. He shows that the extra variation generated
by the estimated weight matrix explains much of the difference between the estimated asymptotic
variance and the actual finite-sample variance of the GMM estimator. Windmeijer (2005) also
proposes a finite-sample bias-corrected variance formula, which corrects for the bias arising from
the estimated efficient weight matrix. Windmeijer’s (2005) corrected variance formula has been
popularly used in a wide variety of econometric models with high impact (Roodman (2009),
Brown et al. (2009), Oberholzer-Gee and Strumpf (2007), and many others).

A fundamental assumption in Windmeijer (2005) is that the moment process is independent
and identically distributed (i.i.d.). For time-series data, which is the focus of our paper, the i.i.d.
assumption in Windmeijer (2005) renders his corrected variance formula inapplicable. This is
because the GMM weighting matrix in time series is no longer a simple average of the estimated
moment process. Instead, we need to consider the weight matrix as the long-run variance (LRV)
of the true moment process, which is usually estimated by a non-parametric kernel or a series
method. Because of the non-parametric nature of the LRV estimator, in a time-series, the two-
step GMM estimator is exposed to even higher variation from the estimated weight matrix.
Consequently, the standard asymptotic variance formula without a finite-sample correction is
severely biased, and the associated GMM tests suffer from excessive size distortions.

In this paper, we develop a finite-sample corrected and heteroskedasticity autocorrelated ro-
bust (HAR) inference for the efficient GMM method in the time-series setting. By explicitly
considering the non-parametric LRV estimator, our finite-sample corrected variance formula ex-
tends Windmeijer’s (2005) formula to the case of non-i.i.d. Since our corrected variance formula
is designed to take into account the extra variation due to the plugged-in estimation of the LRV,
it leads to a less biased estimate of the actual finite-sample variance of the GMM estimator. The
key step of our approximation is that instead of eliminating the estimation uncertainty of the ini-
tial estimator, which is of small stochastic order of magnitude, we explicitly derive the associated
small-order terms and use them to construct the finite-sample corrected variance formula. This
paper formally shows that the finite-sample corrected variance can be consistently estimated. In
addition, we show that this consistency does not depend on whether the smoothing parameter in
the LRV estimator is fixed or is increasing with respect to the sample size.

With our finite-sample corrected variance estimator, we construct t and Wald statistics for
the testing problem. To derive the asymptotic distributions of the finite-sample corrected sta-
tistics, we employ an alternative type of asymptotics from the HAR literature, which is called
“fixed-smoothing asymptotics”. In the context of the efficient two-step GMM, Sun (2014b) and
Hwang and Sun (2017) show that the alternative asymptotics yields more accurate approxima-
tions. Although their fixed-smoothing asymptotics captures the variance of the non-parametric
LRV estimator, it ignores the finite-sample bias of LRV estimation. By correcting for the small-
order bias of the plugged-in LRV estimator, this paper provides an improved fixed-smoothing
asymptotic theory. Together with the finite-sample corrected variance formula, we derive stan-
dard ¢t and F' limiting distributions for our proposed test statistics, which provides a convenient



solution to the efficient GMM inference problem for finite samples.

This paper also provides an analytical expansion of the continuously updating (CU) GMM
estimator proposed by Hansen et al. (1996) and compares it to our finite-sample corrected two-
step GMM method. Our result indicates that the Wald inference in CU-GMM, using the standard
sandwich variance formula, cannot reflect potentially large finite-sample variations embodied in
the non-linear CU estimation. In contrast, our proposed GMM method does not involve the
non-linearity in the CU-GMM estimation and instead uses the corrected variance formula that
explicitly considers the finite-sample uncertainties in the estimated optimal weighting matrix.
Also, via Monte Carlo simulations, we numerically compare the performance of the corrected
two-step GMM test to that of the uncorrected CU-GMM test and show that the inferences
drawn from our proposed GMM outperform those drawn from the CU-GMM on finite samples.

Our asymptotic framework is pointwise and can suffer from size distortion when the temporal
dependence is strong (e.g., Miiller (2014)). Preinerstorfer and Pstscher (2016) and Pétscher and
Preinerstorfer (2018, 2019) point out that the size-distortion problem applies to any pointwise
HAR test and provides the conditions under which the size of HAR tests is controlled. Similar
problems can arise when there is weak identification (e.g., Stock and Wright (2000) and Guggen-
berger and Smith (2005)). The results of our Monte Carlo simulations show that our proposed
finite-sample corrected GMM inference still performs better than the uncorrected version in these
scenarios, by significantly reducing the size distortion.

Different approaches to the efficient GMM inference problem have been proposed in the
literature. A bootstrap approach for GMM is developed in Hall and Horowitz (1996), Brown and
Newey (2002), and Lee (2014), and numerical evidence of the finite-sample performance of the
asymptotic and bootstrapped GMM tests is provided in Bond and Windmeijer (2005). Hwang et
al. (2020) point out a connection between the finite-sample corrected variance formula and the
misspecification-robust asymptotic variance formula. However, all these papers impose the i.i.d.
assumption or restriction on the form of the time-series dependence. Newey and Smith (2004)
and Anatolyev (2005) analyze higher-order properties for various classes of GMM estimators,
including CU-GMM, but they mainly focus on point-estimation which differs from the testing
problem considered in this paper. Hwang (2021) provides a finite-sample corrected inference
for linear GMM in the presence of clustered dependence, but that formulation of the GMM
weight matrix is a cluster-robust variance estimator which is applicable only to a specific form of
clustered (or grouped) dependence structure.

This paper contributes to the literature by providing a comprehensive treatment of finite-
sample corrected GMM methods in the presence of unknown forms of time-series dependence,
which include both increasing and fixed-smoothing asymptotics, and finite-sample corrections for
linear and non-linear moment conditions. Also, we note that using a deflated variance estimate
after Windmeijer’s correction in testing can end up with a greater chance of falsely rejecting
the null hypothesis than using the standard (uncorrected) sandwich variance estimate. This is
because the Windmeijer correction requires estimating the smaller-order correction term whose
estimation uncertainty is of the same order as the true correction term. To overcome this problem,
we provide additional adjustments on top of Windmeijer’s formula, which makes our new formula
is not exposed to Windmeijer’s formula’s side effect. The adjustments first compute the spec-
tral decomposition of the difference between the corrected and uncorrected variance—covariance
matrices and adjust the eigenvalues of the difference matrix to be non-negative.

The literature in HAR inference was pioneered by Kiefer and Vogelsang (2002, 2005), Phillips
(2005), Miiller (2007), and Sun et al. (2008). The HAR literature develops a new type of



asymptotics that assumes that the smoothing parameter is fixed when the sample size grows.
This tool is called fixed-b asymptotics in Kiefer and Vogelsang (2002, 2005) and, with more
inclusive implications in both the kernel and OS LRV estimators, it is called fixed-smoothing
asymptotics in Sun (2014 a&b). Recent research along this line can be found in Sun (2014 a&Db),
Miiller and Watson (2018), Lazarus et al. (2019), and Martinez-Iriarte et al. (2020).

In a two-step GMM model, one can consider alternative testing-oriented selections of band-
width (smoothing) parameters for HAR inference, as in Sun and Phillips (2009). However, their
bandwidth formula is designed for kernel LRV, so it cannot be applied to the orthonormal series
LRV estimator implemented in our proposed finite-sample corrected HAR inference. Also, the
testing-oriented smoothing parameter does not always perform much better than the usual mean
squared error (MSE)-optimal smoothing parameter choice (e.g., Sun and Phillips (2009) and Sun
(2013)). The reason is that there is considerable estimation uncertainty in estimating the theo-
retically optimal smoothing parameter. For this reason, this paper opts for the more familiar and
widely used MSE-optimal smoothing parameter in this paper, together with the finite-sample
corrected variance formula.

The rest of the paper is organized as follows. Section [2| describes the two-step GMM problem
in a time-series setting and explores the idea of the finite-sample correction in time-series two-step
GMM. Section [3] establishes asymptotic distributions for the test statistics using the corrected
variance formula. Section [4] presents analysis of the finite-sample distribution of the CU-GMM
and compare it to the finite-sample corrected GMM. Section [5| presents Monte Carlo simulation
results, and Section [6] concludes. Proofs of the main results are given in Appendix A, and Online
Appendix B contains closed-form formulas for the non-linear moment case and for iterated GMM,
as well as an IV regression example and proofs that are not given in Appendix A.

2 Finite-Sample Corrected GMM in Time Series

We want to estimate a d-component vector of parameters § € O using a vector of observations
v; € R% at time t. The true parameter 6y is assumed to be an interior point of ©. The moment
condition is given by

E[f(vt,0)] =0 if and only if 6 = 0y,

where f(v,-) is an m-component vector of twice continuously differentiable functions, and the
process f (v, 6p) is stationary with zero mean. We allow f (v, 6p) to have general autocorrelation
of unknown form, and we require it to satisfy >°22 || E[f(vt,00)f(vi—j,00)']|| < oo and some
mixing conditions so that the time-series functional central limit theorem (FCLT) holds:

(T"]

1 d
ﬁ;f(vt, fo) = AB(), (1)
where B(-) is an m-dimensional standard Brownian motion. Q = AA’ is an m X m strictly
positive definite long-run variance (LRV) of the moment process f(vs,6p) which is defined as
Q = 372 E[f(vt,00)f(vi—j,00)]. Also, we assume that ¢ = m —d > 0, so the model is
overidentified with degree of over-identificaion q. G(6y) = E[0f(vt,6p)/00'] is assumed to have
full column rank.

Let fr(0) =T~ 'S0 f(vs,0) and M(0, Sr(61)) = fr(8)' Sy (61) fr (). The feasible efficient
two-step GMM estimator in Hansen(1982) is defined as

0y = argminM (0, S7(61)),
fcO



where S7(0) is an m x m two-step GMM weight matrix defined as

1

T T t s
510 = 130X @ (7 ) (F000) = FrO)((06) ~ F2(6)).
t=1 s=1

M|

In the two-step GMM weight matrix, 6; is the one-step (initial) GMM estimator which minimizes
the quadratic form in the sample moments, but its weight matrix W 1 does not depend on the
unknown parameter value 6y. We assume that plimp_,. Wp = W.

By construction, S7(f:) is a quadratic heteroskedasticity autocorrelation robust (HAR) esti-
mator for {2 which uses a symmetric weighting function, Qx(¢/T, s/T'), with smoothing parameter
h. For conventional kernel LRV estimators, with @, (r,s) = k ((r — s) /b) , we take h = 1/b. For
orthonormal series (OS) LRV estimators with Qp, (r,s) = K1 ZJK:1 Q;(r)®;(s), we take h = K,
where {®; (r)} is a set of orthonormal basis functions on L?[0,1] satisfying fol ®; (r)dr = 0.
We parametrize h in such a way that h indicates the level of smoothing for both types of LRV
estimators.

Note that we use a “centered” version of the LRV estimator, ST(él), which is based on the
estimation of the demeaned moment process f(vy,01) — fr(01). The demeaned procedure plays
an advantageous role in our finite-sample corrected GMM tests because it allows the denominator
of the test statistics (the finite-sample corrected variance) to be asymptotically independent of
the numerator (the sample moments).

To understand the asymptotic approximation of ég, we look at the first-order condition (FOC)
for 0, given by

19M(9, Sr(61))

9 90 = GT(é2)/SJ_«1(9A1)fT(é2) =0, (2)

=02
where Gr(f) = TS, 9f(vt,6)/06" lg—g,- A first-order approximation to characterize the

distribution of 65 can be constructed as follows. First, conditioning on ST(él), we do a Taylor
expansion of the FOC in :

~ 19M(0, Sr(6y))

= 2 a0 = GT(Qo),SEl(él)fT((go) + A(907 ST(él))(éQ - 90) + Op <> ) (3)

=04

where A(f, S7(1)) is the matrix of second-order derivatives of M (6, Sp(61)) at 6 = 6, and
Hr (0) € R¥m™*4 ig the matrix of second-order derivatives of the moment process. The closed-
form expressions for A(fg, S7(01)) and Hy (6) are provided in Online Appendix Using the
Taylor expansion of the FOC in , we can expandv/T(0y — 6) as

VT (s — ) = — [A(oo, ST(él))} - Gr(00) Sp  (01)VT fr(66) + O, (&) , (4)

assuming A(6g, S7(01)) is invertible.

For simplicity of exposition, we illustrate the main idea of our finite-sample correction by
assuming that the moment conditions are linear in the parameter 6. This linearity assumption
leads us to focus solely on the estimation uncertainty of the plugged-in estimator, ST(él), which
is the primary motivation of the finite-sample corrected GMM in Windmeijer (2005). The for-
mulation of the finite-sample correction in the non-linear case is analogous, and it is provided in



Online Appendix Because of the linearity, the term A(ég, ST(él)) is equal to G%S}l(él)GT,
and the higher-order approximation error term Op(Tfl/ %) in is dropped, hence we have that

VT (0 — 60) = (G487 (61)Gr) LGS H01)VT fr(6o). (5)

Under and Assumptions [IH3| introduced in Section [3| we can apply Lemma 1 in Sun (2014b),
for any \/T—con&stent estimator 9 to obtain

S1(0) = Sr(6o) + 0p(1). (6)
Using this result, we can approximate as
VT (02 — 60) = —(GS7" (60)Gr) ' GirS7 (00)VT f1(60) + 0p(1). (7)
=VT(62—60)

Any standard approximation of the two-step GMM estimator /T (65 — ) is based on the first
term in ([7)), which is the infeasible transformed moment condition. This term actually coincides
with the first-order expansion of the infeasible two-step GMM estimator v/T(03 — ) that uses
the true parameter y to evaluate the weight matrix, S, 1(6). Thus vT (ég —06p) is asymptotically
equivalent to \/> (92 — o), and this implies that the estimation uncertainty of the initial one-
step estimator 6; in VT (92 — fp) is ignored for the existing asymptotic analysis, including the
fixed-smoothing asymptotics in Sun (2014b) and Hwang and Sun (2017).

However, Windmeijer (2005) points out that the extra variation in vT'(fs — ) due to 6;
can explain much of the difference in the finite-sample behavior ofv/T (ég —6p) and \/T(ég —0o).
By estimating the term o,(1) in , a finite-sample corrected variance estimate is obtained.
Windmeijer (2005) shows that his corrected variance estimate approximates the true finite-sample
variance well and leads to a more accurate result in hypothesis testing. Windmeijer (2005)
assumes that the moment process f(vy,6p) is i.i.d., but his idea of a corrected variance estimate
can be accommodated to our time-series setup. In doing so, the key step is that instead of
eliminating the estimation uncertainty of 6; in 1.) we further approximate v/T' (ég 90) in equation
. ) by a Taylor expansion, as a function of 61, in the estimated weight matrix ST(91) as follows:

VT(0y = 00) = — (GpST (00)Gr) " G S (00)V'T fr(60) (8)

+ D(8o, Sr(00))VT (61 — 00) + 0 (&) ,

where
0 — (GpS; ' (0)Gr) LGSyt (0) fr(60)

D(0o, S1(0o)) = 20

o)

isa d>< d matrix. Using element-by-element differentiation of the d-component vector —(G%.S*(0)Gr) ™
G4S7 1 (0)VT fr(6y) with respect to 0; for j € {1,...,d}, we can express the j-th column of

ngST(gO) as

dSr(0)
905 lg—p,

x S5 (00)Gr (G ST (60)Gr) ™ Sy (60) f(60)

0S7(0) _
aej 60, STl(GO)fT(90)7

D(6o, Sr(60))1., 4] = — (G5 (60)Gr) "' G757 (60) 9)

+ (GS7 (00)Gr) 1 GrS7 (60)




where 9S7(0)/00; = T;(0) + Y'(6) for j € {1,...,d},

T

T /
_1 1
;;Qh T T <g] ’087 Zgj 1)5, ) ( (’Ut,eo) — T;f(vs,9)> , (10)
and g;(vs,0) = 0f(vs,0)/00;. The expansion in (8]) shows that the correction term D(6p, ST(QU))\/T(él_
00) = O,(T~1/?) vanishes when the sample size T increases, but it is always non-zero in finite

samples. Therefore, we can improve the approximation of the variance of 05 in finite samples by
taking the correction term into account.

3 Asymptotics for Finite-Sample Corrected Statistics

3.1 Formulation of finite-sample corrected variance

The idea of finite-sample corrected variance estimate starts by assuming that the distribution of
St(0) is approximated by the true population counterpart €. In time series, the approximation
is based on the conventional increasing-smoothing asymptotics which considers h — coas T — o0
such that h/T — 0, (e.g., Andrews (1991) and Sun (2013, 2014a)). Since St(6p) is treated as a
consistent estimator of 2, together with the CLT assumption in , the term G571 (00)V'T fr(6o)
converges in distribution to N(0,G'QY71G).

To formulate a finite-sample corrected variance estimator, we use ~ to denote a notion of
asymptotic equivalence in distribution. That is, é7 ~ i indicates that &7 and nr share the same
weak limits for two stochastically bounded sequences of random vectors {7 and np. Keeping
Windmeijer’s correction term D (g, S7(6)) in , the asymptotically equivalent representation

for is given as
5 a Cine1 7 P GO 'AZ
\/T(02 - 90) ~ _( (G/Q 1G) 1a D(QO,ST(Q()))(GIW 1G) ! ) ( G/W71AZ )
where Z ~ N(0,1,,), D(6o, St(6p)) is a d x d random matrix which joins the same marginal
distribution as that of D(6y, S7(0o)), and Z L D(6y, St(0p)). Conditioning on D(6y, S7(6p)), the
sum of two normal distributions can be represented as a normal distribution as well. Thus we
can obtain a normal representation, N (0,Z7), of the approximated distribution of v/T'(3 — 6y),
whose variance—covariance matrix, Z := Zp(6p, S7(6p)), is given by
S = (G'Q'G) " + D(6o, Sr(60)) (G'2'G) ' + (G'27'G) ! D(6o, Sr(6o))
+ D(0o, S7(00))(GWG) " (GW QW LG (G'WG) " D(6o, St (60))’-
Motivated by this, the corrected variance estimate is given as vare(fy) = Ep (2, Sr(01)), where
Er(02, Sr(61)) = var(02) + D(0s, S (61))var(02) + var(62) D(0a, St(61))’ (11)
+ D(02, S (01))var (01) D(02, Sr(61))',
var(h,) and var(fy) are the standard GMM variance estimates, that is,

var () = % (Gpwiter) ™ (G’TWT_lST(él)WT_lGT> (GEwitar) ™

A 1 _1,5 _
war(0n) = 7 (GrS7 (B1)Gr) ™,



and
(B2, S1(01))\.,5] = (G Sz (61)Gr) " GpS7 (6r) (X500) + )(61)) S (01) Fr(B).

Using the FOC, G571 (61) fr(f2) = 0, hence the first term of D (6o, S7(6o))[.,j] on the right-
hand side of @ is always equal to zero in the “estimated” correction term, D(6, S7(61))[., ).
The way we construct the corrected variance formula Wc(ég) in is in the same spirit as in
Windmeijer (2005), where it is assumed to be an i.i.d. moment vector f(v,6p). The difference,
in our setting, is that Sp(f;) for us is a HAR estimator of the LRV which is robust to a non-i.i.d.
moment vector f(vy, 6p).

Now suppose we want to test the linear null hypothesis Hy : R0y = r (vs Hy : Rby # r),
where R is a p X d matrix with rank p < d. Then the Wald test statistic using the finite-sample
corrected variance Wc(ég) can be constructed as follows:

. 1 - . -1
Fullo) = (Rl —r) [Rvarc(92)R’ (Rly — 1),

whereas the uncorrected Wald statistic using the conventional formula, F’ (ég), uses the standard
sandwich variance formula W(ég) When p = 1 and for one-sided alternative hypotheses, one
can similarly construct the corresponding finite-sample corrected and uncorrected ¢ statistics as
te(f2) and t(6s), respectively. We assume the following.

Assumption 1 (i) For kernel LRV estimators, the kernel function k(-) € [—1,1] satisfies the
following conditions: For any b € (0,1], ky (x) = k(x/b) is symmetric, continuous, piecewise
monotonic, and piecewise continuously differentiable, and [~ k?*(z) < co. (ii) For the OS-LRV
variance estimator, the basis functions ®; (x) are piecewise monotonic, continuously differen-
tiable, and orthonormal in L?[0,1], and fol P; (x)dx = 0.

Assumption 2 As T — oo, Oy = Oy + op (1) and 0, = 0 + op (1) for an interior point 6y € O,
where © C R is a parameter space of interest.

Assumption 3 For any 6 = fy+o, (1), Gy (0 )) = Z[TT afg(;",’e) )9—& = rG+o0,(1) uniformly

in v, where G = G(bo) has rank d and G(0) = [8f(vt, 0)/00"]. When v = 1, we have that
Gr(0) = G+ 0,(T~1/?).

Assumption 4 For each j € {1 ., d} and any 6 = 6y + 0, (1), H[TT]J-(HA) =rH;+ o, (1) uni-
formly in r, where H[TTLJ'(HA) x IETTl] 8gja(gf’0) and Hj = H;(0y) with H;(0) = E [9g;(v:, 0)/00'].
When r = 1, we have that Hr ;(0) = H; 4+ O,(T~'/?).

Assumption 5 Foreachj € {1,...,d}, {gj(vt,00)} is a strict stationary process and y ;-

00, where W;; = Elg;(vi,00)g;(vi—i,00)'], and T/ ,[;Tl](g](vtﬁo) — Elgj(v,60)]) satisfies

FCLT.

1=—00

'In constructing the Wald statistic, we divide it by the number of hypotheses p, but only because we anticipate
a more convenient F approximation in the next subsection.

IRZX
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Assumptions [[H3] are standard assumptions in the literature on HAR inference, and they are
similar to those in Sun (2014) and Hwang and Sun (2017, 2018). Assumptions[d]and [5]are needed
to prove the asymptotic validity of the finite-sample corrected variance formula. Assumptions
[4] and [5] are not needed to prove our asymptotic theory if the moment conditions are linear in
the parameters, as illustrated in Section [2l For completeness, we keep them to prove Lemma
for a more general (non-linear) case in Online Appendix which includes the linear-moment
condition as a particular case.

Lemma 1 Under Assumptions[IH3, we have
D(6s, Sr(61)) = D(00, S7(60))(1 + 0p(1)),
which holds when h is fized as T — oo, or when (h,T) — oo such that h/T — 0.

Lemma (1| shows that the small-order term D(6p, ST(6y)) which motivates the formulation
of the finite-sample corrected variance estimate is consistently estimated by D(6, S7(61)) in a
relative sense. In the proof of Lemma [l we show that the consistency of the estimated term
D(6, S7(1)) does not depend on the smoothing parameter h being fixed as T' — 0o, or on h — oo
such that h/T — 0. Since the variance correction terms in Wc(ég) are of smaller order, the result
of Lemmal|I]indicates that the variance-corrected statistics are expected to have the same limiting
distribution as the conventional Wald and t statistics. The following theorem formally states this
result.

Theorem 2 Under Assumptions[1H3, we have that
(a) te(B2) = t(62) + op(1);
(b) Fe(2) = F(02) + op(1),
where (a) and (b) hold when h — oo such that h/T — 0, or when h is fized as T — oo.

Under the increasing-smoothing asymptotics, that is, h — oo but h/T — 0, we have that
var(fy) & (G'Q1G)71, and thus t(fs) <, N(0,1) and F(6y) < X2/p- The results in Theo-
rem [2] justify that the distribution of our finite-sample corrected ¢t and Wald statistics can be
approximated by

te(f2) 5 N(0,1) and F(fs) 5 =x2,

respectively.

3.2 Fixed-smoothing asymptotics for finite-sample corrected variance

The conventional increasing-smoothing asymptotics is a key device for proving conventional nor-
mal and chi-square approximations of our finite-sample corrected statistics, but it often fails to
reflect finite-sample variations of the non-parametric LRV estimation in time-series data. See,
for example, Kiefer and Vogelsang (2002 a&b, 2005) and Hwang and Sun (2017). To overcome
this problem, we derive a more accurate fixed-smoothing asymptotics for the finite-sample cor-
rected tc(ég) and Fc(ég). We consider LRV estimation using the following orthonormal series (OS)

weighting function:
K
r S 1 T s
@x (T T) K ; IN\T) I\



where the smoothing parameter h in Qp(r/T,s/T) is now equal to K > m, which is the
number of orthonormal series functions. The OS-LRV estimator is then defined as Sy(0) =
K1Y Uj(0)U;(0)', where

T T

Uy (0) = <= 05(2) | Fw.0) = 7 3 (0r.0)

t=1 T=1

for each j € {1,..., K}. The OS-LRV estimator has gained considerable attention in the recent
HAR literature, (e.g., Phillips (2005), Miiller (2007), Sun (2011, 2014b), Lazarus et al. (2018),
and Lazarus et al. (2019)). In this paper, we consider

{®, (7”)}sz1 = {®g;_1 (r) = V2sin (21jr) , B (r) = V2cos (2mjr), 5 =1,2,...,K/2}, (12)

where K is an even number. By construction, the OS-LRV becomes an equal-weighted peri-
odogram (EWP) estimator using the first K/2 periodograms (e.g., Sun (2013) and Lazarus et al.
(2019)), which is proportional to an estimator of the scaled spectral density point at zero.

The fixed-smoothing approximation of the OS-LRV, S’T(él), captures the finite-sample vari-
ability of each periodogram by Uj(él) ~ AU; for each j € {1,..., K}, where

T + 1 T
Uj = T_1/2 Z(I)J(f) (615 - T Z€S>
t=1 s=1

and ¢ "= N(0, I;,). From the properties of the Fourier basis functions, Zthl ®;(L) = 0 and
71! Zle Pi(£)D;(4) = 1(i # j), it is straightforward to show that U; = ﬁ Z?:l P;(%)es bR

N(0,1I,) for j € {1,...,K}. Then, holding K fixed, Sun (2013) shows that the OS-LRV is
approximated by

AN RS
2 a X X L / /
Sr(6h) ~S = Sy 823 = A 7 U, U5 | A (13)
gxd gXxq Jj=1

Note that the approximated random variable S ~ K~'W, (K, I,;) is a scaled Wishart random
matrix with K degrees of freedom. Using this result, Theorem 1 in Sun (2014b) shows that the
standard ¢t and Wald statistics, t(ég) and F' (92), do not depend on any nuisance parameters, and
their limits are represented by

~d o d Z1—S12S55 Zo
t(fy) LT L 2L D12Pa2 72 14
(62) S5, (14)
and )
F(f) LT L . (Z1 — $19S95 Z2) STy (71 — $12855-Z2) (15)

respectively, where Z; ~ N(0,1,), Zs ~ N(0,1,), Z1 1 Z3, and S11.2 = S11 — S12S55 So1.

A natural question is whether tc(ég) and Fc(ég) are asymptotically free of nuisance parame-
ters, including the correction term D(fa, S7(61)). From the results in Theorem [2, the limiting
distributions of t.(f;) and F,(f), under the fixed-smoothing asymptotics, are given by

to(B2) = t(02) + 0,(1) % T and F,(fy) = F(fa) + 0p(1) > T,
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respectively. The fixed-K limiting distributions in and are nonstandard. To investigate
further, we use the following well-known properties of the Wishart distribution: Si1.0 ~ Wy, (K —
p—q+1,1,)/G, and Si1.2 is independent of Si2 and Spp. This implies that conditioning on
A = 81282_21 Zo, the limiting distribution F satisfies

K—p—q+1FgK—p—q+1(Zl+A)’Sil.2(Zl+A)if INE
K - K p - paKfpquFl || H 9

where Fp x—p_qr1(J|A]?) is a noncentral F distribution with random noncentrality parameter
|A||*>. The random noncentrality parameter A is the source of the non-standard limiting distrib-
ution [F, and in practice the critical values need to be simulated. With our finite-sample corrected
test statistics, from a practical standpoint it would be more convenient to use a standard F' crit-
ical value after we modify the non-standard source in A. The modified ¢ and Wald statistics
are

IO\ K — q tc(é2)

te.(02) = : ; 16
W= Tx 1+ £J(62) o
s K—p—q+1  F.(b)

Felbo) = —"% 1+ £J(0s) ()

where J(0y) = T fr(62) St L(01) fr(02) is the standard J statistic for testing the over-identifying
restrictions.

Theorem 3 Under Assumptions[1H3, for a fized K as T — oo, we have
=i d
(a) t0(92) — K g
= 5 d
(b) Fe(02) — p,K—p—q+1-

Theorem [3| shows that the finite-sample variance corrections in i,(63) and F.(63) do not alter
the standard ¢ and F' limiting distributions found in Hwang and Sun (2017). Still, they can help
improve the finite-sample performance of our tests. Compared to the conventional normal and
chi-square approximations, the fixed-smoothing asymptotics in Theorem [3] is expected to lead
to a more accurate inference in testing Hg : Rfy = r, because the t and F' limits are able to
capture the estimation uncertainty of the non-parametric estimator S (6p) from the studentized
HAR statistic. Also, the J-statistic modifications in our statistics can capture the estimation
uncertainty of the two-step GMM estimator 05 arising from the random GMM weight S7(6)),
and thus remove the random noncentrality parameter A in the limit. Together with the finite-
sample corrected variance formula, the standard ¢ and F' limits provide convenient solutions to
the efficient GMM inference problem for finite samples.

The Windmeijer correction requires estimating the smaller-order correction term, D (6o, S1(6)),
by D(fa, S7(61)), and the estimation cost has the same order of magnitude with the true correc-
tion, that is,

D(fs, Sr(61)) = D(6o, Sr(60)) + O, (&) .
=0y(J5)

The estimation uncertainty can change the corrected variance estimates in an unexpected way in
finite samples, that is, we could obtain var.(f2)— var(f2) < 0. A smaller variance estimate after
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the correction does not necessarily imply that it gets closer to the actual finite-sample variance.
In fact, the deflation of the original (uncorrected) variance estimate after Windmeijer’s correction
can introduce greater risk of committing type-I error in testing problems. Since the motivation
of our corrected variance formula and corresponding ¢t and Wald inferences is to reduce the
excessive size distortion in finite samples, we want to set the gap between var.(fs) and var(fs) to
be non-negative. Thus we propose to replace Wc(ég) by Widj(ég), where the adjusted variance
correction var ¥ (hy) satisfies

var™Y(0y) — var(6;) > 0.

The adjustment step comes from looking at the matrix Ry = var.(fs) — var(0s), which is a small-
order difference between var.(f2) and var(fs). After calculating the spectral decomposition of
Rr = Vr L1V}, we replace the negative components of the diagonal eigenvalue matrix Ly with
zeros. If we define this new eigenvalue matrix as Ly, the adjusted version of W’c(ég) can be
constructed as

var Y(0y) = var(0y) + Ry where Ry = VpLpVih.

Using var*¥(6s), the corrected ¢ and Wald statistics , 24 (0,) and F2Y(6,), are defined similarly
as in and . By construction, the corrected statistics always satisfy

|82%(02)] < [E(02)] and F2(3) < F(6s).

Thus the size distortions of 2% (6,) and F¥(f,) are no greater than the uncorrected £(63) and
F (ég), respectively, in finite samples. Also, Theorem 2| indicates that Ry = o0,(1) and Ry =
0p(1). This further implies that the proposed #29(0,) and F2Y(0,) are asymptotically ¢ and F
distributed, that is, that

tidj (é2) 4 tK—q and Ffdj(é2) 4 Fp,K—p—gq+1 (18)

hold under fixed-smoothing asymptotics.

Our eigenvalue adjustments overcome the limitation in Windmeijer’s original method, because
our method compares the difference between the corrected and uncorrected variance estimates
and adjusts the corrected variance to be at least as large as in the original (uncorrected) formula.
By doing so, the resulting test statistic does not produce more size distortion than the uncorrected
test statistic does. The eigenvalue adjustments after the Windmeijer correction guarantee that
we do not over-correct the original variance estimates when the true variance is larger than the
corrected variance estimate, that is, when Wc(ég)— var(ég) < 0. This ensures that our formula
becomes immune to the side effect of Windmeijer’s formula, which has an additional chance of
committing type-I error after the correction.

4 Comparison to Continuously Updating GMM

In an attempt to improve the finite-sample performances of the two-step GMM estimator, Hansen
et al. (1996) propose and investigate two alternative GMM estimators: iterated GMM and
continuously updating (CU) GMM. In Online Appendix we show that the finite-sample
corrected variance estimate for iterated GMM estimator can be formulated in the same way that
we correct the two-step GMM. This section analyzes the finite-sample distribution of the CU-
GMM to the same order shown for the two-step GMM and compares the uncorrected CU-GMM
inference with the inference using the finite-sample corrected two-step GMM.

12



The CU-GMM estimator continuously optimizes the entire GMM criterion function, including

the inverted LRV estimator:
Ocu = argminM (60, S(0)),
0cO

where M (6, S(0)) = fr(0)'S:'(0) fr(0). In HAR inference, Zhang (2016) and Hwang and Sun
(2017) show that the CU-GMM Wald tests are first-order equivalent to the two-step GMM tests
under fixed-smoothing asymptotics.

Define a dm x m matrix of Y () such that

T,(Q) = [ Tll(e)v 7T:1(0) ] )

where

ﬂ"‘
M-
HH
ol
N~
=
$
=
N——

10 - 2 (w250 (

The FOC of the CU-GMM objective function is

10M (9, S(0))

Q((Ocu, Sr(fcy)) = 5 50

0=0cy

where Gr () := G — Y'(6 0){Is® (St L) fr(0))} is an effective Jacobian function for the CU-
GMM estimator Donald and Newey (2006) show that GT(H) is a key device for CU-GMM,
since it provides an appealing higher-order bias property for Ocyu to the two- step GMM point
estimator, 0. Newey and Smith (2004) derive a higher-order bias formula for fcy in the i.i.d.
setting. Anatolyev (2005) extends the results of Newey and Smith (2004) in the time series
setting.

Zhang (2016) proves that under some mild conditions,

VT(Bou — 60) = =[G4S (00)Gr] ™ GS7 (Bo)VT fr(6o) + 0p(1) (19)

holds under the first-order fixed-smoothing asymptotics. That is, the CU-GMM estimator is
asymptotically equivalent to the (in)feasible two-step GMM estimator. This leads us to construct
the J-statistic modification of the CU-Wald statistic as

K—p—q+1  F(bov)
K 1+ 2 J(0cy)’

F(Ocy) =

where F(fcy) is the Wald statistic using the uncorrected sandwich variance formula var(fcy ).
Hwang and Sun (2017) show that the J-statistic-modified ¢ and Wald statistics, #(fcy) and
F(éCU), are asymptotically ¢ and F' distributed, respectively, so they are first-order equivalent to
the two-step GMM tests considered in subsection

However, Guggenberger (2005, 2008) provides numerical evidence of no-moment and heavy-
tail problems which are embodied in finite-sample distributions of the CU-GMM estimators,
which cannot be thoroughly explained by . To provide a better description of fcy in finite

2See the proof of Lemma in Online Appendix B for a derivation of the FOC function Q(écu , ST(éCU)).

13



samples, we derive an expansion of Ocy in a way that is similar to our derivation of the corrected
two-step GMM in Section [2| Define a dm X d matrix

G, ~ 15500 070
H(Qo) = i ’
G, Tl 0 G100)
where 9G1(8)/06; = G4 (6) + GU)(0) + G19(0) for j € {1,...,d},
G0 =~ [ Y& s O 1r(0). ... TS0 50(0) |,
G2(0) = [ THO)SF0) (T5(0) + T,0)) S O)Fr(0), .. TYO)SFH(0) (X;(0) + X5(0)) S7(0)fr(6) |,
G0) = = [ THO)SF O)Gyr, . ThO)S (O)Gyr |,

and Y\ = 87;(0)/90; .
Assumption 6 Ocp = 0y + op(1) and satisfies the first-order asymptotics in @

Theorem 4 Suppose that Assumptions @ hold with éCU and that Assumption @ holds. Let
A(Go, ST(Q())) = A1(90, ST(QQ)) -+ Az(@o, ST(H()))7 where

4100, 5r(00)) = [Gr(00)] 57 (60) [Gr(00)] + {Ta @ (fr(60)' S5 (60)) T (00).

d
As(0, Sr(00)) = =5 W

2 ¢j<007 ST(QO))7
j=1
(00, S(00)) = €; [GpS; (00)Gr]

0=09

" G187 (60) fr(00),

and e; is a d-component vector with j-th component equal to 1, and 0 otherwise. Then, assuming
that A(6y, ST(00)) is invertible, the CU-GMM admits the following expansion:

VE(Gew—06) =~ [A00,52(00)] " [Gr00)] ST O0VT 00 <0y (). (20)

The proof of Theorem [4is in Online Appendix B. Theorem [4] provides an analytical expansion
of the CU-GMM estimator whose order of magnitude is the same as that of two-step GMM
estimator shown in (8). The exact expression for dQ(6, Sr(6))/060;00" is provided in Lemma
[B-4] in Online Appendix [B4] It is not surprising that the CU scheme does not depend on the
initial weighting matrix Wy in 6;. The difference between CU-GMM and two-step GMM is also
captured by the terms A; (6p, S7(00)), Aa(6o, S1(6o)), and G(0p) in (20). In the proof of Theorem
[4] which is available in Online Appendix [B.4] we show that these terms appear mainly because
of the effective Jacobian function, G'7(6), which is a non-linear function of f. This contrasts with
the two-step GMM estimator, whose Jacobian term, G, does not depend on 6.

The result in Theorem ¢ indicates that the uncorrected F(éCU), which is based on the first-
order expansion in , may not reflect potentially large finite-sample variations embodied in the
non-linear CU estimation. In contrast, our proposed finite-sample corrected F? dj (ég) does not
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involve the non-linearity in the CU-GMM estimation and uses the corrected variance formula that
explicitly considers the finite-sample uncertainties in the estimated optimal weighting matrix. In
the next section, we numerically explore finite-sample distributions of 05 and Ocy by investigating
the performance of the corrected two-step GMM test, F J(Gg), and the uncorrected CU-GMM
test, F(Acu).

5 Simulation Results

We follow the simulation design in Sun (2014b) and Hwang and Sun (2017) and consider the
following linear structural model:

Y = @+ 21,01 + 22482 + 13,03 + €y ¢,

where x1 ¢, 22+, and w3 are scalar regressors that are correlated with €, ;. The unknown parameter
vector is 6 = (a, B1, Ba, B3)" € R? with d = 4, and there are m instruments 2o, 214, -, Zm—1.¢,
with zps = 1. The reduced-form equations for x1 ¢, z2, and x3; are given by

m—1

Tjt = Zjt + Z Zit + €z, for j € {1,2,3}. (21)
i=d—1

We assume that the z;; for ¢ > 1 follow an AR(1) process, that is, zj; = pzit—1 + /1 — p?es
where (el,, ..., 1) ~ N(0,V.). The diagonal elements of V, are equal to 1 and the off-diagonal
elements are equal to 1. The data-generation process (DGP) for € = (eyt, €211, €xot, €xyt)’ 18
the same as the DGP for (z14,..., zm—1.) except for the dimensionality difference. Thus the
parameter 1 € [0,1) serves as a degree of endogeneity between the regressor x;; and €,;. By
construction, the vectors, e and (214, ..., zm—l,t)/ are independent of each other. We consider the
true parameters to be 6y = (0,0,0,0)’, p € {0.3,0.5,0.7,0.9}, and ¢ = 0.5.
Define @y = (214, 224+, 23+)" and zx = (20,4, 21,45 -+, 2m—1,¢)’- Then we have that the m moment
conditions are given by
E[f (v, 00)] = Elz(ye — z360)] € R™. (22)

The closed-from expressions for the one-step, two-step, and iterated GMM estimators and the
corresponding formulas for the (un)corrected asymptotic variance estimators are shown in Online

Appendix

5.1 Point estimation

We construct the uncorrected and corrected asymptotic variance estimates by employing the
commonly used Bartlett kernel. For the basis functions in the OS-HAR estimation, we use the
orthonormal Fourier basis functions introduced in (12)). For the choice of K* in the OS-LRV
estimation, we use K* = max{Kysg, 8} for ¢ € {1,3} and K* = max{Kysg, 10} for ¢ = 5,
where Kysg is the AMSE-optimal formula in Phillips (2005) and Sun (2013):

|t [+ Ko) (2 2 )1\
Kyse = |7( 4vec(B)'vec(B) ) T4/5-‘ .

[-] is the ceiling function, Ky, is the m? xm? commutation matrix, and B* = —7%/6 372 j*FBugu;_;

with u; = f(v¢,0p). Similarly, in the case of the kernel LRV estimation, we select the smoothing
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parameter b* according to the asymptotic mean squared error (AMSE)-optimal formula in An-
drews (1991)E| The unknown parameters in the AMSE can be either calibrated or data driven
using the VAR(1) plug-in approach. Here, we use the data-driven VAR(1) plug-in approach, fol-
lowing Andrews (1991). The qualitative messages remain the same regardless of how the unknown
parameters are obtained.

We consider m € {5, 7, 9}, and the corresponding degrees of over-identification are ¢ = {1, 3,
5}. The number of replications in all of our Monte Carlo simulations is 10,000. We look at the
finite-sample performance of the estimated values for 81 in the GMM point estimators, 0, 92, and
éﬂ"ér, and the corresponding finite-sample variances and median values of the asymptotic variance
estimates considered in the paper. Tables[I| and [2| show the results, which can be summarized as
follows.

First, the asymptotic variance estimates of the one-step estimator are close to the actual finite-
sample variances. This is because the one-step estimator does not require a non-parametric LRV
estimate as its GMM weight matrix. This is consistent with Hansen et al. (1996) and Windmeijer
(2005). Second, in contrast to the one-step GMM, the conventional sandwich asymptotic variance
estimates of the two-step GMM estimators are severely affected by a downward bias in finite
samples. The bias is more serious when the sample size is relatively small. For example, when
T =100, ¢ = 3, and p = 0.30, Table [1| indicates that the sandwich asymptotic variance estimate,
var(hs), is about 35% downward biased from the true finite-sample variance var(fy). When
T = 200, the downward bias decreases by 13%. The bias becomes larger as the degree of over-
identificaion ¢ increases. Table [2] shows the same quantitative messages using the OS-LRV and
the iterated GMM estimator.

Table [I] also shows that the finite-sample corrected variance estimate proposed in this paper,
var™¥(y), successfully reduces the downward bias of var(fs). For instance, when T = 100,
¢ = 3, and p = 0.30, varY(0y) reduces the bias of var(fy) by 29%. The improvement in the
bias correction of our estimator increases as g increases. We find the same quantitative messages
using the OS-LRV and the iterated GMM estimator, as shown in Table

Although our corrected variance formula improves the finite-sample behavior of the asymp-
totic variance estimates for the GMM estimators, there is still a notable difference between
the finite-sample corrected asymptotic variance estimate and the actual finite-sample variances,
especially when p increases. This is not surprising, given that the time-series GMM method
yields a large amount of finite-sample variability from the non-parametric LRV estimator. The
finite-sample variability increases as the time-series dependence increases. This can be seen by
comparing the results for different values of p in Tables[I[Jand 2] As illustrated in subsection [3.2]
the non-parametric LRV estimate, W?dj (ég), converges in distribution to a random matrix under
fixed-smoothing asymptotics. In the next subsection, we consider this feature and investigate the
finite-sample performances of our proposed F' test using Widj (92) in the Wald statistic.

Lastly, Tables [I] and [2] indicate that the bias in LRV estimation is less severe for the OS
estimator using Fourier basis functions than for the Bartlett kernel estimator. This is consistent
with previous findings in Lazarus, Lewis, and Stock (2019) in the exactly identified regression

3We note that, as is well known, minimizing the AMSE is equivalent to minimizing bias®+ variance for the
LRV estimator, can be different from the paper’s primary purpose, namely, tests for the structural parameter
vector. This is because minimizing the MSE leads to an underweighting of the bias that we address in this paper.
Alternatively, we can choose a larger smoothing parameter based on testing-oriented criteria. For example, Sun and
Phillips (2009) show that larger smoothing parameters are justified from the standpoint of reducing size distortions
in the kernel LRV estimation. The same caution can be applied to the choice of AMSE-optimal K*. We thank an
anonymous referee for pointing this out.
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context.

5.2 Hypothesis testing

We consider the following null hypothesis of interest,

Hy: 1= 2= p3=0, (23)

where the number of restricted parameters in R is p = 3 and the nominal significance level
a is 5%. Given its superior performance to Bartlett LRV in point estimations, we consider
only test statistics using the OS LRV with Fourier basis functions. Under , we study the
empirical rejection probability (ERP) of the uncorrected Wald statistic, F'(f2), and the finite-
sample corrected Wald statistic, Fadj(éz) which use chi-square critical values derived from the
conventional increasing- smoothing asymptotics. We examine the uncorrected Wald statlstlc with
the J-statistic modification, F'(fy), as in Hwang and Sun (2017). We also examine Fy (02) which
is a finite-sample corrected version of F/(fy). Both F(f;) and F2(6,) use asymptotic F critical
values which are derived under the fixed smoothing asymptotics. The same Wald test statistics
using the iterated GMM estimator, F’ (93‘&) ad‘](ﬁﬁ‘;r) (Gftfer) and F, ad‘](ﬁlﬁr) are considered.
The results are reported in Tables [3] and [

We first find that two-step GMM tests based on the uncorrected variance estimates and chi-
square critical values, F(éz), suffer from severe size distortions on finite samples. For example,
when 7" = 100 and p = 0.50, Table [3| reports that the ERPs of F(éz) are around 20%-43%, and
these size distortions increase up to 58%-87% when p increases to 0.90, as shown in Table [4] As
we point out, one possible reason for the failure of the chi-square test is the difference in behavior
between the asymptotic variance estimate and the actual finite-sample variance of the two-step
GMM estimators. That difference can be reflected in the corrected variance estimates that we
provide. When the corrected version of the test statistic, Fi dj(ég), is used, it can help reduce the
finite-sample size distortions. For example, the ERPs of F(f5) when p = 0.50 and T' = 100 are
reduced to 17%-27%, as shown Table When p = 0.90 and T = 100, the ERPs of F(0,) are
reduced to 25%-44%, as shown Table [4] Lastly, the results in Tables [3| and |4] also indicate that
the size distortions become larger as the degree of over-identification ¢ increases.

Although our simulation results suggest that the finite-sample variance correction can improve
the Wald inference, there are still significant size distortions for F¢' dj(ég)), as shown in Tables
and (4], which indicate the limitations of chi-square tests. This is because the chi-square critical
value from the increasing-smoothing asymptotics cannot capture the estimation uncertainty in
the nonparametric weight matrix S7(6y). This is why we employ F' critical values using the J-
statistic-modified Wald statistic driven by the fixed-smoothing asymptotics and obtain a further
improvement in the finite-sample inference. The results are provided in Tables [3] and [l We first
observe that the size distortions of all testing procedures are substantially reduced. For example,
the ERPs of F(f) are reported to be around 9% when T = 100 and p = 0.50. Thus the F tests
clearly reduce the finite-sample size distortion from previous chi-square tests by 23% on average.
This agrees with the previous literature, such as Hwang and Sun (2017) and Sun (2011, 2013),
which highlights the accuracy of the fixed-smoothing asymptotics using OS LRV

We find that the two-step GMM test with the corrected variance estimates, (92) proposed
in this paper can further reduce the finite-sample size distortions, which is shown in Tables
and |4, For example, when T' = 100 and p = 0.50, the 8% 10% size distortions of F(fy) are
reduced to 4%-8% after the corrected variance estimates are used in Fp dj(éz). When 7" = 100
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and p = 0.90, the 12%-21% size distortions of F(f;) are reduced to 3%-14%. The other results in
Tables [3] and [4] exhibit similar quantitative and qualitative interpretations for the iterated GMM
when the value of p is small and ¢ < 5. When p is high or ¢ increases, which induces a smaller
choice of the optimal Kysg, we find that the performance of the iterated GMM test, F dj (él"tzr),
is dominated by that of the two-step GMM test, F d (ég) We note that this finding does not
support the first-order equivalence of the two-step and iterated procedures in GMM.

In sum, our numerical findings for two-step GMM are consistent with the theoretical results
developed in this paper, which indicate that the 2 dJ(ég) procedure is able to further refine
the fixed-smoothing asymptotics by capturing the initial estimation uncertainty from the non-
parametric LRV estimator. It is interesting to note that the amount of finite-sample improvement
using F? di (éz) is increasing in the degree of over-identification q. However, we find that using our
corrected formula, Widj (ég), can lead to some conservatism for certain parameter constellations,
for example when p = 0.9 and ¢ = 5.

Tables |3| and 4| explore finite-sample distributions of ég and éCU in a numerical dimension
by investigating the performances of the corrected two-step GMM test and the uncorrected CU-
GMM test. When the degree of persistence is mild, for example when p € {0.3,0.5}, the CU-GMM
test, F (éCU), which uses F' critical values and the J-statistic modification, behaves similarly to
the uncorrected F-test using two-step GMM, F(fs). However, F(fcy) is more size-distorted than
F (92) when the degree of over-identification, ¢, increases to 5. In all of these cases, the finite-
sample corrected two-step test F2Y (f,) performs better than the uncorrected F(fcy). We also find
that the ERPs of F (éCU) perform its best on finite samples when the degree of over-identification
q is equal to 1, that is, when the model is close to being exactly identified.

Lastly, we point out that more than half of reductions in empirical size distortions for F (ég)
and F' (é&‘ér) are driven by using F' critical values with the J-statistic modification, as originally
shown in Hwang and Sun (2017). However, the result is not unexpected in our asymptotic theory,
because under our asymptotics the order of the finite-sample correction is O,(7~/2). Our finite-
sample correction is designed to target the smaller order of error still embodied in the ERPs
of the J-statistic-modified F' test of Hwang and Sun (2017). Our simulation results in Tables
and successfully show that the error of order Op(T_l/ 2) could be further reduced with the

finite-sample corrected statistics proposed in this paper.

5.3 Weak identification

GMM inference often suffers from identification issues as well; see, for example, the July 1996
special issue of the Journal of Business & Economic Statistics. Stock and Wright (2000) point
out that the weak identification of the GMM parameters can be another source of the poor finite-
sample properties of HAR tests. In this subsection, we use Monte Carlo simulations to explore
the issue of weak identification and to investigate how our proposed tests fare relative to their
alternatives when the identification in is weakened. Namely, we alter our previous DGP by
premultiplying the first two summands in the first stage regression by a constant m = (.10,
that is,

m—1
Tjp =T (Zjﬂg + Z Ziﬂg) + €zt for j € {1,2,3}. (24)

i=d—1

From simple algebra, we can derive that the value of R-squared is given by (¢+1)/((g+1)+1/72).
With our choices of ¢ € {1, 3,5} and 7 = 0.10, the set of R-squared values corresponds to {0.0196,
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0.0385, 0.0566}. We consider the degree of endogeneity, 1, in {0.5,0.9}. All other DGPs are the
same as in previous sections. To save space, we report results only for p € {0.70,0.90).

The simulation results in Table [f] show that the presence of weak identification affects the
performance of all the tests considered. To be specific, with a mild endogeneity degree ¢ = 0.5,
the corrected F test, F dj (92), becomes more under-sized in most cases, but over-sized when p
increases to 0.90 , ¢ € {1,3}, and T' = 100. When the degree of endogeneity, 1, increases to
0.90, however, we find that both the uncorrected and corrected F' tests are severely size distorted
in finite samples. For example, with p = 0.90, ¢ = 3, and T" = 200, the ERP of the corrected
F tests is about 19%. Nevertheless, we find that our finite-sample correction remains effective
in reducing a large amount of the size distortion in the uncorrected F' tests. We also find that
the uncorrected CU-GMM test with the J-statistic modification and F critical values, F(fcv),
performs similarly to the uncorrected F' test in most cases, but it becomes more over-sized as ¢
increases. When 1) is 0.90, the uncorrected CU-GMM is more size-distorted than when ¢ = 0.50,
which is also the case for the uncorrected two-step GMM test F(6s).

Summing up, our finite-sample evidence indicates that in cases of both strong and weak
identification, the uncorrected CU-GMM performs best when the degree of over-identification is
equal to 1. However, the performance of the uncorrected CU-GMM test has no advantage over
the uncorrected two-step GMM test. Also, the finite-sample corrected two-step test performs
better than the uncorrected CU-GMM test.

6 Conclusion

We develop an improved heteroskedasticity autocorrelated robust (HAR) inference that uses a
finite-sample bias-corrected asymptotic variance estimate for the efficient GMM estimator in time
series. We extend Windmeijer’s (2005) approach to the time-series setting by explicitly consider-
ing the non-parametric LRV estimator in the bias-corrected variance formula. We formally show
the consistency of the finite-sample corrected variance estimate when the smoothing parameter
in the LRV estimator is fixed or is increasing with respect to the sample size. After the correc-
tion, our eigenvalue adjustments ensure that the corrected Wald test statistic is immune to the
potential side effect of Windmeijer’s formula which can introduce an additional type-I error.

With our finite-sample corrected variance estimator, this paper constructs ¢ and Wald tests
using the fixed-smoothing asymptotics. The standard ¢t and F' limiting distributions provide
a convenient solution to the efficient GMM inference problem. We also provide an analytical
expansion of the CU-GMM estimator and point out that the standard Wald inference using the
CU-GMM cannot reflect potentially significant finite-sample variations embodied in the non-
linear CU estimation.

Our Monte Carlo results show that the asymptotic ¢ and F' tests developed in this paper
reduce the empirical size distortions compared to those in the existing tests in Sun (2014b) and
Hwang and Sun (2017). Our findings show that the amount of size improvement increases as
the degree of over-identificaion increases or as the time-series dependence increases. Also, we
find that the finite-sample corrected two-step test outperforms the uncorrected CU-GMM test
on finite samples.
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Appendix A: Proofs of Main Results

Proof of Lemma We prove the result for the general non-linear case. For each j € {1,...,d},
we have

957 (0)

D(Bs, Sr(01))[, j] = (A(02, Sr(61) "' Gr(02)' ST " (61) 50

87 (00 fr(0:)
0=01

dSr(0)

= (G7(60)S7" (60)Gr(09)) ' G(60) S (B0) =7
J

Sy (00) fr(02) (1 + 0p(1)),

6=>0,

where the second equality holds by Assumptions (3 I 3| and 4] I, together with @ Using the first-order
Taylor expansion of fr(0s), we have

50N 51 60) r(80) (1 + 0(1)
89j 0=0;

dSr(0)
20,

D(03, S7(61))[., 4] = {G/(60)S7 1(90)GT(90)}*1 Gr(00)'S7 (8o)

- {{G'T(90)551(90)GT(90)}_1 Gr(60)' S (60) S7(60)Gr(6o)

0=0,
% { G (00) ST (00)Gr(00)} " Gr(60)' ST (B0) fr(60) | (1 + 0,(1)

for each j € {1,...,d}. For the term 957(0)/90;|,_g . recall that it is equal to Tj(él) + T;(él)
We want to show that Y;(61) = Y;(60)(1 + 0p(1)). Let us define

T T
050 = 7330 () o0 0.
t:1 s=1

where QZ(T’, S) Qh T, S fO Qh T1, S dT1 f() Qh T, TQ dTQ + fO f() Qn T1,7'2)d7‘1d7’2 We first
consider the case in which h is fixed as T' — oo. For some 9?}7] for j € {1,...,d}, and 9 , both of
which are between él and 60y, we can write

T
T*(01 % ;lQ <;7;> g5 (ve, 00) f (vr, 0p) (25)
T B (u0, T
% ;1 < <;’ ;> ( 8 Ut@ )(91 - 90)) f(vr,00)
1 r t af v, ) /
G (5 s

=1 t=1
Tj 0o) + 11 + Io + I3,

T T 8 Ut,g v, s R /
+%ZZQ < > <W(91_90)> [W(el_eo)]

for each j € {1,...,d}. Let us define ¢;; = Ht,J(H}j) (t/T)H; for each j € {1,...,d}. By

Assumption {4 I and the definition of initial estimator 01, €;+ does not depend on h and satisfies
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9] )
supy<i<r ||€j¢l| = 0p(1) for each j € {1,...,d}. Setting A; = %(91 6o) and B, = u, :=
f(vr,6p), we apply Lemma in Online Appendix and re-write I; as

I = Hy (61— 00) ZZQh( )wmh(l Desir(ly — 00)S)(u)

7=11t=1
-1
+T [Q;‘l ) : ( T; 1)] ¢jr(01 — 00)SL(u)
=1
T-1
+T [ Z< ) Qh <t+1 1)] €j¢(01 — 00)ST(u)
11T 1
4T vQ; < )e (01 — 00)S.(u)
Tltzl h T T 7,t\V1 0

= Iy + o+ iz + g + 115,

where S, (u) = T~1 Yoiqus for 7 =1,...,T. We want to show that I; for each i € {1,...5} is
op(1) as T' — oo holding h fixed. For I;1, there exists a finite M > 0 which does not depend on
t such that

(26)

|\111|—'|erleo i[/ (,;)mo(;)}ug

=0, (1) = ot

M 1 <

) !
< ? H (Hj\/f(tgl - HO)ﬁ ;UT>
where the inequality follows from fo Q; (r ( ,%) dr = 0. It is easy to check that I12 = 0,(1) from
the FCLT condition in and €;7 = 0p(1). Next, we consider I13. By summation by parts, we
have that

Lz = €;7VT (01 — 6p) —&rVT(01 —60)Qj, (1,1) Sp(u)  (27)

1 < X T
ﬁ;Qh (17T>u7'

= op(1),

where the last equality follows from the boundedness of the function @Qj (-,-), and that fact that
€7 = 0p(1). For I14, we have that

> [oi (1) i (5] o
2o (1) - (1) o0
( 1) QILll‘ op(1).

ity Kl t T
[ th <T’ T)
=1 Lt=1

26

([ 114]]

IN

VT - 60)| [VTsr]  @s)

| A

S flell

_Op

Lastly, for I;5, we have that

[y
[asry

[L15]] < sup |[e;] VT (01 — 0p)VTSL(u) (29)
1<¢<T




For each 7 € {1,...,T},

LI CERLIC I LICE SRLICRE 5
“loi(pr)-ale )] latp) e )]

Using this result, we re-express the upper bound on || 15| in by

o)) -l (05

=1

sup |lej¢l] x
1<t<T

X Hﬁ@ —9O)H ’ max VTS (u)

(i) ()] fo (o) )

where the first equality follows from the FCLT and the continuous mapping theorem. We have
therefore shown that I; = 0,(1). The proofs of I = o0,(1) and I3 = 0,(1) can be done in a very
similar manner, and we omit the details. Using these results, we can conclude that

= op(1) x x Op(1) = 0p(1),

Y5(61) = Y5(60)(1 + 0p(1)) (30)
for each j € {1,...,d}. Using the result in Lemma [B.2]in Online Appendix we obtain
Y5(61) = 15(01)(1 + 0p(1)) and T3(60) = T;(60)(1+ 0p(1)), (31)

which implies that Y;(61) = Y;(60)(1 + 0,(1)) for each j € {1,...,d}. From this result, it is
straightforward to obtain

D(03,S7(61)) = D(6o, Sr(60)) (1 + 0,(1)), (32)

which is the desired result.
Now, we consider the case where (h,T") — oo such that h/T" — 0. We first want to check that
the terms I1-1I3 are still 0,(1) when (h,T) — oo such that h/T" — 0. For I;, we have that

T z[;i@z <;,;)

\f( )] e

where the second equality follows from part (c) of Lemma B 1)1 111 Online Appendix E Also, we
check that Ity = 0,(1) since €; 7 = 0,(1) does not depend on h. A careful inspection of ([27)- .
indicates that the terms I13-115 are also 0,(1) because Qj (-, -) is uniformly bounded in h under
Assumption [I} The proofs of I = 0,(1) and I3 = 0,(1) can be done in a very similar manner,
and we omit the details. This concludes that the result in also holds when (h,T) — oo such
that h/T — 0. From the result in Lemma in Online Appendix we also obtain that
also holds when (h,T) — oo such that h/T — 0, which leads to the desired result in (32)). m

11 = ‘

=o(1)
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Proof of Theorem 2, We prove only part (b), as the proof of (a) can be done in the same way.
Define the infeasible finite-sample corrected variance
vartt(s) = var(0s) + D (8o, St(00))var(62)
+var(6a) D(6o, S1(60))’ + D(6o, St(60))var(61) D(6o, S (b)),
with corresponding statistic F(0y) = (ROy —r)' [Roar ™ (6) R~ (Rfy — ) /p. Then implies
that var.(f2) = var™ (2)(1 + 0,(1)). Thus the corresponding infeasible Wald statistic satisfies

Fo(02) = Fi*(62)(1+0,(1)). Also, Dy, s,(60) = 0p(1) implies that vars" (62) = var(f2)(1+0p,(1)),
and this leads us to get

Fe(By) = F2(B2)(1 + 0p(1)) = F(02) + 0,(1),

as desired. m R
Proof of Theorem (3. Define the modified (uncorrected) Wald statistic using F'(62) as

_K-p—g+1  F(b)
K 1+ L7(,)

F(6y)

and similarly define f(ég) using t(éQ). Under Assumptions we can apply Theorem 1 in Hwang

and Sun (2017), and we obtain that #(6y) <, tpr—q and F(7) <, . K—p—q+1 for a fixed K and
T — oo. By Theorem [2, we have that

~ ~ ~ A

e(62) = #(02) + 0p(1) and Fi(02) = F(02) + 0,(1),
and this gives us the desired results

TR R
te(02) = tx—q and Fo(02) = Fp g —p—q+1-
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Online Appendix B:
“Finite-sample Corrected Inference for Two-Step GMM in Time
Series”
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B.1 Finite-sample correction formula for non-linear moments

In the non-linear moment case, recall that the Taylor expansion of the FOC in , \/T(ég —0o),
is expanded as:
1

VT (03 — 69) = — [A(eo, Sr(61)) o Gr(00)' Sy  (61)VT fr(60) + O, <ﬁ> , (B.1)

where the matrix A(6y, Sp(61)) of second-order derivatives is given as
A(0o, S(01)) = Gr(60)' S (01)Gr(00) + Hr (00)' (1a @ S (01) fr(00))

and
oG (0)
901 J9—p,

Hr (6p) =
oG (0)
904 ‘a:eo

Then we can formulate an estimator for the asymptotic variance of 92 as

-1

. 1 . L 1-1 o . . .
war(02) = 7 [AG2, Sr(01)|  (Gr(02)S7 (0)Gr(B2)) [ A, Sr(61))]
Note that the form of var(fs) in is different from the standard asymptotic variance estimate

(G’T(ég)S;l(él)GT(ég))*l. Keeping this term, however, could potentially improve the finite-
sample performance of Tar(fy), because the second term in the expression for A(fy, St(6:)),
Hr(0:) (Ig ® S;l(él)fT(ég)), which is of stochastic order O,(T~'/2) = 0,(1), is non-zero in a
finite sample in over-identified GMM, (e.g., Windmeijer (2005)).

Similarly to the expansion in and taking a further expansion of , we have that

VT (05 — 09) = —(A(Bo, S1(00)) " Gr(60)' S (00)VT fr(6o)

+ D60, Sr(00)WT (01 — o) + O, (\}T) , (B.2)

where
0 [—(A(8o, Sr(0))LGr(00) S5 (0) fr(60)]
o0’

D(6o, St (o)) =

0=09



is a d x d matrix. The j-th column of D(6y, S7(6p)) is expressed as
1 9A(bo, Sr(0)))

D(bo, St(00))]-, j] = (A(bo, ST(60)) 90, (A(6o, Sr(6o)) " (B.3)
i =00
x Gr(00)'S7" (60) fr(6o) + (A(6o, ST(0)) "' Gr(60)'S7" (6o) (B.4)
05r(6) S (60) fr (o). (B.5)
905 o=,

From the FOC, the first term in (B.3)) is always estimated as zero, so the feasible estimator for
D(0o, S1(00))]., 3] is

D(fs, S7(01))[..4] = (A(B2, S7(61)) G (02)' Sy (61)

05r(6) S (01) fr(62),

X
00; 6=>6

where the formula for0Sr(6)/00;],_s is provided in . The finite-sample corrected formula
is then given by

var.(0y) = var(0y) + D(0a, Sp(61))var(6;)
+ var(3)D(0y, S7(61)) + D(0a, Sp(61))var(6,)D(0a, Sp(61)),

where

var(fy) = % (GT(éz)'vaflc:T(éQ))*1 (Gr(Ba) Wi 51(01) W5 G () ) (GT(ég)'W;IGT(éQ))*I,
T (0s) = o [, 510 (G257 006G (0) [AGa, 20|

Unlike the linear moment condition illustrated in Section [2, we note that there still exists a
remainder term of order O,(T~1/?) in which arises from the Jacobian function G (6). The
remainder term is of the same order as our correction term, D(6p, S7(6p)). This implies that the
effect of finite-sample improvement after taking account of D(6y, S7(61)) in our corrected formula
can depend on its magnitude relative to that of the remainder term in . The same points
are mentioned in Windmeijer (2005) and Hwang et al. (2020).

B.2 Iterated GMM

Let éioter be the two-step estimator 6. For j > 1, the j-th iterated GMM estimator éfE is defined

as the solution to the following minimization problem:

6 . = arg;erginM (9, St (éft;})) ) (B.6)

where M (6, S (821)) = fr(0)'S71(07.1) fr(8). The asymptotic distribution of vT'(fL . —6p) can

iter iter iter
be represented as follows:

VT (0, — 00) = — (GpS7' (00)Gr) ' GpS7 (00)V'T fr(6o) (B.7)
+ DQO’ST(QO)\/T(QAQ — 90) + op (\/1?) . (B.S)



Substituting the expansion in into (B.8)), we can represent the first iteration estimator as
VT (0 — 00) = — (Ia+ D(00, S7(60))) (GS7" (00)G) ™ GpS1 (00)VT fr(60)

A 1
+ [D(@o, ST(H()))]Q ﬁ(@l — 9()) + op (ﬁ) .
The leading term in VT (6 (6! ter — Bo) consists of an asymptotic normal distribution, part of which
is scaled by I; + D(6g, S7(6p)). Also, the effect of the one-step estimator v/T'(f; — ) decays
through the iteration procedure when we keep repeating this substitution until the j-th iteration:

VT (0, — Io+ Z (60, S7(00)]' | (GTS7"(80)Gr) ' G'pS7 (60) VT fr(Bo)

+ [D (60, Sr(60)) T VT (61 — 00) + 0, (1

5
When the number of iterations j goes to infinity, Oft or 1s expected to converge to a random
variable Hlot‘gr Then the impact of vT'(6; — ) on T(6? Yor — 00) through [D(6y, Sr(0))P T =

Op(T~ (G+1)/2) can be perfectly removed, and we have that

_ _ _ _ 1
VI (03 = 60) = = (Ia = D(00, Sr(09))) " (G187 (00)Gr) ™ G187 (90)VT fr(60) + 0y (ﬁ> ,
assuming that I4—D(6o, St(6p)), which is I5+0p(1), is invertible. The corrected variance estimate

o0
for 01t -

o (éﬁ‘ér) _ (Id D (énep Sy (9%)))_1@ (élter) <Id - D (élter,S (Qé’%))l) 717

where var(32) = TGl St 162 )Gr)~! is the standard sandwich variance formula. The

corrected formula for Qg’oﬂ extends that of Windmeijer (2000), which is formulated in an i.i.d.

setting. The corrected Wald statistic is

is constructed as follows :

F(62,) = - (Ré?f’t‘;r—r),(RWc(elter)R’) (Rige, 7).

Similarly, one can construct the corrected ¢ statistic when p = 1. The asymptotic distribution of

F.(632,) can be characterized as

9°°:

1t01

¢ [R (L= D60, Sr(00)) ™" (G (00)Gir) G S G0V T fir(60)]
~ -1 —1
R(1a—D (0, 5r032)))  (GrS7'(02,)Gr)
, —1
Id_D(éltm?S (Qi?\r))) R

R (Li — D(6o, S7(60))) " (G1S7" (60)Gr) " GpS7 ' (00)VT fr(6o) | + 0p(1)-

-1

'Hansen and Lee (2020) provide some regular conditions that guarantee that the loop of the iteration sequence,

¢  for 7 =1,2,...,is a contraction mapping, which implies that the iteration estimator Glter is the fixed point.

iter



Under the fixed-smoothing asymptotics, we have that S7(0y) ~ Sr. The asymptotically equivalent
distribution of F,(A° ) is then given by

iter

Fiter =% R( ’TS;lGT)—lG’TS;lAZ]'[R( ’TS;GT)*RT1 [R( 'TS;GT)—la'TS;lAz],

where R = R(I;—D(6y, St(0p))) " is a px d matrix. Considering R = R+0p( ) and Theorem 1 in
Sun(2014), we obtain Fiter = F+0,(1). Thus instead of approximating Fr. (Glter) by a conventional
X3 /p distribution, the standard ¢ and F distributions shown in Theorem [3 I and , together
with the corrected variance estimate Wc(ﬁlm) the J-statistic modification, and the ﬁmte sample
2di(gee ) and

adjustments in subsection can be used to obtain asymptotic critical values for ¢ or

adJ (000

.), respectively.

B.3 Finite-sample corrected formula for linear-IV model

Let X = (21,...,27) € RT* 7 = (2,...,27)" € RT>*™ and y = (y1,...,yr). We choose the
initial weight matrix W as Z'Z/T. This makes the initial one-step estimator 6; equivalent to
the two-stage least-square estimator (2SLS), which is formulated as

b = (X'ZW' 2/ X) (X' 2w Z2'y)
and the corresponding asymptotic variance estimator is
1

var(0y) = T (X' 2wt 2'X) ™ (X' Z2witse (b)) Wil 2 x) (X' 2wt 2/X) 7

where
N 1 & t s P 1 < A
T (91) =7 ZZ () | #eee(01) — > ziey(0h)
t=1 s=1 j=1

1
T

~

zje€y,j(6h)

MH

X Zt6y7t(é1)

I
—

J

and €, (01) = y; — 461 The efficient two-step GMM estimator is
. R -1 R
fy = (X’Zs;l(el)z’x) X' 7871 (61)2'

and the corresponding uncorrected sandwich variance estimator and the corrected variance esti-

mator are L

var(fy) =T (X’ZS;l(él)Z’X)
and

var.(0y) = var(By) + D(0y, Sp(61))var(8s) + var(2) D(0a, Sp(61))"
+ D(0, S7(01))var(0,)D(0s, Sp(61)),



respectively, where the j-th column of D(ég, ST(él)) is given by

DGy, Sr(00) 1) = — (X'257" 00 7'x) " X257 (0n) 2O
J

87N (01)Z ey (82);
=0,

dSr (0)

5, = ;(01) + 15(01)

0=>0,

and ey(él) = (ey,1(61), ..., ey,T(él))’. The formula for Tj(él) is

. 1 e t s 1 & A 1
Tj <01> = _T ZZQh (T, T) (thj,t — Tzlzixj7i) <€y’5(01)2’; — T

T
t=1 s=1 =

2

ey7i(él)zl’-> .

1

The iterated GMM estimator, éﬁ%r, which repeats the loop of the iteration sequence in , is
given by

~ ~ 1 ~
O, = (X287 03 X' Z87H(032.) 7'y,

)Z’X>

and the corresponding uncorrected sandwich variance estimator and the corrected variance esti-
mator are

ware (032) = (12— D (952 570052, ) v (0%, (Id - D (8., sT<éazr>)') B

and 1

var (920) =T (X’ZS;l(éggr)Z’X) ,
where

Noo Noo . / —1/A0c0 / -1 ! —1/p00
D <01ter7ST(9iter)) [7]] = - (X ZST <eiter)ZX> X ZST (Hiter)
OO g 2, 652,
00; 6=0%,
dSr (0)

=500 + TR
0=63°

iter

20,

B.4 Technical lemmas and proof of Theorem

Lemma B.1 Under Assumption |1, together with h — oo and T — oo such that h/T —0, the
following hold:

(0) T2 527y 30 Qn(3. ) = fy Jo @n(m, m)dmidry = o(1);
(b) supycier {T7 7y Qi (52 7) = Jy @ (F.72) draf = 0(1):
(c) supjcrcp T! Z?zl Q5 (%, 7) = o(1), where

1 1 1 1
Qp(r,s) = Qn(r, 8)—/0 Qh(ﬁ,s)dﬁ—/o Qh(T,T2)dT2+/O /0 Qn(11, 72)dT1dT).



Proof of Lemma We start by proving the results for the case when Q(r,s) = k((r—s)/b),
where h = 1/b. Denote bT' by Br. For part (a),

1 & & T T 1 & & T — T 1 =
ﬁZZQh(%7?Z> zzz_:k(lBT2):T-zl( T|J|) <BT)

m=1m=1 T m=1m=1 j=—T+
-(F)5 2 0671 % a5
T BTJ}T+1 Br TT]_ T+1BT Br
- (&) 4 5 k(a‘)_<BT>21 5 ()
T ) Br, 4. \Br T ) Br 4, Br \Br
= [2% k(z)<oo — [ |a|k(z)|<oo

since By — oo such that By /T — 0. By Assumption |1 k ((71 — 72)/b) — 0 for almost all 7 and
79, and this enables us to apply the dominated convergence theorem and obtain

/ / Qn(11,72)dT1dT0 = / / (Tl Ik )dTldTQ

Similarly, for part (b), we have
121%;%@;1 (;, ;) / Qn ( 2) dry
- o A3 () - [+ (L5 e
s (5 2k () + [+ () o

o0 1
J T — T2
— || + su k( )
BT)‘ /o ognpg b

Br 1
T B
j=-—00
= o(1),

because the first term on the right-hand side of the first equality is O(Bp/T) = o(1). Also,
Assumption |I| implies that supg<,,<; [k ((71 — 72)/b)| — 0 for almost all 72, and this enables us
to apply the dominated convergence theorem to get the second term on the right-hand side of
the first equality in to be o(1) when b = Bp/T — 0.

IN

dry (B.9)

&
N




For part (c),

T 1 T 1
1 t—71 7'1—7'/T> 1 / <t/T—Tz>
= su — k — k| —— |dn— = k| ——— ) dr
1§T§pT{T; (BT> /0 ( b ' T; 0 b ’

Taelr {;’;T;k <t;TT> - /01 k (ﬁ_bT/T> dﬁ} +o(1)

where the last equality follows from the proof of part (b).
Next, we consider the case of the OS-LRV with Qj(r,s) = K~ ! ZJKZ1 ®;(r)®;(s) and K — oo
such that K/T" — 0. Then the result of part (a) follows from

73 S ed P [ [ e
)9G5 ([ o) ([ o)

J=1

1
M=
Mﬂ
==
M=
=

(Lo o) ([ enro(3)
|



since fol ®; (1) dr = 0 by Assumption |1} Part (b) follows in a similar manner using Assumption

[ since
T 1
1 t T / (t >
su sl Ty ] T —, T dr
1§t£T{T;Qh (T T> ; Qn L 2}
T K 1 K
1 1 t T 1 ¢
12127’ T;K; ]<T> J(T> /OK; J<T> j (T2) dro
K K .
1 t 1 T 1 t
= su = Sl = | = (=) | — o b (1) dr:
1<t£T K; ]<T)<T; ](T>> KZ:: ]<T>/0 j (12) dT2
—
=0
K 1
1 t 1
=4 su D | = /(I)~rdr—|—0< >>
{1<t£TKZ; ]<T)}<0 i(r)
1
:O<T> -
Lastly, because fo T)dr = 0, it is straightforward to check that Q} (%, %) = Qn (%, 7).
Therefore,
1 t T 1 1 ¢ .
su W) = —= ®: (=) sup ®; (=
1<TI<)TTZQh <T T> T; (K; J (T> 1ST£T j (T>)
K T
1 1 t .
KZ(TZ J(T))EBET i (7)
1
~ofz) =
[

Lemma B.2 Let us define
1 *
T ZQh T T g]<’l)t,0)f(’l)5,9) .
t=1 s=1
Under Assumptions @ for any 0 = 6y + O,(1/V'T), we have that

T;(0) = T5(0) + 0p(1)

when h is fired as T — oo, or when (h,T) — oo such that h/T — 0.



Proof of Lemma For each j € {1,...,d}, we have that

(B.10)

T T .
TZZGT g] vtv (0870)1

t=1 s=1

r T T T
- % > (%,%) —/0 /0 Qn(71, 72)dT1dT2 %Zzgg (vt, 0) f (vs, )/] ‘

L T1=172=1 t=1 s=1

1 1T ) R 1 Z ) T
< thlgj Ut7 ZGT 1)5,9) ﬁ;f(v&e) Zl gj Ut7
=A =C

1 e t

+ 2;;@1 (T T> / / Qn (11, T2)dT1dTS \FZQJ v, 0 \sz v, 0)|],
where

T
= %ZQ}Z (;, ;) / Qn ( Tz) dry.
T=1

We first consider the case that h is fixed where 7" — oo. Note that by Assumption (1} er(t) =
O(1/T) = o(1) uniformly over ¢ for fixed h. From the proof of Lemma 1-(a) in Sun (2014), we

obtain
1 G t s Lol 1
ﬁZZQh (T’ T> —/0 /0 Qn(T1, 2)dTidTy = O <T) :
t=1 s=1
and .

B=0, <T> and C = 0y (1), (B.11)
as T — oo such that h is fixed. For each j € {1,...,d}, we apply the mean value theorem to
term A (above) and obtain

\FZQJ v, O7) = \FZg] v, 00) + Hrj (05 ) )VT (01 — 0p) = Oy(1) (B.12)

for some 5}7 ; which is between 0 and . For term D (above),

T T T Ha. Vg, 9_* ) .
\}TZGT g;(ve, 0 \}TZQT(t)gj(UtaQO) + ;ZeT(t)gj(ae,T’])\FT(G—Ho)
=1 1 t;1 1 ;__11 _ A
=77 Z er(t)gj (v, o) + T Z[GT@) —er(t+1)] x Ht,j(eéﬁj)ﬁ(e —bo)
t=1 t=1

(B.13)
+er(T)Hr,;(05.;)VT (0 — 6y),



where the second equality follows from summation by parts. For the last term on the right-hand

side of the second equality in (B.13)),

1

er(T)Hr;(07,)VT(0 — 60) = O, (T>

by Assumptions [I] and [d For any m-dimensional vector a,

il

M=

2
er(t)a'gj(vy, 90)>

1

m: Els

| =

er(t)a'E [gj(vi,00)g;(vs, 00)'] aer(s)

1t=1

S

2 T T
1 !/ !/
sup ep(t —g a Elgi(v,00)gi(vs,600) | a
1<t<T ()) T81t1 [](t )](5 )]

(72) 3 a0 (5 )l 3 vl =0 ()

1=—00 1=—00

<

QAH

IN

by Assumption [5| Together with Markov’s inequality, this leads us to get

1 & 1
Nii ;eT(t)gj(vt,Ho) =0, <T> .

Let us define €;; = Hy j (5}’]-) — (t/T)H; for each j € {1,...,d}. By Assumption {4} €; satisfies
. e second term on the right-hand side of the second equality in (B.
1). Th d he right-hand side of th d lity in (B.13

can be written as

T—-1
T D ler(®) = enle-+ U}y 07, VIO - o)

1 T— 1 1 T-1 ¢ .

T :1 —eT t—l—l)]ﬁjt\ﬁe 9 —|— ; —eT t—i—l)] <T> Hj\/f(g—eo)

1 =1 -1 (T) R
TZ (t) — er(t +1)]e;VT(6 — 0) + Z () H;NT(0 — 6y) — HiVT(0 — )

t=1 _
-0(z),

where the last equality follows from vT'(§—6) = O,(1), Supy<i<7 €5t = 0p(1), and sup; <,y er(t) =
O(1/T), which leads us to D = O, (1/T') . Incorporating this, together with (B.11]) and (B.12]),

into , we obtain
- A 1
T;(0) = 15(0) + Op <T>
=T3(0) + o0, (1), (B.14)

10



which is the desired result.
Now we consider the case when (h,T") — oo such that h/T" — 0. Using parts (a) and (b) in
Lemma [B1] we obtain

T2 Z Z Qh Tl T2 / / Qn(11, 72)dT1dT2 = 0(1) (B.15)

T1=1712=1
sup er(t) =o(1) (B.16)
1<t<T

when (h,T) — oo such that h/T" — 0. Note that, compared to the case when h is fixed, the order
of the convergence on the right-hand sides of (B.15)) and (B.16)) becomes o(1) instead of O(1/T).
Using (B.15)), one can show that the last term in is 0p(1) when (h,T) — oo such that
h/T — 0. Also, a careful inspection of the proof when h is fixed as T' — oo indicates leads
to the conclusion that

A =0,(1) and D = 0,(1)

hold when h — oo such that h/T — 0. Similarly, we can prove that B = o, (1) and C' = O, (1)
also hold when h — oo such that h/T" — 0. Incorporating these results into (B.10), we can
conclude that Y;(6) = T3() + o, (1) also holds when (h,T') — oo such that 2/T — 0. =

Lemma B.3 For a generic sequence of matrices {Cy}, define So(C) = 0 and S;(C) = T~13'_, O
fort e {0,1,...,T}. Then for any two sequences of matrices {As} and { By},

1 K& t T ,
ﬁzz@z (57 ) 4.

=1 t=1
(35 s fa () () s

s I[Q;;( 7 - (175 st + oy srasi )

0 (77) =i (pp) - (5 F) - (3 )~ @ (5T

Proof of Lemma [B.3] We use the formula for summation by parts:

T—1 t
1
Zatbt aTCT T Z(atH — a¢)Cy, where C; = st (B.17)

t=1

for any conformable vectors a; and b;. Consider

T2 ZZQh ( ) AB. = Z ( ZQh ( ) ) B. (B.18)

7=1 t=1

We first apply the formula in (B.17) to the expression inside the parentheses by setting a; =
QZ(t/T, T/T), bt = 14157 and Ct = 25:1 AS. Then

() (50 B () () (37)



for each 7 € {1,...,T}. Incorporating this into (B.18]), we have

1 L t T
* !
2.2 <T’ T) 4By

=1 t=1
T—1

T
= 1Y (L D) seBL - Y sia

(B.19)

We repeatedly apply the formula in ( - ) to the terms on the right-hand side. For the first
term, setting a, = Q} (1, 7) Sr(A), b = B., and C. = >_7_, B/, we obtain

TZQh( =) Sr(A)B,

= Q! (1,1)Sp(A ZQh< T“) Qh( )ST(A)S(B)'

Inside the braces in the second term, setting a, = @QJ (%,%) - Qj (%, %), b, = B,
Cr=>"1_, B, we get

o (F5) - (F )l
- [oi (5 i () s [os () - (77

(g psor

Incorporating these results into (B.19)), we obtain

1 o t T y
N (T,T>AtBT

=1 t=1

and

(1, o 1) - Qi (1 ;)] Sr(A)S-(B)'
1

-Rsfas(F) - (p) s B E [ (7 ) - (757)
S

t=1 T=1

T-1

St(A)ST(B)’+Z[QZ< ) Qr <t“ 1)]8,5(A)ST(B)’

t=1

+TZ_1 [QZ (1, %) - Qp (1’ T; 1)] ST(A)ST(B)’ + Q7 (1,1) ST(A)ST(B),,
as desired. =
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Lemma B.4 Let Assumptions ﬁ hold with O¢cy. Then the CU-FOC Junction Qg s..(9) satisfies

9%Q(0, 57(9))
6,00"

_ 9?Q(0,57(9))

= 0o | Ton(l),
=03, 90;00" oty

where 07 is located between 0y and bou.

Proof of Lemma [B.4} We start by showing that Q(6, S7(0))/d¢’ coincides with the definition
of A1(8, S7(6)). We have that

fr(0) 571 (6) 2350
= G571 (0)Gr(0) — : STH(0)Gr(9)
Fr(0)'S71(0) 2350
Jr(6) S71(8) 250)

- G (0
HOENOE Y
The right-hand side of the last equality can be re-written as

fr0)Sz' (0 )(T1(9)+T’1(9))
Gr(0) —

) S71(0)Gr (6)
fr(0)'S:1(0) (Td(9) +7(0))

[ fr(6YS7(0) {‘“"GT”) T4(0)S7'(0) [Gr(0)] }

| r0)S7(0) {255 — 1a(0)5710) [Gr9)] |

= [Gron)] 5700 [Gr 0] + {12 (1r(00) 55 @0) (00
= A1(0, 57(0)).

For each i € {1,...,d}, we have that

86225) 880 (Gr —Y/(0) {Ia® (S7(0) fr(0)) })

= 53 [ YUO)STHO) fr(6), -+ ,YL0)S7 (0)fr(0) ]-

For any (7,7) € {1,...,d} x {1,...,d}, we have that

_aaei (T5(0)S71(0)f7(9)) = — (%ﬁ(@) S7H(0) fr(0) + Y(0)S7 (0) <88<9iST(9)> S21(0) £r(0)



and using the linearity of f(v¢, 6) in 6, we obtain

) o (1 (1 I\ Ofon0)) [ 1 &~ s '
%Tﬂ@)a@i( ;(T;¢k(T) 50, ><ﬁ2¢k(T)f(vs,e)

where, because of the linearity of the moment process, Tﬁ) does not depend on #. We have that

o (TOSEO£10) = = (3 150)) S7O2(6)+ ;0570) (55500 57 0)£206)

0)5(0) (35 720))

(
= [YOT 55 0)£2(60) + T5(0)S7(0) (Ta(6) + T3(6)') 57 (6) Fr(6)
(

Y05 (0)Cr.
and thus
2D S [OSFOf0), - T0)570r0)
=~ [ YWsF 0, - XY s O)m0) |
FLTUOSTO) (0,0) + 1,6)) ST O Fr(6). - T4O)S7(6) (T,(0) + X, 0)) 57 (0)r(6) |
TS OG- TS OCr ]

)
St(0))/00;00" with j € {1,..., d}, we have that
8*Q(9, Sr(0))

agjag/ = Aj<9) + Bj(e) + Cj (‘9)7
where
4,(0) = 55 (GrOS7 0)Gr(0)).
) fT(9)’551(9) 6%7911(9)
fr(0)S71(0) 2552
J | ISP OTO)80) (G2 (0)]
Cj(0) = 00, :

fr(0) STHO)Tal0)S7(0) | Gr(0)]

14



For A;(0), it is straightforward to obtain

4,(6) = (aijé&(e)) S (0)Gr(60) — G (0)57(9)

+ErO)'S70) (35-61(0))
=(G§?§<9> é“’%u chg<9>

TS G 0)

For Bj(0), its i-th row is expressed as

- (fﬂe)’s;%e)acggf@))
_ <a‘zjfT(9)’> S71(0) 8%;@ — fT(H)'SEl(@a%TQE,Q) 7 (0) 8G8T959)
+fT(9)/SEI(0)M

= Gl S71(0) (GL9(0) + G(0) + 619 0))
— fr(0)'S71(0) (X;00) + 05(0)) S71(0) (GL5(0) + G 0) + GL9(0))
0G3(0) 9GH(0) G (0)
a6, a6, | o4 )

+ fr(6)'S5(0) (
Lastly, the i-th row of C;(6) is expressed as

90, O (#r0)sy O7T0)5710) [020)])

= Gl ST (O)T(0)ST1(0) | Gr(0)]
— rt0Ys7 0 2D s oyr 0574 0) [Gr0)]
J
+ fr(0)'STHO) T 57 0) |Gr9)]
- 1r(0)'s7 O 057 (0) 20 571 0) [6r(0)]
L (0G50 0Ge)  aGie)
+ fr(6) 1<em<9>sT1<e>< 5+ —or o0 )
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From the proof of Lemma (1] it is straightforward to show that

fr(07) = fr(fo) + op(1),

St(07) = St(6p) + Op(l)v

T;(07) = Ti(6o) + 0p(1),
G0 05) = G (80) + 0,(1)

for any 0% = 0p + O,(T~/2), k € {a,b,c,}, and j € {1,...,d}. Similarly, it is not difficult to
check that )
9G; 5 (0)
00

a0

20, + 0,(1) for k € {a,b,c}.

=03, =00

Therefore, we have that

92Q(0, Sr(9))

90,00/ = Aj(60) + Bj(60) + C;j(f0) + 0(1)
J

=6z,
_ 5°Q(0. 51(0))
00,00

+ Op(1>7
6=09

as desired. m
Proof of Theorem 4. From the second-order Taylor expansion of the FOC, we have that

0= Q(fcu, St(fcu)) = Gr(bcv) [ST(éCU)] - fr(fcv)
0 R
Qo,sT(e)) <90U B 90)

oo’
<éCU,j - 90,j) (éCU — 90)

— G (00) [S7(00)] ™ Fr(60) + (

d
1 9*Q(6, 5r(9))
izz: 06,00’
(%

0=0o

0=071.

= Gr(00) [ST(00)] " fr(60)

{ aQ( 985/7’ )) (éCU,j — Ho,j)} (éCU - 90) )

where each component of 07 is located between the corresponding components ¢y and éCU. By
Assumption @, we obtain

1~ 92Q(9, 57(6))

=063

A _ - _ 1
deus ~ 0ny = ¢ (G 7 G0)Ga] ' Gy 00 fa(t) + 0y (7).

=v; (00,57 (00))

where the first term on the right-hand side is O, (T -1/ 2). Lemma provides that

FQU.Sr(O)|  _ Q(6.51(6)

= 1).
0,00 |o_ps 96,00 op(1)

6=09
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Therefore, we have that

1 22Q(9, 51(9)
2 4 - 60-60’

=

(éCU»J' - 90,3’) (éCU - 90)
2 Z (‘92 82 853(9)) oo - 0P(1)> X <¢j(9075T(90)) + 0p (;)) <éCU - 00)

-5 (P )t oon ses —) <o (7).

Combining these results into the second-order Taylor expansion of the FOC, we obtain

0=01,

0=09

0=@Q (éCU, ST(éCU)) = Gr(fcv) {ST(QACU)} - fr(fcu)
= Gr(60) [Sr(60)] " fr(o)

<W> (v —60) %2 92Q(0, Sr(9))

+

(éCU,j - 90,j) <éCU - 90)

o0/ )t A
= ) [ST(00)] " fr(60)
d
Q(0, S7(9)) 1 <N 92Q(0, Sr(0)) N
00 ) FREPD 00,00 (fovs = t0s) ¢ (dov —60)
6=0¢ j=1 0= 9T

Gr(
Gr(00) [ST(00)] " fr(60)
[ 0Q(0, St(0 )>

00
which leads to the desired result,

1 - 8°Q(0, 5r(6))

v-s | 2 06,00

¥;(0o, S(00)) (éCU - 90) + 0p <;> :

R

:A(QO »S1(00))

VT (9CU — 90) = - [A(QoﬁT(@o)) o Gr(60) [S7(60)] ™" VT fr(60) + 0, <\/1T) :
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