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ARTICLE INFO ABSTRACT

Keywords: The density weighted average derivative (DWAD) of a regression function is a canonical

Density weighted average derivatives parameter of interest in economics. Classical first-order large sample distribution theory for

Edgeworth expansions kernel-based DWAD estimators relies on tuning parameter restrictions and model assumptions

Small bandwidth asymptotics that imply an asymptotic linear representation of the point estimator. These conditions can
be restrictive, and the resulting distributional approximation may not be representative of the
actual sampling distribution of the statistic of interest. In particular, the approximation is not
robust to bandwidth choice. Small bandwidth asymptotics offers an alternative, more general
distributional approximation for kernel-based DWAD estimators that allows for, but does not
require, asymptotic linearity. The resulting inference procedures based on small bandwidth
asymptotics were found to exhibit superior finite sample performance in simulations, but
no formal theory justifying that empirical success is available in the literature. Employing
Edgeworth expansions, this paper shows that small bandwidth asymptotic approximations
lead to inference procedures with higher-order distributional properties that are demonstrably
superior to those of procedures based on asymptotic linear approximations.

1. Introduction

Identification, estimation, and inference in the context of semiparametric models has a long tradition in econometrics (Powell,
1994). Canonical two-step semiparametric estimands are finite dimensional functionals of some other unknown infinite dimensional
parameters in the model (e.g., a density or regression function). A leading example of such a finite dimensional estimand is the
density weighted average derivative (DWAD) of a regression function. This paper seeks to honor the many contributions of Jim
Powell to semiparametric theory in econometrics by juxtaposing the higher-order distributional properties of Powell et al.’s (1989)
two-step kernel-based DWAD estimator under two alternative large sample approximation regimes: one based on the classical
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asymptotic linear representation, and the other based on a more general quadratic distributional approximation known as small
bandwidth asymptotics.'

In a landmark contribution, Powell et al. (1989) proposed a kernel-based DWAD estimator and obtained first-order, asymptoti-
cally linear distribution theory employing ideas from the U-statistics literature in statistics to develop valid inference procedures in
large samples. This work sparked a wealth of subsequent developments in the econometrics literature: Robinson (1995) obtained
Berry-Esseen bounds, Powell and Stoker (1996) considered mean square error expansions, Nishiyama and Robinson (2000, 2001,
2005) developed Edgeworth expansions, and Newey et al. (2004) investigated bias properties, just to mention a few contributions.
The two-step semiparametric estimator in this literature employs a preliminary kernel-based estimator of a density function, which
requires choosing two main tuning parameters: a bandwidth and a kernel function. The “optimal” choices for these tuning parameters
depend on the goal of interest (e.g., point estimation vs. inference), as well as on the features of the underlying data generating
process (e.g., smoothness of the unknown density and dimension of the covariates).

Classical first-order distribution theory for kernel-based DWAD estimators has focused on cases where tuning parameter
restrictions and model assumptions imply an asymptotic linear representation of the two-step semiparametric point estimator (see
Bickel et al., 1993; Newey and McFadden, 1994; Ichimura and Todd, 2007, for overviews). That is, the two-step estimator is
approximated by a sample average based on an influence function. This approach can be used to construct semiparametrically
efficient inference procedures, but requires potentially high smoothness levels of the underlying unknown functions, thereby forcing
the use of higher-order kernels or other debiasing techniques. Further, the implied distributional approximation may not be “robust”
to tuning parameter choices and/or model features. More specifically, the limiting distribution emerging from the asymptotic linear
representation of the centered and scaled point estimator is invariant to the way that the preliminary nonparametric estimators are
constructed. At its core, an asymptotic linear approximation assumes away the contribution of additional terms forming the statistic
of interest, despite the fact that these terms do contribute to the sampling variability of the two-step semiparametric estimator and,
more importantly, do reflect the impact of tuning parameter choices in finite samples.

Cattaneo et al. (2014b) proposed an alternative distributional approximation for kernel-based DWAD estimators that allows for,
but does not require, asymptotic linearity. The idea is to capture the joint contribution to the sampling distribution of both linear
and quadratic terms forming the kernel-based DWAD estimator, because the quadratic term explicitly captures the effect of the
choice of bandwidth and kernel function. To operationalize this idea, Cattaneo et al. (2014b) introduced an asymptotic experiment
where the bandwidth sequence is allowed (but not required) to vanish at a speed that would render the classical asymptotic linear
representation invalid because the quadratic term becomes first order even in large samples, which they termed small bandwidth
asymptotics. This framework was carefully developed to obtain a distributional approximation that explicitly depends on both linear
and quadratic terms, thereby forcing a more careful analysis of how the nonparametric first stage contributes to the sampling
distribution of the statistic.

Inference methods based on small bandwidth asymptotics for kernel-based DWAD estimators were found to perform well in
simulations (Cattaneo et al., 2010, 2014b,a), but no formal justification for this finite sample success is available in the literature.
Methodologically, this alternative distributional approximation leads to a new way of conducting inference (e.g., constructing
confidence intervals) because the original standard error formula proposed by Powell et al. (1989) must be modified to make the
asymptotic approximation valid across the full range of allowable bandwidths (including the region where asymptotic linearity
fails). Theoretically, however, the empirical success of small bandwidth asymptotics could come from two distinct sources: (i) it
could deliver a better distributional approximation to the sampling distribution of the point estimator; or (ii) it could deliver a
better distributional approximation to the sampling distribution of the studentized t-statistic because the standard error formula is
modified.

Employing Edgeworth expansions (Bhattacharya and Rao, 1976; Hall, 1992), this paper shows that the higher-order distributional
properties of inference procedures motivated by the small bandwidth asymptotics approximation framework are demonstrably
superior to those of procedures motivated by asymptotic linear approximations. We study both standardized and studentized
estimators and show that those emerging from the small bandwidth regime offer higher-order corrections, as measured by the second
cumulant underlying their Edgeworth expansions. An immediate implication of our results is that the small bandwidth asymptotic
framework simultaneously enjoys two advantages: delivering a better distributional approximation (Theorem 1, standardized t-
statistic) and leading to a better standard error construction (Theorem 2, studentized t-statistic). Therefore, our results have
theoretical and practical implications for empirical work in economics, in addition to providing a theory-based explanation for prior
simulation findings documenting better numerical performance of inference procedures motivated by small bandwidth asymptotics
relative to those motivated by classical asymptotically linear distributional approximations.

The closest antecedent to our work is Nishiyama and Robinson (2000, 2001), who also studied Edgeworth expansions for
kernel-based DWAD estimators. Their expansions, however, were motivated by the asymptotic linear approximation of the point
estimator, and hence cannot be used to evaluate the distributional approximation emerging from the alternative small bandwidth
asymptotic regime. Therefore, from a technical perspective, this paper also offers novel Edgeworth expansions that allow for
different standardization and studentization schemes, thereby allowing us to plug-and-play when juxtaposing the two asymptotic
approximation frameworks. More specifically, Theorem 1 below concerns a generic standardized t-statistic and is proven based on

1 Jim Powell’s contributions to semiparametric theory are numerous. Honoré and Powell (1994), Powell and Stoker (1996), Blundell and Powell
(2004), Aradillas-Lopez et al. (2007), Ahn et al. (2018), and Graham et al. (2024) are some of the most closely connected to the our work: these papers
employ U-statistics methods for two-step kernel-based estimators similar to those considered herein. See Powell (2017) for more discussion and references.
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Appendix A, which may be of independent technical interest due to is generality. In contrast, Theorem 2 below concerns a more
specialized class of studentized t-statistics because establishing valid Edgeworth expansions is considerably harder when dealing
with studentization.

The idea of employing more general asymptotic approximation frameworks that do not enforce asymptotic linearity for two-step
semiparametric estimators has also featured in other contexts: (i) semi-linear series-based, many covariates, and many instruments
estimation (Cattaneo et al., 2018a,b), (ii) non-linear two-step semiparametric estimation (Cattaneo et al., 2013; Cattaneo and
Jansson, 2018; Cattaneo et al., 2019; Cattaneo and Jansson, 2022), and (iii) network estimation (Matsushita and Otsu, 2021). While
our theoretical developments and results focus specifically on the case of kernel-based DWAD estimation, our main conceptual
conclusions can be extrapolated to those settings as well. The main takeaway is that employing alternative asymptotic frameworks
can deliver improved inference with smaller higher-order distributional approximation errors, thereby offering more robust inference
procedures in finite samples. Furthermore, our theoretical and methodological results can also be leveraged to study the higher-order
distributional properties of bootstrap-based methods for inference. Although a complete theoretical analysis is beyond the scope of
this paper, we provide further discussion about the bootstrap in Section 4.

The paper continues as follows. Section 2 introduces the setup and main assumptions. Section 3 reviews the classical first-order
distributional approximation based on asymptotic linearity and the more general small bandwidth distributional approximation,
along with their corresponding choices of standard error formulas. Section 4 presents the main results of our paper. Section 5
concludes. The appendix is organized in four parts: Appendix A provides a self-contained generic Edgeworth expansion for second-
order U-statistics, which may be of independent technical interest, and is proven in Appendix B, Appendix C gives the proof of
Theorem 1, and Appendix D gives the proof of Theorem 2.

2. Setup and assumptions

Suppose Z; = (Y;,X])', i = 1,...,n, is a random sample from the distribution of the random vector Z = (¥, X')’, where Y is an
outcome variable and X takes values on R with Lebesgue density f. We consider

0 :=E[f(X)¢X)],  gX) =E[Y|X],

the DWAD of the regression function g, where, for any (differentiable) function a, d(x) denotes da(x)/dx, and where existence of
is implied by parts (b) and (c) of the following assumption, which collects the regularity conditions under which our subsequent
analysis will proceed.

Assumption 1. For some S > 2, the following are satisfied:

(a) E[|Y]*] < oo;

(b) fis (S + 1) times differentiable, and f and its first (S + 1) derivatives are bounded;

(c) gis (S +1) times differentiable and its first three derivatives are bounded;

(d) e and its first (S + 1) derivatives are bounded, where e(X) := f(X)g(X);

(e) E[VY|X)f(X)] > 0 and X := V[y(Z)] is positive definite, where yw(Z) := 2[é(X) — Y f(X) — 6] and where V[-] denotes the

variance;

(f) v is twice differentiable, its first two derivatives are bounded, and v/ and E[|Y|}|X]f(X) are bounded, where v(X) :=
E[Y?|X];

(&) limsup)yjoell + v(x)1f(x) = 0, where || - || is the Euclidean norm; and

(h) Cramér Condition: For every v € R,

lim sup |]E [exp (if‘l’v(z))” <l
|t| >0

where y,(Z) :=V'y(Z) and P := —1.
Under Assumption 1 and using integration by parts, the DWAD vector can be expressed as
0 = -2E[Y f(X)],

which motivates the celebrated plug-in analog estimator of Powell et al. (1989) given by

b=-2' Y Y,-%f,-(X,-L fo=m-n" Y 1K< - x>,

d
1<i<n I<j<n h h
J#i

where f,-(-) is a “leave-one-out” kernel density estimator employing a symmetric and differentiable kernel function K : R — R and
a positive vanishing (bandwidth) sequence .
The estimator 6 can be expressed as a second-order U-statistic with an n-varying kernel:

-1 X - X.
a_(n e _p-d-1g i J
0= <2> > U, Uyi=-rTK < - > ¥, - Y). (2.1)

1<i<j<n
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Our analysis of § is based on this representation and proceeds under the following assumption about the kernel function.?

Assumption 2. For some P > 2 and some {u, : a € Z‘i, [a] = P} C R, the following are satisfied:

(a) K is even, differentiable, and K is bounded;
(b) fpa KK (u)'du is positive definite; and
(© fra IK@IA + [[ullP)du + fpq IK@)IICL + [Ju]|*)du < oo and

1, if [a] =0,
/du”K(u)du= 0, if0O<[al<P
N Uy, if[al = P,

where a € Z¢ is a multi-index.
3. First-order distribution theory

Before presenting our main results concerning the higher-order distributional properties of different statistics based on 8, we
review conventional and alternative first-order asymptotic distributional approximations, as well as the distinct variance estimation
methods emerging from each of those approximation frameworks. Limits are taken as # — 0 and n — o unless otherwise noted, -
denotes convergence in probability, and ~ denotes convergence in law.

3.1. Distributional approximation

Under appropriate restrictions on h and K, the estimator § is asymptotically linear with influence function w and asymptotic
variance X. More precisely, Powell et al. (1989) showed that if Assumptions 1 and 2 hold and if nh®PAS) — 0 and nh?*? -
(where a A b denotes min(a, b)), then

Vi@ -0)=n"12 3 w(Z) + 0p(1) = N(0, D). (3.1)

I<i<n

A proof of (3.1) can be based on the U-statistic representation in (2.1) and its Hoeffding decomposition 0= E[U;] + L + O, where
L and Q are mean zero random vectors given by

L:=n' ) L, L :=2EU;|Z]-EU,,

1<i<n

and

-1
Q = <n> Z Q,‘jy Q,‘j = U,'j _E[U,‘jlzi] _E[U[jlzj] +E[U,‘j],

2 1<i<j<n

respectively: because E[U;;] = 6 + O(hP*S) and V[Q] = O(n~2h™972), we have

n
Vn@-0)=n"2Y L+ 0 (ﬁh”s + ;> .
i=1 V nhd+2
from which the result (3.1) follows upon noting that V[L;—w(Z;)] = O(h"*S). Using Edgeworth expansions, Nishiyama and Robinson
(2000, 2001) studied the quality of the distributional approximation implied by (3.1); their result is contained as a special case of
our Theorem 1.

The Hoeffding decomposition and subsequent analysis of each of its terms shows that the estimator admits a bilinear form
representation in general, which then is reduced to a sample average approximation by assuming a bandwidth sequence and kernel
shape that makes both the misspecification error (smoothing bias) and the variability introduced by O (a “quadratic” term) negligible
in large samples. As a result, provided that such tuning parameter choices are feasible, the estimator will be asymptotically linear.

Asymptotic linearity of a semiparametric estimator has several distinct features that may be considered attractive from a
theoretical point of view. In particular, it is a necessary condition for semiparametric efficiency, and it leads to a limiting distribution
that is invariant to the choice of the first-step nonparametric estimator entering the two-step semiparametric procedure (Newey,
1994). However, insisting on asymptotic linearity may also have its drawbacks because it requires several potentially strong
assumptions, and because it leads to a large sample theory that may not accurately represent the finite sample behavior of the
statistic. In the case of 5, asymptotic linearity requires P > 2 unless d = 1; that is, the use of higher-order kernels or similar
debiasing techniques (see, e.g., Chernozhukov et al., 2022, and references therein) is necessary in order to achieve asymptotic
linearity. In addition, asymptotic linearity leads to a limiting experiment which is invariant to the particular choices of smoothing
(K) and bandwidth (k) tuning parameters involved in the construction of the estimator. As a result, large sample distribution theory

2 In Assumption 2(c) and elsewhere, we employ standard multi-index notation: For a := (a, ...,a;)’ € 74, we have (i) [a] :=a, + - +a,, (i) a' i=q!...q,!,
(iii) x* :=x' “,xj’ for x :=(x;,...,x,) €RY, and (iv) 0°g(x)/0x :=dlelg(x)/(0x|" ... 9x]) for (sufficiently smooth) ¢ : R¢ — R.
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based on (or implying) asymptotic linearity is silent with respect to the impact that tuning parameter choices may have on the finite
sample behavior of the two-step semiparametric statistic.

To address the aforementioned limitations of distribution theory based on asymptotic linearity, Cattaneo et al. (2014b) proposed a
more general distributional approximation for kernel-based DWAD estimators that accommodates, but does not enforce, asymptotic
linearity. The idea is to characterize the joint asymptotic distributional features of both the linear (L) and quadratic (Q) terms,
and in the process develop a more general first-order asymptotic theory that allows for weaker assumptions than those imposed in
the classical asymptotically linear distribution theory. Formally, if Assumptions 1 and 2 hold, and if (nh%*? A 1)nh*P*S) - 0 and
n*hY > oo, then

VIBIT/2@ - 6) » N0, D), (3.2)
where V[8] = V[L] + V[Q] with

VIL] =n"! [Z+ 0 (RP"S)]
and

n

-1
2) R [+ 0], A= 2E[VYX)f(X)] / K@K’ du.
R4

V[Q] = (

This more general distributional approximation was developed explicitly in an attempt to better characterize the finite sample
behavior of §. The result in (3.2) shows that the conditions on the bandwidth sequence may be considerably weakened without
invalidating the limiting Gaussian distribution, although the asymptotic variance formula changes. Importantly, if nh¢*? is bounded
then 8 is no longer asymptotically linear and its limiting distribution will cease to be invariant with respect to the underlying
preliminary nonparametric estimator. In particular, if nh9*> — ¢ > 0 then 8 is root-n consistent, but not asymptotically linear. The
bias of the estimator is also controlled in a different way because the bandwidth is allowed to be “smaller” than usual, which may
remove the need for higher-order kernels. Interestingly, (3.2) allows for the point estimator to not even be consistent for §, which
occurs for sufficiently small bandwidth sequences.

Beyond the aforementioned technical considerations, the result in (3.2) can conceptually be interpreted as a more refined first-
order distributional approximation for 8, which by relying on a quadratic approximation (i.e., accounting for the contributions of
both L and Q) is expected to offer a “better” distributional approximation than approximations relying on asymptotic linearity
(i.e., accounting only for the contribution of L). The idea of standardizing a U-statistic by the joint variance of the linear and
quadratic terms underlying its Hoeffding decomposition can be traced back to the original paper of Hoeffding (1948, p. 307).
Simulation evidence reported in Cattaneo et al. (2010, 2014b,a) corroborated those conceptual interpretations numerically, but no
formal justification is available in the literature. Theorem 1 below will offer the first theoretical result in the literature highlighting
specific robustness features of the distributional approximation in (3.2) by showing that such approximation has a demonstrably
smaller higher-order distributional approximation error.

3.2. Variance estimation

Motivated by the asymptotic linearity result (3.1), Powell et al. (1989) also proposed the “plug-in” variance estimator

Si=nt Y LI, I :=2[(n— nt Yy v, —§],
1<i<n I<j<n
J#i
and proved its consistency (i.e., & —p X) under the same bandwidth sequences required for asymptotic linearity (i.e., assuming
nh*PAS) — 0 and nh?*? - ). Combining this consistency result with (3.1), we obtain the following result about a studentized
version of §:

V0 -0)w NOD, Dy i=n"'S (3.3)

Using Edgeworth expansions, Nishiyama and Robinson (2000, 2001) studied the quality of the distributional approximation implied
by (3.3); their result is contained as a special case of our Theorem 2.
Complementing the small bandwidth asymptotic representation (3.2), Cattaneo et al. (2014b) showed that

-1
Vi =n'[Z 4 op(D)] + 2(3) 2 A + op(D)],

which implies among other things that the consistency result 5 —p X is valid only if nh9*? — oo; otherwise, 5 is in general
asymptotically upwards biased relative to V[8] in (3.2). Because 5 is asymptotically equivalent to the jackknife variance estimator
of 8, Cattaneo et al. (2014a) also noted that the asymptotic bias of £ is a consequence of a more generic phenomena underlying
jackknife variance estimators studied in Efron and Stein (1981). See also Matsushita and Otsu (2021) for related discussion.

To conduct asymptotically valid inference under the more general small bandwidth asymptotic regime, Cattaneo et al. (2014b)
proposed several “debiased” variance estimators, including

-1 1
7T ] n —d-2 7 T pd+2( N ’
Vg :=n"15 = <2> n92A, A:=h <2> Y vl

1<i<j<n
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and showed that 4 —p A under the same bandwidth sequences required for (3.2) to hold (i.e., assuming nh2(PAS) - 0 and n2h? — o).
The estimator 4 is asymptotically equivalent to the debiasing procedure proposed in Efron and Stein (1981). By design, the result

5172

Vg 20— 0) > N'(0.1) (3.4)

holds under more general conditions than those required for (3.3), suggesting that inference procedures based on I7SB are more
“robust” than procedures based on 7.

Conceptually, robustness manifests itself in two distinct ways. First, the underlying Gaussian distributional approximation holds
under weaker bandwidth restrictions, a property achieved in part by employing a standardization factor depending explicitly on
tuning parameter choices. Second, the new variance estimator Vg is obtained from the more general small bandwidth approximation
and explicitly accounts for the contribution of terms regarded as higher-order under asymptotic linearity.

While not reproduced here to conserve space, the in-depth Monte Carlo evidence reported in Cattaneo et al. (2010, 2014b,a)
also showed that employing inference procedures based on (3.4) lead to remarkable improvements in terms of “robustness” to
bandwidth choice and other tuning inputs, when compared to classical asymptotically linear inference procedures based on (3.3).
Theorem 2 below will show formally that the distributional approximation (3.4) has demonstrably smaller higher-order errors than
the distributional approximation (3.3), thereby providing a theory-based explanation for the empirical success of feasible inference
procedures developed under the small bandwidth approximation framework.

4. Higher-order distribution theory

Letting v € RY be a fixed vector and defining #, := v'd, this section presents Edgeworth expansions for standardized and
studentized statistics based on 8,. Section 4.1 studies standardized statistics of the form (9, — 6,)/9,, where 6, := v/ and 9, is an
approximate standard deviation of 8, ; that is, 9, is positive, non-random, and such that (9, —6,)/9, is asymptotically standard normal.
The main purpose of studying standardized statistics is to allow us to compare the quality of the distributional approximations (3.1)
and (3.2) based on asymptotic linearity and small bandwidth asymptotics, respectively. Section 4.2 then studies studentized statistics
of the form (9, —6,)/9,, where 53 is (random and) equal to either v/¥,; v or v/ Vggv. The main purpose of studying studentized statistics
is to allow us to investigate the impact of variance estimation on the quality of the distributional approximations (3.3) and (3.4)
based on asymptotic linearity and small bandwidth asymptotics, respectively.

Nishiyama and Robinson (2000, 2001) obtained valid Edgeworth expansions for the distribution of the standardized and
studentized statistics employing 92 = v/ Zv/n and :/9\3 =v'$v/n, respectively. Those results were obtained under assumptions implying
asymptotic linearity. Although our main interest is in standardization and studentization schemes whose (first-order) validity does
not require asymptotic linearity, we retain the assumption of asymptotic linearity to ensure a fair comparison; that is, our results are
derived under the same assumptions as those imposed in prior work, in which case all inference procedures are asymptotically valid,
and therefore amenable to juxtaposition. While beyond the scope of this paper, allowing for departures from asymptotic linearity
is an interesting topic for future research.

4.1. Standardized statistics

Suppressing the dependence on v and 9,, let

~

0,

— 0.
F(x)::P[%Sx], x €R,
Uy

be the cumulative distribution function (cdf) of (§v —-0,)/9,, where 9, is positive and non-random. Letting & denote the standard
normal cdf, it follows from (3.2) that

sup | F(x) — @(x)| = o(1) 4.1)
xeR
under assumptions implying in particular that w3 /9% - 1, where
-1
@? :=V[@,1=n"" 62 +0 (h™)] + (;’) 97282 + O(hP)],

with 62 :=v'2v and §2 :=Vv/Av.
Our first theorem provides a refinement of (4.1). To state the theorem, let

£i(X) =V f(X), o (Z) =y, (Z) +20,, n(Zy) = )LIEIOIE[(pV(Zl)V’UnIZz],
and define the following quantities (all of which are finite under the assumptions of Theorem 1):

B, :=2-0" Y %E [g(X)a%fv(X)], K1y = Ely(2)’],
aezd Ja]=P

K2y = Elo(Z2)i(2)] - El9,(Z)°10, - VIp,(2)]6,.

Also, let ¢ denote the standard normal probability density function.
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Theorem 1 (Standardization). Suppose Assumptions 1 and 2 hold with S > P, and that nh*? — 0 and nh?+2/log’ n — . If 9, is positive
and non-random with w2 /92 — 1, then

1 1
sup |F(x) — G(x)| = o(r,), = nht + —— + —,
Xeg |F(x) = G(x)| = o(r,) ry =/ 2

with

G(x) 1= D(x) — p(x) =Dl

ihPE,  @2/92 -1k, +Ky,
o T Yt Jrod
v

The proof of the theorem proceeds by verifying the high-level conditions of more general results presented in Appendix A.
The general results establish a valid Edgeworth expansion for a generic class of U-statistics with n-varying kernels and may be
of independent theoretical interest. Theorem 1 generalizes Nishiyama and Robinson (2000, Theorem 1) by allowing for a generic
standardization factors 9, instead of their specific choice \/v' Zv/n =0,/ \/ﬁ The latter generalization is important for our purposes,
as it enables us to compare the different distributional approximations implied by (3.1) and (3.2).

As is customary with Edgeworth expansions, the square-bracketed term in the function G is a “correction” term capturing the
extent to which the first three cumulants of the statistic differ from those of the standard normal distribution. To be specific, the
first and third terms correct for bias and skewness, respectively. None of these correction terms depend on the particular 9, used for
standardization purposes. In contrast, and as was to be expected, the variance correction term does depend on 9, being proportional
to w?/92 - 1.

The asymptotic linearity result (3.1) suggests setting 92 = o2 /n. Doing so, and in agreement with Nishiyama and Robinson (2000,
Theorem 1), we have

262

2792
@,/ -1 ———
vy nh‘”zcrg,

the approximation error being o(r,). In the display, the term on the right hand side involves §2 = lim,_, h?*2V[V'Q, ;v] and is
therefore interpretable as a variance correction term intrinsically associated with approximations based on asymptotic linearity, as
such approximations ignore the contribution of the “quadratic” terms Q;; to the variability of 0. Unlike (3.1), the small bandwidth
formulation (3.2) explicitly accounts for the presence of “quadratic” terms and the standardization factor 92 = V[@V] = w? suggested
by the small bandwidth formulation is one for which the variance correction term in G vanishes altogether.

Although the details of the results reported here are specific to DWAD estimation, one important qualitative conclusion appears
to generalize: the feature that it can be advantageous (in a higher-order sense) to capture the full variability of a statistic when
approximating its distribution is known to be shared by certain statistics arising in the context of nonparametric kernel-based density
and local polynomial regression inference; for details, see Calonico et al. (2018, 2022).

In isolation, Theorem 1 is mostly of theoretical interest, the reason being that it is concerned with standardized (as opposed
to studentized) estimators. The consequences of employing studentization (i.e., replacing 9, with an estimator) will be explored in
the next subsection. One important qualitative conclusion of that subsection concerns inference. That conclusion can be anticipated
with the help of Theorem 1. We conclude this subsection by doing so.

For any a € (0, 1), a natural (albeit infeasible) 100(1 — @)% two-sided confidence interval for 6, has endpoints given by §v +c,9,,
where ¢, := @7!(1 - a/2) and where §? is an approximate variance of 5v. Under the assumptions of Theorem 1, the coverage
probability of this interval satisfies

P [@v —c,9,<0,<0,+ caﬂv] =1 —a— (@29 = Dp(cy)cq + olr,),

so to the order considered the coverage error is proportional to the term w?/92 — 1 discussed previously and our conclusions about
this term therefore apply directly. In particular, the coverage error of an infeasible interval using 92 = V[@v] (as suggested by the
small bandwidth asymptotic result (3.2)) is o(r,), while the coverage errors of an infeasible intervals using 92 = ¢2/n (as suggested
by the asymptotic linearity result (3.1)) or its pre-asymptotic counterpart 92 = V[v'L;]/n are of larger magnitude.

4.2. Studentized statistics

Next, we investigate the role of variance estimation by obtaining Edgeworth expansions for studentized versions of . For
specificity, and inspired by (3.3) and (3.4), we compare

o 6, -6 o
Fp(x) =P [% < x] ; 16iL,v =Vlyy
19AL,v
and
A o,-0 N
Fsp(x) 1=P[ — Sx] B, =V Ty,
19SB,v

Studying ﬁAL, Nishiyama and Robinson (2000, Theorem 3) found that if the assumptions of Theorem 2 below are satisfied, then

sup (ﬁAL(x) - GAL(x)‘ = o(r,).
x€R
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with

* -1,

A~ P 3 2 52 )
Gy (%) 1= B(x) — Pp(x) [( ﬁh B, 3k szv) 2 Kpy+ Koy

_ X —
Oy 6\/ﬁ63 nhd+2g?2 6\/563

where, once again, the three terms in square brackets correct for bias, variance, and skewness, respectively. In light of the results of
the previous subsection, one would expect the Edgeworth approximation to Fgs to be similar to G,;, the only (possible) difference
being the variance correction term. The following result shows that this is indeed the case.

Theorem 2 (Studentization). Suppose Assumptions 1 and 2 hold with S > P and E[Y%] < oo, and that nh** — 0 and nh®+2/log’ n - .
Then

sup | Fsg () = Ggg()| = o),
x€R
with

-1

\/thﬂv 3Kl,v + 2K2,v> _ 2K_l,v + K2,v

Gep(x) 1= D(x) — p(x) [( o - 6y/nc3 64/nc3
Y o) oy

This theorem shows that employing studentization based on small bandwidth asymptotics offers demonstrable improvements in
terms of distributional approximations for the resulting feasible t-test: the variance correction term present in G, is absent from
@SB. As in Nishiyama and Robinson (2000, 2001), the result is obtained under the somewhat stronger moment condition E[Y®] < co
than the condition E[|Y]’] < o of Theorem 1, the purpose of the strengthened condition being to help control the contribution of
the random denominator of the studentized version of 8.

The main practical implication of Theorem 2 can be illustrated by analyzing the coverage error of 100(1—a)% confidence intervals
with endpoints 8, + caﬁv. Setting 9, = §AL,V and applying Nishiyama and Robinson (2000, Theorem 3), we have

~ ~ ~ ~ 262
P [ev =y S0, 20, + ¢, Iy v] =l-a+ - Plcy)ey +o(ry),
g 4 nhd+252
v

whereas setting §v = ﬁs&v and applying Theorem 2 gives
P [/9\\, - ca'/g\SB,v <6, < év + caﬁs}g,v] =1—-a+o(r,).

In other words, confidence intervals based on (3.4) are demonstrably superior to those based on (3.3) from a higher-order asymptotic
point of view. This finding provides a theoretical explanation of the simulation evidence reported in Cattaneo et al. (2014b,a, 2010),
where feasible confidence intervals based on small bandwidth asymptotics were shown to offer better finite sample performance in
terms of coverage error than their counterparts based on classical asymptotic linear approximations.

4.3. Discussion and bootstrap-based inference

In the previous subsections, we investigated the higher-order performance of large sample distributional approximations under
two alternative asymptotic frameworks: asymptotic linearity and small bandwidth asymptotics. We found that the choice of
studentization matters in terms of distributional approximation errors, even under conditions guaranteeing that asymptotic linearity
holds (#h9+? - o), in which case both asymptotic frameworks are first-order valid. As a consequence, our Edgeworth expansions
(reported in Theorems 1 and 2) provide alternative validation of the main conclusions obtained by Cattaneo et al. (2010, 2014b)
using first-order distributional approximations: in terms of distributional approximation accuracy, the small bandwidth framework
justifying (3.2) and (3.4) dominates the asymptotic linear framework justifying (3.1) and (3.3).

It is natural to ask whether a similar ranking emerges when employing bootstrap-based inference procedures. Cattaneo et al.
(2014a) studied the first-order properties of the nonparametric bootstrap under small bandwidth asymptotics for the kernel-based
DWAD estimator, and showed that a similar first-order pattern emerges in that case: Under slightly stronger assumptions than
Assumptions 1 and 2, they showed that if (nh?+? A 1)nh?PAS) - 0 and if n?h¢ - oo, then

V[0 ]171/2(8* - 8) wp N'(O, 1),
where wp denotes weak convergence in probability,
A - — - = n -1
VA0 ] = VAL 1+ V*[0*],  V[L*1=n"'[Z+o0p())], V'[0*]= 3<2> 972 [A+ 0p(D)]
and

-1
n S = S 4 op(D] + 4(3) 92 A+ 0p(D)], A% = A+ op(l),

with @*, L*, 0%, 5 and A denoting nonparametric bootstrap analogs of 5, L, O, 5 and Z\, respectively, and V*[-] denoting the
variance computed conditional on the original data. It follows from those results that under small bandwidth asymptotics the
bootstrap consistently estimates the distribution of a studentized version of § when Vg is used for studentization purposes, but not
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when I7AL is. These conclusions are in perfect agreement with those discussed in Section 3, the only notable difference in the details
being that the variability induced by the bootstrap is larger outside the asymptotic linear regime because V*[0*]/V[Q] = 3 + op(1).
Furthermore, the second term of the bootstrap-based jackknife variance estimator £* is asymptotically doubled relative to the second
term of the jackknife variance estimator s

Nishiyama and Robinson (2005) used Edgeworth expansions to study the properties of inference procedures based on the
nonparametric bootstrap under assumptions implying asymptotic linearity. Based on the findings in this paper and those in Cattaneo
et al. (2014a), we conjecture that analogous conclusions to those obtained herein will be valid for the case of bootstrap-based
inference. While the conceptual parallelism between bootstrap-based inference and the results reported in this paper are clear,
formalizing our conjecture requires substantial additional technical work due to the added complications associated with the data
resampling, and hence we leave the theoretical analysis for future work.

5. Conclusion

Employing Edgeworth expansions, we compared the higher-order properties of two first-order distributional approximations and
their associated confidence intervals for the kernel-based DWAD estimator of Powell et al. (1989). We showed that small bandwidth
asymptotics not only give demonstrably better distributional approximations than those implied by asymptotic linearity, but also
justifies employing a variance estimator for studentization purposes that improves the distributional approximation. The main
takeaway from our results is that in two-step semiparametric settings, and related problems, alternative asymptotic approximations
that capture higher-order terms, which are ignored by more traditional asymptotic linearity-based approximations, can deliver better
distributional approximations and, by implication, more accurate inference procedures in finite samples. See Cattaneo et al. (2018a)
for related discussion.

While beyond the scope of this paper, it would be of interest to develop analogous Edgeworth expansions for more general
linear and non-linear two-step semiparametric procedures employing either Gaussian or resampling approximations under both
conventional and alternative asymptotic frameworks (Cattaneo et al., 2013; Cattaneo and Jansson, 2018; Cattaneo et al., 2019;
Cattaneo and Jansson, 2022). In particular, for the special case of kernel-based DWAD estimators, which is a linear two-step
kernel-based semiparametric estimator, Nishiyama and Robinson (2005) already obtained Edgeworth expansions for bootstrap-
based inference procedures under asymptotic linearity that could be contrasted with those obtained under small bandwidth
asymptotics (Cattaneo et al., 2014a), after establishing more general Edgeworth expansions accounting for the bootstrap.

Appendix A. Second-order U-statistics

Let U, be a second-order U-statistic with n-varying kernel:

-1
06,:=(3) ¥ wzz

1<i<j<n

where Z,, Z,, ... arei.i.d. copies of a random vector Z and where, for each n > 2, u, is a permutation symmetric R-valued function.
The main result of this section concerns the distribution of the (approximately) standardized statistic (U, — 6,)/9,, where 6, € R
and 9, > 0 are non-random. To be specific, dropping the subscript » to simplify notation and defining

U-6

T

F(x)::[P’[ Sx], x €R,

our objective is to obtain a valid Edgeworth expansion for F.
When stating and proving the result, it is useful to employ the Hoeffding decomposition

U-0=B+L+0,

where

n -1
B:=E[Ul-0, L:=n')¢  0:= <g> >
i=1

I1<i<j<n

and where, for 1 <i<j<n,
¢, 1= 2Eu(Z;. Z)| Z,] - Elu(Z;, Z)))
and
a; = uZ, Z) - %(K(Zi) +4(Z,) ~ Blu(Z,, Z,)].

Also, it is useful to define o‘? = E[/f], 02 = E[qu], xp = E[Kf], and x, := E[£,£,q,,], and to note that
-1
o := VU] = V[L] + V[Q] = n”' o2 + (") o2 =n"'o? [1 + O(n_]tf;/a;)] .

q

Theorem A.1. For some p € (2,3], let the following conditions hold:
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@ E[I¢1/00] = 0(1) and Ellap/o, 1) < o
®) n! 2/w - 1 and ©*/9* = 1;
(c) For every c¢,c >0,

limsup sup |E[exp(itZ;/o,)]| < 1.

n—oo  c<|t|<clogn

Then

1
\/ﬁlogn)’

where G is the distribution function with characteristic function

2
X =exp <|ty| - E) [l + Z (iry! yj] ,

sup |F(x) — G(x)| = O <€ +
x€R

2<j<9
with
._ B = )
T T e BT T
=8 (n\" , . 1 A 1.2 _ 2
Y4 = 150 o) o 1= s | \a x10, +6(n o, =9 )}{2 s
1 n - n
o 2 o
Ye = Py |:;{1;{2+12(2> (4);{2] , 77 :=0,
-1.2 - _
‘_"10}_'92 n znkz 1 n znx}{z
T s \2) \a) 2 T e \2) \a)
and where
] 2 2,
&= EEHfle‘m'H' 3/2 SE[If Jqal1+ 3/2 ;E[|f1412|]+ 3/2 SE[lf £20341349231]
+ g 7|}f2|153[|?/”2?/”2412|]+—|}12|E[|f2 vl
with

My(m) 2= (mnE[g2, 1) + mE [(nElg%, 1 Z,1/"/2] + mnE [1q,,17]

Corollary A.1. If the assumptions of Theorem A.1 hold and if y; — 0, then

sup | F(x) - G(x)| =0 y12+€+ S ,
xeR ﬁlogn

where G is the distribution function with characteristic function

xc@® —exp( > [1 + Z @ity y]] , 71 :=B.

1<j<9
Remark A.1. For every k € Z_,

s (—ltx - ;) (inkdt = p(0)H(x), keZ,,

where H,(x) is the kth order Hermite polynomial (i.e., Hy(k) = 1, H,(x) = x, H,(x) = x> — 1, and so on). Therefore, the characteristic
function ygs from Corollary A.1 can be inverted to obtain the following closed form expression for G:

G(x) = D(x) - p(x) [ Y rH ,_l(x)] ‘

1<j<9

Remark A.2. Condition (c) of Theorem A.1 is implied by the following condition:
(c") For every ¢ >0,

lim sup sup |E[exp(itZ; /o,)]| < 1.

n—oo |t|>c

Moreover, by the proposition following Petrov (1995, Lemma 1.4), condition (c’) is in turn implied by the following condition:

10
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(") limsup,, ;|- Elexp(it?; /o] < 1.

When #, does not depend on n, conditions (c) and (c’) are equivalent and it is customary to replace these conditions by (c¢’’), which
itself reduces to the familiar Cramér condition on ¢, namely

lim sup E[exp(it£)] < 1. (A1)

|t| >0

In contrast, when #; does depend on n, condition (c) is potentially easier to verify than (c¢”). An example where this potential is
realized is given by the DWAD estimator studied in Theorems 1 and 2. In that example, it appears difficult to formulate simple
conditions under which (c¢”) holds, but we are able to verify (c) with the help of the following observation: By (B.1), (c) holds
whenever there exists a fixed function 4 satisfying

E[(Z, - MZ))* 1 =o(1/log>n)  and lim sup E[exp(itA(Z,))]| < 1, (A.2)

|| =00
a condition which is itself equivalent to (A.1) when #; does not depend on n.
To summarize, the condition (A.2) is equivalent to (¢/) when #; does not depend on n and more generally it provides a simple

sufficient condition for (c) when #, is mean square convergent.

Remark A.3. Suppose u, does not depend on »n and that

E[|£,]*] < oo, E[|g;,1*] < o0, and  limsup |E[exp(it£))]| < 1.

|t|> 0

If 0 = E[u(Z,, Z,)] and if §* = n_la;, then the assumptions of Corollary A.1 are satisfied with y, = 0 and & = O(n™!). Also, y, = O(n™1)
and y; =O(n~") for 4 < j <9, so

xy + 63y
—

n 6{

= Y _
G(x) = D) - p)—=(> -+ 007", py=
6+/n
uniformly in x € R. In other words, we recover a variant of Bickel et al. (1986, Theorem 1.2). See also Jing and Wang (2003).

Remark A.4. If E [lf | /af|3] =0(1) and if n~'6? /o7 — 0, then the Holder inequality implies

2
£5 3/atansort1+ (o etla/o, )

13
n
/2
log’ n log'*” n log!
+< = E[|q12/of|2]> + 2 E [Bllan/o 21 2] + =

+p n
np/2 p-1 E[la/oc 1],
where a < b denotes a < Cb for some positive constant C. Thus, for p = 3 the majorant side of € is o(1) iff
E[lgn/o.*] =om/log’n),  E[lg;p/0s1%] = o(n?/log* n),
and if

E [(El(g12/0,)21Z,1)*?] = on®/? [ log* n).
Appendix B. Proof of Theorem A.1

Before presenting the formal proof, we outline the main steps involved, and compare our proof strategy to the approach taken
in Jing and Wang (2003) for second-order U-statistics with fixed kernels (i.e., u, not depending on n) and, more broadly, to the
classical Edgeworth expansion theory for sums of independent random variables (e.g., Bhattacharya and Rao, 1976; Hall, 1992).

We start from the following bound on the Kolmogorov distance between F and G:

1
ﬁlogn’

where y is the characteristic function of F. The integral is then upper bounded over three different frequency domains: Low
frequency (LF), |f| < logn; medium frequency (MF), logn < [tf| < C\/; (for a judiciously chosen c¢); and high frequency (HF),

n < |t] £ \/Zlog n. In the case of MF and HF, we further use the bound |y(t) — yo(O| < |xr®| + |xg®)| (i.e., the triangle
inequality) and deal with each term separately. At this level of generality the proof strategy is similar to the canonical case of first-
order U-statistics (e.g., Bhattacharya and Rao, 1976; Hall, 1992). However, we need to proceed differently to control the influence
of the quadratic term, for which a bound follows almost exclusively from the linear part. For instance, for HF, we use Assumption

(c) to find a b > 0 such that for large »n and for || € (c ﬁ \/Zlog nl,

xr@® — 260
t

dr +

p(F,G) :=sup|F(t) - G(t)| 5/
teR [t|<y/nlogn

2 (ﬁ)‘ <l-b<exp(=b), 7, = Elexp(itf,)].

11
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For the most interesting part, the LF domain, we begin by approximating y(r) as follows:
1 1 1
xr(t) =exp (IﬁB) E [exp (|§L> exp (|5Q>]

zexp<i§B)E[( : )<1+| Q—ﬁQ2>]

and then examine each term on the right hand side separately while controlling the approximation error using Lemma E.1 and the
bound

expiin - Y B <, (B.1)

0<j<2

When doing this, our proof departs from Jing and Wang (2003) because we do not know ex-ante which term(s) are higher-order
due to the possibly n-varying structure of the U-statistic kernel. Therefore, we keep track of all terms, with special attention to the
contribution of the terms involving Q. Finally, we collect all (possibly) leading terms in the approximation to y, in y; and arrive
at a result of the form

[

2

0= x| < —— ) R(t) + ——————— M (logn), B.2

lxr@® — xc®| NCXP( 4> 0+ n3l’/2191’10g”/2nMp( ogn) (B.2)
where

. It It I#]°

R(1) = 3&4E[|52If’2412|]+ IE[If2 2|l + 383E[|f1t112|]+ —s Ell4123830130231
e
+ 5—97|”2|E[|f2f2‘112|]+ 698 |”2|H*:[|f2 412”’

and where n~'62/9% — 1.
Technical Details. Letting g denote the Lebesgue density of G, application of a “smoothing inequality” (e.g., Theorem 5.1 of
Petrov, 1995) gives

p(F,G) 5 /
[f|<v

Setting v = \/;:logn and using the fact that g is bounded (because },_; |7;| = 0), it follows from the triangle inequality that

1) — t
xr@) ;(G()|dt+ supyep |8(x)|
1

s v>0.

p(F,G) < I, +12+I3+I4+;, (B.3)

\/Zlogn

where, with ¢ > 0 a constant to be chosen later,

1) — xq(t t
1, ::/ xr() )(G()' 1, ::/ X )'
|t|<logn logn<|t|£c\/;
t t
3 ::/ XF—()'dt, 1 ::/ IG—()‘dt
cﬁ<|r\$\/;llogn t |t|>logn
In what follows, we bound each of these integrals in turn.
Bound for 1. We start by approximating
A L 1
rial§) =5 oo () )|
First, using (B.1), we have
t 2 t
L O - — < |71PnP p =L
Zuv0(5) - E[exp( <L) <1+| 0150 )] <lePwElior], =

Also, since ¢,...,¢, are i.id.,

E [exp (%L)] =E [exp <iT]SZ;nf,.>] =E [Ignexp(irﬂ)] = 10"

Finally, because ¢ is independent of ¢;; when k ¢ {i, j},

(el (e)el= 3 #[o [ ovted]

I<i<j<n 1<k<n

Z E exp(ir(fi+fj))qij H exp (irZ})

1<i<j<n 1<k<n
ke{i.j})

<;) ;(f(r)"_ZIE [exp (i‘r(fl + fz)) 412]

12
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and

= Z [21 H rrf ] Z ]E[qijqj, H exp(irfm)]

1<m<n

+ Z E |:q,-jqk, H exp(irfm)]
1<i<j<k<I<n

1<m<n

= <;> 2o ('K [exp (it(£) + £3)) 43| + (;’) X ()" B [exp (ie() + 5 + €3)) 412423)

* <Z> 20" (E [exp (it(¢) +£2)) a10] )2 .
Using the four preceding displays, we therefore have, uniformly in |7| < logn,

XL+0 (119) = y,(0)"

n

-1
2) E [exp(ir(fl + fz))qlzz]

2
+ 2,02 [irnIE [exp(iz(¢) + £,))a1] — %n2<

e 1'2_2 2 <;> g (;)15 [exp(i(Z, + £5 + £3)a1303)]
2 -2
— 1 (@) —4Z 5 n? <;> (Z) (E [exp(ir(#, + fz))éhz])z
+z1P0 (n*E [1Q17]) - (B.4)
Next, using degeneracy of g;; and (B.1), we have
E [exp(it(¢) + £5))a15] = —T°E [¢,6,415]
+itE [£) (exp(it£,) — 1 —it?y) 1y + &5 (exp(it?)) — 1 —it?| ) q1]
+E [(exp(irfl) —1-it?)) (exp(itt,) — 1 —itt)y) lI|2]
=120, + 70 (E[|£26,5q151]) + 70 (E [1£2¢2411]) -
Similarly,
E [exp(it(¢) + £2))a7,] =E [q3,] + E [(exp(ir(Z) + £2)) — 1) g1,
=0, + 1710 (E [I£147,1])
and

E [exp(iz(£) + £ + £3))a13q23] = E [( H (exp(ite;) — 1)) 413423]

1<i<3
=770 (E|I¢1¢,¢3013003]] ) -

Also, using arguments familiar from the Edgeworth expansion theory for sum of i.i.d. random variables (e.g., Bhattacharya and Rao,
1976; Hall, 1992), we have, for k € {0,2,3,4},

1.2 _ q2 -1.2 _ g2\ 2
ek 2 n uf—S 2 g B n af—19 4
= D)o —2— )2 - il —=—) o¢
Ze(®) exP( 2> < 2 2 weet 92 “©
+exp< t2> <|f| )

Finally, using Lemma E.1, we have
M (n) M, (logn)
n3p/2 logp/2 n

Eflor] 5
Plugging the displays from the previous paragraph into (B.4), we obtain (B.2) and therefore

2 M, (log n)
1, 5/ exp <—’—> |t|’1R(t)dt+p—g2/ 1P~ 1dr
|t|<logn 4 n3l’/219ﬂ10g[’/ n Jlt|<logn

]og"’/2

SR+ —7— PYEXT,

M, (logn)

13
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1 1 1
—4E[|f “rapll+ /— Ell£3 65 a1+ 3/2 3E[|f1q12| —SE[|f1f2f34131123|]
c
O oy
2 2, log”’? n
+ 3/2 7|”2|]E[|f f21112|]+ |%2|E[|f Janl+ ——— M, (logn),

where the last < uses n‘%r?/ﬂz > 1.
Bound for 1,. For 1 < m < n, defining

-1
O(m) := <§> Y a

1<i<j<n
i<m

and using (B.1), we have

t 1 (i |11
el = 1140 (§)| <|E [eXP<I5(L+Q—Q(m))) Z il )"] SrElemr].
where, using the fact that O — Q(m) is a function of X,,,,..., X,,, it can be shown that

E [exp (i5(L +0 - 0(m)) 0| 5

(2) LI Bllanl, ke 01,2,

and therefore, using n~'62/9% - 1,

[t|m m—2k [
lxr®] S L, (D" E
g 0;/(12<\/;,>

Next, because E [lf W/ af|3] = 0O(1) and n‘laf, /9% — 1, there exists a ¢ > 0 such that, for n sufficiently large,

2 2
|Zf(T)|Sl—;_nSeXp<—::—n>, t<ey/n.

Setting m = | 15nlogn/?| in (B.5), where |-| denotes the floor operator, and using the preceding display, we obtain (for # sufficiently
large)

|, 1P

+ 55 ELlOmm)I"]. (B.5)

1 (e f] 1P ,

ler®l s D) S B||Z5] |+ GRBIQmI),  logn < li] < e/,
0<k<2
where, using Lemma E.1 and n~'62 /32 -1,

W st10mi71 < 20 ptm)
9p n2p9p

log‘”/zn _, lo g 5 [|Q12|p]

e A = B[®lgn| 207 + — == |, Jogn <l <ev/n.

As a consequence, using n”'o7 /o7 — 0,

1
L3 Z ,,5—3k/2E[

0<k<2

log?
=o(n_1)+o< g ®
nPo?

M, (log n)) .
¢
Bound for 15. By condition (c), there exists b > 0 such that, for n sufficiently large,

g

It
42 _E [(E[qlz|21])”/2] np‘ilg,, E [l;17]
14

Op

K1 log!t/2p log n
nl’/zo"; q

lr, Ol <1—b<exp(-b),  ey/n<|t| < +/nlogn.
Setting m = |4logn/b| in (B.5) and using the preceding display, we obtain (for » sufficiently large)

[t log" n_ | 412
lxr®l S ——E||—
Oskzéz k]2 o,

] ltl E[lQm)|], cy/n<lt < ﬁlogn,

where, using Lemma E.1 and n~'62/8% > 1,

ItI || |11?

IOV M S

——— M, (logn), cyn<|t]| < \/;logn.

As a consequence, using n~'o7 /o7 — 0,

M, (log n)
L= o) +0 P_p/ [117~ at
n3p/20'f cy/n<lt|<y/nlogn

14
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log?
= o)+ 0 < %8 7 M, (log n)> :
14

nPo

Bound for 1,. For every j, we have

; 12 12
/ Pl exp <——>dr5/ exp <——>dt:o(n_l),
t>logn 2 t>logn 4

and therefore, using Y, j<o 171 =0,
1+ Y @)y,

1 2
1,5 It exp (- =
|t|>logn 2 j=2
9 t2
S+ |yl / t‘lexp <——>dt:o(n_l). O
< ]; / t>logn 4

Appendix C. Proof of Theorem 1

9
dt

We employ Corollary A.1 with u(Z;, Z) = v’U,-j and p = 3. Proceeding as in Cattaneo et al. (2010, 2014b,a), condition (a) of
Theorem A.1 can be verified by direct calculations. Also, condition (b) of Theorem A.1 holds because

82 + o(1)
2_ 2 2 _ % d+2
o, =0, +o(l), o, = e and nh — 00,

while condition (c) of Theorem A.1 holds because (A.2) is satisfied with 1 = y,. The additional condition y; — 0 of Corollary A.1
holds if nh?P — 0 because it follows from routine (bias) calculations that E[8,] — 6, = h 8, + o(hP).
Next, the law of iterated expectations, integration by parts, and Taylor series expansions can be used to show that

0 =K, +O0MY), and =K, +0M0D),

and also that y, S n3h™972, ys <2, s Snl, g Sn73, and vy S n7/2,
Finally, by Cattaneo et al. (2014a, Supplemental Appendix), we have

Elgh,* <E|[Elq},1Z, D> Sh732 and  Ellg, )1 S 727

Using these bounds and the Hoélder inequality, we find that £ = o(n~'A~4"2). O

Appendix D. Proof of Theorem 2

Letting #; := v'L; and ¢;; := V'Q;;, occasionally suppressing the dependence on v, and using the Hoeffding decomposition of
8, — 0, along with the identity
N2 _ 92 9+ 29)(92 — 92)2
9-1-2 219 o 200 -9 (D.1)
9 29 2929(9 + 9)2
we have
0,-0, ~
—— =Tg + R,
SSB,V
where
92 -9
G B+L+0 sBv ~ Usey L+ QO
SB = - )
Isp.v 21928,\, Isp.v

with 8¢, is a judiciously chosen positive scalar,

-1
B:=E[},]-6,, L:=n'Y ¢ ad Q:= <;) > g

1<i<n 1<i<j<n

and where

2 2 9 32 2 2
19SB,v - 19513,v B " (spy + 2'933»/)(’955,\/ B '9ss,v) B+L+Q

Rgp 1=~
> —
205, Ysey 29%; 955y (Isp,y + I3p,)? Jsp,y

is a remainder term.
Defining

FSB(X) = IP[TSB < x]
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and adapting the proof of Theorem A.1, we obtain

p(FSB’ éSB) = o(rl1)

Journal of Econometrics xxx (xxxx) Xxx

(D.2)

by applying a smoothing inequality followed by a split of the frequency domain of the resulting integral, where bounding the various

integrals requires some additional care due to the presence of the variance estimator.
Also, using the strengthened moment condition E[Y®] < oo, we obtain

P[|Rgg| > 1,/ logn] = o(r,),
implying in turn that p(ﬁSB, Fgg) = o(r,) and therefore also that
p(Fsp, Gep) < p(Fgg, Fsg) + p(Fgp, Gg) = o(r,).

Technical Details. The identity (D.1) can be obtained as follows:

9_, 0-98+0 d-97@+9
9 9 949 99 d+9n
- 8-9 (§2—32)+(§2_‘92)2
292 2929+ 9) 999 + 9)2
- 0+293 -9
292 2929(3 + 9)2

Letting u;; := v'U;; and defining

-1 -1
N _7 N R 2
U= <2> > uy; =0, W= <2> >,
1<i<j<n I<i<j<n

-1
. (n Uil Ul + Uyl
W, = 2
I<i<j<k<n

and

3 3 ’

if follows from Cattaneo et al. (2014a, Supplemental Appendix) that

-1
4n-2 4

92 =(") w +2 W, — U2

<2> YWoan-1"2"n

Also, for k € {2,3}, using Cattaneo et al. (2014a, Supplemental Appendix) and Lemma E.1,
E[|U = Eluy,][¥] < n~* + n~2kp~Cr=1d=2k
E[|W, - E[ufz]lk] < K2 kAR gk = Qk=Dd=2p
E[|W, — E[(E[M12|21])2]|k] < pkl2 gk Dd=2p L =3k/2 =2k Dd 2k
and therefore
k _ k _ k
B (192, - 82%,1'] < w2 BIW; — B0 + n ™ BIIW, - BIEL,1 2,171
+n7\/EIU = E[uy,]1**]
< p3K/2 4 2k p=(k=1/20d=2k | =5k/2 p=2(k=1)d~2k
where
n\ " 4 4
9%, = <2) E[2,] + ;E[(E[umzl])z] - ;]E[ulz]2.
To prove (D.3), it suffices to show that V; + V, + V; = o(r,,), where

Oss,y + 20550035, — 935, o T

Y, =P

— — |
9%, I3y Ospy + 95z ) log* n

0, -0
V, =P u>logn ,
19SB,V
[ 152 2
198, = 95| |B] S \/nh®?

lgéB’v 193B,v lOg n
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First, using (D.4) and the Markov inequality,

2 oL Moy <"310g3" 2 2 3
VISP | By = 955,)° > i | o) 8 E |1, - 93,,1] + o)
n?log” n ,
1 3
< Of/zn (n’3/2 + n73h75d/276 + n—9/2h—4d—6) + o(r,,) — o(r,,).

Next, using Theorem 1 and the properties of the standard normal distribution,

é\v_ev é\v_gv
V,=1-P <logn| +P | —— < —logn
lg'SBy 19SBV

=1—®(logn) + @(—logn) + o(r,) = o(r,).
Finally, using (D.4) and the Markov inequality,

Vs < nE[|§2 _ 9

2] 1002
sev ~ Jsm,l ] log™n

S (2 4 n R 4 2 log? n = o(r,).
Next, to prove (D.2) we begin by using a “smoothing inequality” to obtain the bound

~ A A A A A 1
p(Fep,Gg) STY+ Ly + I3+ Iy + ——,
nlogn

where
2, 0= 25,0
t

Xi., (0
Fsp d

t

X6,
t

I, ::/
|t|<logn

A~

;=

dt, 1, ::/
log n<|t|<cy/n

X, ~
T ” dr, and 1, :=/
|t|>logn

t

/c\/Z<|z\g\/Elogn
Proceeding as in the proof of Theorem A.1, it can be shown that fz + f3 + f4 = o(r,). The proof of (D.2) can therefore be completed
by showing that fl = o(r,). We shall do so by adapting the proof of Theorem A.1 to also account for the contribution of '/9\5}3,\, to Fgp.
Defining
. | S 2_ 2 2 (m\"
Vop 1= —5—n Z (¢% - o2 +4El¢;q;;1Z,]) + — <2> z Elgudjl Zi. Z;]
SB,v 1<i<n SB,v 1<i<j<n

and using Callaert and Veraverbeke (1981) and the Holder inequality, it can be shown that

P (z)=1E[exp(iﬁSB)] = 2p(0) = iiE [exp (i1=L= ) Vg —=— | + O, 1), (D.5)
S8 9 Isp.v

SB,v
where y; was (defined and) analyzed in the proof of Theorem A.1 and where

7] I

Tl(t) = nhd/2+1 4 p3/2p3d /243 + nhd/2+1 n3/2h3d/2+3'

As in Nishiyama and Robinson (2001), the second term on the right-hand side of (D.5) admits an expansion of the form

. L L
E [exp <|t > Vs ]
8SB,V 19SB,V

0 +4x 12 1 +4x _ t
= 0@ e - TS S @O W), T e (D.6)
2n 8SB,V n 19SB,v n SBv

where y,(¢)"* was (defined and) analyzed in the proof of Theorem A.1 and where

H 2 I I . ¢ 6
o hd 2P T i 2pdsr T T T A2 ¢ opd T pszpde2 T ppde2

To@) =

Combining (D.5) and (D.6) with the previously obtained expansions for y; and y,(r)"~*, we obtain an expansion of the form

ZﬁSB(I) = 26 ®) +F(@),
where

7 = /
|t|<logn

dt =o(r,). O

A0
2
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Appendix E. Auxiliary lemma

Lemma E.1. If S C {(i,j) : 1 <i,j <n} and if p > 2, then

4
2
Ell Y ) | 5 (iBa2)" +5,E [(E12,72] +Ellan ).
{i,j}es
where
N N

sor=max | Y| Y 1dies ), Y[ X 1ires

1<i<n \1<j<n 1<i<n \1<j<n

Proof. By Giné et al. (2000, Proposition 2.4), the inequality holds for the decoupled version of ¢;;, defined as g;; := q(Zfl),ZJ(z))
where {ZI.(k) 11 <i<n1<k<2) areiid. copies of Z. Finally, we can apply the decoupling inequalities in de la Pefia and
Montgomery-Smith (1995) to obtain the result at the expense of increasing the constant without altering the order of the upper
bound; for further details, see Giné et al. (2000, Section 2.5). []
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