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Abstract

Identification in difference-in-differences (DiD) settings is often justified under a condi-
tional parallel trends assumption, under which units with similar observed covariates are ex-
pected to have followed similar outcome trends in the absence of treatment. In such settings,
researchers often combine matching with two-way fixed effects (2WFE) methods. Specifi-
cally, in a first step, each treated unit is matched to one or more never-treated units based on
observed pre-treatment covariates. In the second step, treatment effects are estimated with a
2WFE regression in the matched sample, reweighting the never-treated units by the number
of times they are matched. We formally analyze this common practice and highlight three
problems. First, with variation in treatment timing, the post-matching 2WFE estimator that
pools all treated cohorts has an asymptotic “pooling” bias, even when the treatment effect is
constant across units and over time. Second, failing to account for the variability introduced
by the matching procedure yields invalid standard error estimators, which can be biased
upwards or downwards depending on the data generating process. Third, imperfect matches
generate a matching bias that can be first-order for inference, but the required bias correction
to address it is commonly omitted when using post-matching 2WFE estimators in empirical
work. Thus, conventional ¢-statistics and confidence intervals based on the uncorrected esti-
mator may be invalid. We provide consistent, asymptotically normal bias-corrected matched
DiD estimators of treatment effects, event-study coefficients and other aggregate magnitudes,
with consistent standard errors that account for the matching step. We illustrate our results

with simulations and with two empirical applications.
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1 Introduction

Identification in difference-in-differences (DiD) settings is often justified under a conditional paral-
lel trends assumption, under which units that are similar in their observed covariates are assumed
to have followed the same outcome trends in the absence of treatment. In such settings, researchers
often use a combination of matching and two-way fixed effects (2WFE) methods, matching each
treated unit to one or more untreated units using pre-treatment observed covariates first, and then
estimating a 2WFE specification reweighting the untreated units by the number of times they are
used as a match, excluding untreated units that are not matched to any treated unit.

To illustrate the motivation for this strategy, Figure 1 compares the estimates from an uncon-
ditional event study without covariates to those from an event study combined with matching.
As the figure shows, the pre-trends coefficients are much smaller and become jointly insignificant
after matching, which provides additional support for the plausibility of conditional parallel trends

assumption.
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Figure 1: Comparison of unconditional and post-matching event-study estimates

While several alternative methods are available for estimating treatment effects under a condi-
tional parallel trends assumption, matching-based methods have the advantages of being intuitively

appealing, easy to implement, computationally stable and fully nonparametric, not requiring the

IThese estimates are computed using data from Bailey and Goodman-Bacon (2015) and measure the effect of
the construction of Community Health Centers on county-level mortality. See Section 6 for details.



functional form assumptions often invoked in inverse-probability weighting or regression adjust-
ment methods. This combination of matching and 2WFE is common in empirical work: Table A1l
lists 22 papers published between 2013 and 2025 in top general interest and field journals in Eco-
nomics and Political Science that use some version of this approach. Despite its advantages and
popularity in empirical practice, this method has received little attention by the methodological
and theoretical literature.

In this paper, we formally analyze this commonly employed strategy and highlight three prob-
lems that affect point estimation and inference. First, when different treatment cohorts enter
treatment in different time periods, the post-matching 2WFE estimator has an asymptotic bias,
which we refer to as “pooling bias”, even when treatment effects are constant across units and over
time. To explain this result, we show that the post-matching 2WFE estimator can be decomposed
into a linear combination of 2x2 (that is, two-group-two-period) reweighted DiD estimators. These
2x2 estimators compare each treated cohort to the never-treated cohort, and each treatment cohort
to other treatment cohorts, with a specific set of weights. Because each treated unit is matched to
a never-treated unit in the first step, comparisons between treated and reweighted never-treated
units consistently estimate cohort-specific ATTs at different time periods. When comparing units
across different treatment cohorts, however, units are not matched to each other, and thus the
group used as comparison is not reweighted. As a result, the two groups will generally exhibit
different covariate distributions. When the parallel trends assumption holds conditionally, these
unweighted comparisons are invalid, even when the comparison units are not yet treated.

Second, the first-step matching procedure introduces variability that needs to be accounted
for when conducting inference, and failing to account for this additional variability results in
generally inconsistent standard errors. We characterize the probability limit of the naive cluster-
robust variance estimator for the post-matching DiD estimator and show that failing to account
for the matching step creates an asymptotic bias in the variance estimator, which can be positive
or negative depending on the data generating process.

Third, imperfect matches generate a matching bias that can be first-order for inference. While
this fact is well-known in the theoretical matching literature and can be addressed using bias cor-
rection, this issue is commonly omitted when using post-matching 2WFE estimators in empirical
work. Thus, conventional t-statistics and confidence intervals based on the uncorrected estimator
may be invalid.

To address these issues, we characterize the joint asymptotic distribution of the vector of cohort
means over time and their matched counterparts. We show that under the conditional parallel
trends assumption and mild regularity conditions, our results can be used to construct consistent,
asymptotically normal bias-corrected estimators of treatment effects, event-study coefficients and
other aggregate magnitudes, with valid standard errors that account for the matching step. We
rely on recent advancements on measures of high-order Voronoi cells by Chen and Han (2026)

to provide a closed-form representation of the true asymptotic variance matrix of our proposed



estimators, a result previously unavailable in the matching literature, and propose consistent
variance estimators. Our results also allow us to compare the true asymptotic variance to the
semiparametric efficiency bound for a general dimension of the covariate vector. We show that
the post-matching DiD estimator does not attain the semiparametric efficiency bound for a fixed
number of matches, and characterize the resulting efficiency gap as a function of M and g¢.

We illustrate our results with simulations and with two empirical applications. The first one
is a reanalysis of the National Supported Work (NSW) Demonstration. Using the experimental
benchmark from the randomized evaluation following LalLonde (1986), we find that the post-
matching 2WFE estimator yields estimates that are much closer to the experimental estimates than
the unmatched 2WFE, and accounting for the matching step increases the standard errors. Our
second application uses data from Bailey and Goodman-Bacon (2015) to measure the effect of the
construction of Community Health Centers on county-level mortality in the US. Our results show
how matching successfully makes the pre-treatment trends more similar between cohorts compared
to an unconditional event study designs, and increases the magnitude of the overall estimated ATT
by about 78% (from —3.03 to —5.40), although the effect is statistically insignificant at the 5%
level.

Finally, while our main results focus on nearest-neighbor matching with replacement, we discuss
how they extend to matching on discrete covariates, nearest-neighbor matching without replace-
ment and propensity score matching.

Our paper contributes to a large and growing literature on DiD and 2WFE methods in stag-
gered designs, that is, designs where treated units exhibit variation in their treatment timing
(see de Chaisemartin and D’Haultfceuille, 2023; Roth, Sant’Anna, Bilinski, and Poe, 2023, for
surveys). In particular, studies have found that in staggered designs, 2WFE estimators generally
recover linear combinations of ATTs with weights that are hard to interpret and possibly neg-
ative when the treatment effects are heterogeneous (Athey and Imbens, 2022; Goodman-Bacon,
2021; De Chaisemartin and d’Haultfoeuille, 2020; Imai and Kim, 2021; Sun and Abraham, 2021;
Borusyak, Jaravel, and Spiess, 2024). These studies focus on unmatched 2WFE estimators, mainly
under the unconditional version of the parallel trends assumption. We complement this literature
by showing that these issues remain for post-matching 2WFE estimators when the parallel trends
assumption holds conditionally. Furthermore, we show that pooling different treatment cohorts in
a single post-matching 2WFE regression creates an additional bias that has not been studied in
the literature. Specifically, our Theorem B1 decomposes the probability limit of the post-matching
2WFE estimator into a linear combination of cohort-specific ATTs and three types of bias: one
due to the heterogeneity of treatment effects over time, one due to the heterogeneity of treat-
ment effects across cohorts and a bias due to differences in covariate distributions across different
treated cohorts. Because the third bias, which is specific to our setting, is caused by differences
in covariate distributions and not by treatment effect heterogeneity, this bias remains even when

the treatment effect is constant.



Another closely related strand of the literature is the one analyzing DiD and 2WFE under a
conditional parallel trends assumption (Abadie, 2005; Sant’Anna and Zhao, 2020; Callaway and
Sant’Anna, 2021). These studies focus on inverse-probability weighting and doubly-robust esti-
mators. We build on their framework to analyze alternative estimators that control for covariates
employing fully non-parametric nearest-neighbor matching methods.

Our paper also contributes to the literature on cross-sectional matching methods (Heckman,
Ichimura, and Todd, 1998; Abadie and Imbens, 2006, 2008, 2011, 2012, 2016; Abadie and Spiess,
2022) by generalizing the results to 2WFE estimators with panel data. Specifically, our Proposition
1 and Theorem 2 show that while the post-matching 2WFE that pools all treated cohorts is a
complicated linear combination of 2x2 DiD estimators, the estimator that compares one treated
cohort to the never-treated can be recast as a cross-sectional matching estimator using a simple
transformation of the outcome of interest. Theorem 2 also allows to construct estimators, standard
errors and confidence intervals for event-study-type estimators and aggregate magnitudes. In
addition, our closed-form characterization of the asymptotic variance based on the results by
Chen and Han (2026) allows us to compare it to the semiparametric efficiency bound for a general
dimension of the covariate vector, a result previously available only for the scalar case. In line
with existing results for the average treatment effect (ATE) in cross-sectional settings (Abadie and
Imbens, 2006; Lin, Ding, and Han, 2023), we find that the asymptotic variance is larger than the
semiparametric efficiency bound with a fixed number of matches, and we describe this efficiency
gap as a function of M and gq.

Finally, among the papers at the intersection of matching and panel data methods, Heckman,
Ichimura, and Todd (1997) propose a DiD-matching estimator in a two-period setting and de-
rive its limiting distribution when matching is conducted using kernel and local linear regression
methods. We complement their findings by considering nearest-neighbor matching with multiple
periods and a staggered design, a setting that is very common in empirical work. Imai, Kim, and
Wang (2023) propose matching methods for panel data, matching units based on their treatment
history. They also show that their estimators can be written as weighted 2WFE regressions, but
their inference is conducted conditionally on the matching weights and does not account for the
variability introduced by the matching step.

The remainder of the paper is organized as follows. Section 2 describes the setup, notation
and provides identification conditions for the parameters of interest. Section 3 characterizes the
estimators of interest and their probability limits. Section 4 studies the asymptotic distribution
of our proposed estimators, provides a closed-form formula for their limiting variance, discusses
efficiency and the inconsistency of the naive cluster-robust variance estimator that ignores the
matching step. Section 5 contains simulation studies and Section 6 illustrates our results using
data from the NSW program and from Bailey and Goodman-Bacon (2015). Section 7 discusses

extensions of our results to other types of matching, and Section 8 provides concluding remarks.



2 Setup and Identification

Consider panel data following n units ¢« = 1,...,n over 1" time periods t = 1,2,...,7T. Let ¢}
be a random variable with support S = {s € {2,...,T,00} : P[tf = s] > 0} that indicates the
period in which unit 7 receives the treatment for the first time. The values of ¢} identify different
treatment cohorts. Following the DiD literature, we assume that there is at least one pure pre-
treatment period (and possibly more) in which no unit is treated, P[tf = 1] = 0, and denote the
never-treated units by ¢ = co. We denote the population proportion of each treatment cohort
by ps = P[ti = s]. We assume that the treatment is an absorbing state, so that once unit 7 is
treated, it remains treated through period T. Let Dy = 1(t > ) be the treatment indicator in
each period.

For t' > t, let dy.py = (dy, di11, - .., dy) be a vector of treatments between periods ¢ and ', where
d; € {0,1} and dyyq > d; for all ¢, and let 0.y and 1., be vectors with all their entries being
equal to zero or one, respectively. We use the shorthand notation dy.; = d;. Without further
restrictions, the potential outcome for each unit in each time period may be a function of the
whole treatment path, Y;;(dr), with observed outcomes denoted by Y;; = Y (Di1, ..., Dir). We
introduce the following assumption, which is standard in the DiD literature, that ensures that

potential outcomes do not depend on future treatments.

Assumption 1 (No treatment anticipation) For allt, Y (dr) = Y (ds).

We use the shorthand notation Y;;(0;) = Y;;(0) to denote the potential outcome of a unit not
receiving treatment up to period ¢ and, for any t > t7, we write Yi;(t;) = Yi (041, 14+,), which
is the potential outcome in period ¢ for a unit that enters treatment in period ¢;. The unit-level
treatment effect is defined as 7; = Yi(tf) — Yi1(0). The main parameters of interest are the
cohort-specific ATTSs in each treated period, E[r; |t = s], t > s.

Let X; be a time-invariant vector of covariates of dimension ¢ > 1, measured at a pure pre-
treatment period ¢ < min{S \ {oo}}. We assume that the parallel trends assumption holds con-

ditional on covariates.

Assumption 2 (Conditional parallel trends) For allt > 2,
E[Yi(0) = Yi1(0)[£, Xi] = E[Yir(0) — Yia (0)|Xi] (as.).

This assumption states that for each value of X;, all treatment cohorts experience the same
outcome trend in the absence of treatment.

Finally, let e,(X;) = P[tf = s|X;] be the cohort-specific propensity score, that is, the probability
of entering treatment in period s given covariates X;. We impose the following conditions to
guarantee a non-zero mass of never treated at each of the possible values of the covariates for the

treated cohorts.



Assumption 3 (Overlap) There exists n > 0 such that, for every s € S\ {00}, ex(Xi) > 1 a.s.
on the support of X;|tf = s.

Under these assumptions, the ATT for cohort s in each period ¢t > s is identified by comparing
the observed evolution of outcomes over two periods between cohort s and another group that
remains untreated in both periods, after adjusting for differences in covariates. This result is
standard in the literature, and we state it as a lemma below for reference. We slightly modify
Assumption 3 to allow for a comparison group that is not necessarily the never treated; this same
idea can be used throughout the paper to allow for different comparison groups, as discussed

further below.

Lemma 1 Under Assumptions 1 and 2, for any t' < s <t < s such that ey(X;) > 0 a.s. on the
support of X;|t7 = s,

Elri|t; = s] = E[Yy — Yiu|t; = s] — E{E[Y;, — Yiu|t; = ¢, X;]| t; = s}.

3 Post-matching 2WFE estimation

Consider a sample (Yi1,...,Yir, t7, X)), Let Ny = > . 1(t; = s) be the number of units in
treatment cohort tf = s < oo and Ny = >, L(t; = oo) be the number of never-treated units
in the sample, with corresponding sample proportions ps = Ng/n and p,, = Ny/n. We assume

observations are drawn independently from the same distribution.?

*

Assumption 4 (Random sampling) (Yj1,..., Yy, t5, X)), is a sample of independent and
identically distributed observations from a population (Y1, ..., Yy, t*, X').

We study the following two-step estimation strategy commonly used in empirical practice.
In the first step, each treated unit is matched with replacement to M > 1 units from the pool
of never-treated units based on their covariates X;. In the second step, treatment effects are
estimated using a 2WFE regression with weights defined by the matching procedure, as described
in detail below.

To analyze the matching step, we rely on the setup from Abadie and Imbens (2006). As in

their paper, we consider the case in which all the covariates are continuous, and discuss matching

on discrete covariates in Section 7. Let ||z|| = Va’x. For each unit i, we define j,,(i,s") as the
index 7 € {1,...,n} of the unit in comparison cohort s’ # ¢} such that:

o H{IX = Xl <X = Xall} = m,

Litr=s'

2Throughout the paper, we implicitly assume that N, > 0 for all s and that N, > M whenever cohort s’ is
used as a comparison group. These conditions hold with probability approaching one.



that is, the index of the m-th closest unit to 7 in covariate values among the comparison cohort s'.
Let Jan(i,8") = {51(i,8),72(i,8), ..., jm(i,8')} be the set of indices for the M nearest neighbors

in cohort s for unit ¢. Finally, let:

Ky(iys) =Y 1{i € Ju(l.t])}

litf=s

be the number of times unit 7 is used as a match for units in cohort s. We also let:

(i) =Y Kyli,s)

sF£tY

be the total number of times unit 7 is used as a match for units in any other cohort.

Once the matching procedure is conducted, treatment effects are estimated using a 2WFE
regression on the matched sample that includes the treated units and their nearest neighbors. We
consider the following general weighted 2WFE estimator. Let w; be (possibly random) unit-level
weights, collected in a vector w = (wy, ..., w,). For each time period t =1,...,T, let A\, € {0,1}
be a nonrandom indicator of whether the period is included in the analysis, and collect these
indicators in a vector A = (Ay,...,Ar) where ), A\, > 2 so there are at least two periods. The

weighted 2WFE estimator is defined as the estimator of 7 from the 2WFE regression:?

Yie = oy + 0t + 7Dy + uyy (1)

using weights w;\;, and can be written as:

)
)

%(w /\) _ ZZ Zt wi)\tY;t(Dit - Dz — bt +
’ > i 2 Wihi Dy (Diy — D; — D, +

| O

where

D: = M D, — > wiDit D= > i s Wil Dy

‘o Zt>‘t 7 b Ziwi ’ Zz’wiZt)‘t

Lemma B1 in the appendix provides a general representation of this estimator for an arbitrary set

of weights.

In what follows, we focus on the empirical approach described above, which assigns a weight
equal to one to all treated units, pooling all treatment cohorts, and reweights the never-treated
units by the number of times they are used as a match, scaled by the number of neighbors M,
assigning a weight of zero to unmatched untreated units. We refer to this estimator as the full-

sample matched 2WFE estimator. The following result characterizes this estimator.

3We assume that the weights (w, \) are such that this estimator is well defined, which requires avoiding perfect
collinearity between the regressor D;; and the unit and time effects. This rules out obvious cases where, for example,
no included cohort experiences a treatment change between the included periods, or all included cohorts experience
the same treatment change.



Proposition 1 Let

wf°°' = Z 1(t; = s)+ 1(t; = o0) K;Z@

SF00

and wP® = (WP, ... wP). With these weights, the weighted 2WFE estimator (2) can be written

as:

%(wpool /\) — 'f‘ﬁf&l()\)

7A_pool ()\)

den

where A =3 5 A/ D2 M,

0= T S i ¥ 2SS oy |

§<00 t>s t'<s s'#s,00 t>s t'<s

7&(53:”0|<>\) —P Zps {As(l - AS) + Z b AS(AS’ - As) + Z 1 b (1 - As)(As - AS’)}

1 — _
s<00 s'<s p s<s'<o0 Poo

()

~S,pOO 1 * 1 * K Z
7P ':—Zﬂ(ti:s)(Ygt—Ygt/)—n ¥ Zﬂ(ti:oo)$(ﬁt—ﬁt')
N, 2

~5,8 1 * 1
Tyt = N Z 1(t; = s) (Yie — Yir) — N

STA(t =) (Ya — Yie), & # ool

Proposition 1 shows that the full-sample matched 2WFE estimator can be decomposed as a
linear combination of all possible 2x2 estimators, comparing each cohort s to the never-treated
cohort reweighted by K (i) /M in different post- and pre-treatment periods, %tf;?OOI, and comparing
each treated cohort s to other (unweighted) treated cohorts, ﬁf’ﬁ/ for s’ # oc.

This result highlights three problems with this estimator, one of which is known in the DiD
literature and two of which are new and specific to the matching DiD setup. The first one is
that 2x2 estimators comparing different eventually-treated cohorts, %f;;f, for s # oo involve cases
where the comparison group is already treated, the so-called “forbidden comparisons” problem
(De Chaisemartin and d’Haultfoeuille, 2020; Athey and Imbens, 2022; Goodman-Bacon, 2021;
Imai and Kim, 2021; Sun and Abraham, 2021; Borusyak, Jaravel, and Spiess, 2024). Our result
shows that these issues persist in matching DiD settings.

The second problem is these 2x2 comparisons between eventually-treated cohorts are un-
weighted and ignore the covariates that guarantee the conditional parallel trends assumption.
These unweighted comparisons generally bias the estimator, as we show in our next result.

The third problem is that the weighted comparisons between treated and never treated units use



aggregate weights K (i)/M instead of the cohort-specific weights Ky (i, s)/M. Thus, intuitively,
this estimator matches never-treated units to an “aggregate” treated unit, ignoring potential
differences in covariate distributions across treatment cohorts.

We now study these issues further by characterizing the probability limit of the estimator. To

this end, we introduce the following regularity conditions.
Assumption 5 (Regularity conditions)

1. The conditional densities of X;|tf = oo and X;|tf = s for all s € S\ {0}, fo(x) and fs(x)
respectively, are continuous on their respective conver and compact supports, and fo(x) is

bounded away from zero.
2. For all s, t and any treatment path dy, E[Y;(d)|tf = s, X; = 2| is Lipschitz-continuous.

3. For all s, t and t' and any treatment paths d; and dy, Cov(Yy(dy), Yie(dy)|ti = s, X; = x)
is Lipschitz-continuous and V[Y;(dy)[t: = s, X; = x| is Lipschitz-continuous and bounded

away from zero.
4. For all s, t and any treatment path d;, E[Y;(d;)|t; = s, X; = x| is uniformly bounded.

Our next result shows that the full-sample matched 2WFE does not generally recover a causally
interpretable parameter. To simplify the exposition and abstract from biases of 2WFE estimators
that have already been analyzed in the literature, for our next result we make the simplifying
assumption of homogeneous ATTs, and set A = (1,1,...,1) := 1 to include all time periods in
the analysis, letting 7(wP°®) := 7(wP°,1). These simplifications are included only for brevity
and clarity, and Theorem B1 in the appendix generalizes the result to the case with unrestricted

treatment effect heterogeneity and general time weights \.

Theorem 1 Suppose that E[r;|tf = s| =7 for all s < oo and t > s. Under Assumptions 1-5,

%(WPOOI) —p T+ Bpoo|

where
2 ¥ nfs Y Y B
5<00 §'#s,00 t>st'<s
Bpool = .
o r1-86- 04 T G- T 1=t T B -1}
s§<00 s'<s i s<s’'<oo o

and B}y = E[Y;(0) = Y (0)|t} = s] = E[Ya(0) = Yiu (0t = ).

/ =
St 7

Theorem 1 shows that the full sample matched 2WFE estimator has an asymptotic bias, which
we refer to as the “pooling bias”, which is a linear combination of unweighted differences in
counterfactual trends between cohorts, E[Y;;(0) — Vi (0)|tf = s] — E[Y;(0) — Yiw (0)|tF = ).

10



This bias arises from the fact that in the 2x2 comparisons implicit in the 2WFE estimator are
either unweighted or incorrectly weighted, as discussed in Proposition 1. Because different treated
cohorts are not matched to each other, their covariate distributions will differ in general. Because
the parallel trends assumption only holds conditionally on X;, different treated cohorts may have
different unconditional trends in their untreated outcomes, which creates a bias. In other words,
when the parallel trends assumption holds conditionally, any unmatched comparison between
eventually treated cohorts is invalid, even those involving not-yet-treated units as comparisons.

To get some further intuition, notice that under the assumptions in the theorem, these terms can

fs(Xi}(;(i;s' (X3) ) }

where f(z) is the unconditional density of X; and fs(z) and fy(z) are the conditional densities

be rewritten as:

BY =E {E [Vie(0) — Yir (0)] X <

of X; for cohorts s and s, respectively. Thus, this bias is driven by the difference in covariate
distributions across eventually-treated cohorts.

While the matching procedure corrects this lack of comparablity by matching treated and
never treated units, doing so requires reweighting the never treated with cohort-specific weights
Ky (i,8)/M. As mentioned, however, the comparisons between treated and never treated implicit
in the 2WFE estimator use the weights Kj/(i)/M, this reweighting the never treated to match
the distribution of covariates in the pooled treatment group, instead of each cohort-specific dis-
tribution. As a result, this set of comparisons is biased, unless the covariate distributions are the
same in all treatment cohorts.

The nature of the bias we characterize differs from that of the biases studied in the staggered
DiD literature, where the negative weights problem arises from “forbidden comparisons” between
just-treated and already-treated units. The issues caused by forbidden comparisons disappear
when the treatment effect is homogeneous, as long as the parallel trends assumption holds. In our
case, the bias is due to differences in covariate distributions across groups that yield comparisons
for which the identification assumption does not hold, regardless of whether the treatment effect
is homogeneous or heterogeneous.

While Theorem 1 generally invalidates the causal interpretability of the full sample matched
2WFE estimand, the pooling bias can be avoided by computing cohort-period-specific ATT esti-
mators separately, comparing each cohort with the matched never-treated between two periods,
and then aggregating the resulting estimates if desired. This strategy was suggested by Callaway
and Sant’Anna (2021); Sun and Abraham (2021); Steigerwald, Vazquez-Bare, and Maier (2021),
among others, in unmatched panel designs. In the next section, we show how to construct consis-
tent and asymptotically normal estimators for cohort-period-specific ATTs and averages thereof,
and provide valid variance estimators and inference procedures that account for the matching

process.
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4 Asymptotic Distribution and Inference

We now provide consistent estimation and valid inference procedures for matching DiD estimators,
accounting for the variability of the matching weights used for the never-treated units. We start
by defining some additional notation.

Let G = |S \ {oo}| be the number of treated cohorts, indexed by si,...,sq. Let pi(sy) =
E[Yult; = s4l, mu(sg, Xi) = E[Yult; = 54, Xil, 11:(0) = E[Ya|t; = oo], and 11,(0, X;) = E[Yy[t; =
o0, X;]. The conditional variance and covariance function of the outcome are o7 (s,, X;) = V[V |tr =
Sy Xils o (9, Xi) = Cov(Yi, Yir|t: = 84, Xi), 07(0,X;) = V[Vy|t: = oo, X;], and oy (0, X;) =
Cov(Yy, Y |t: = 00, Xj).

Next, define the sample means for the treated and reweighted never treated:

1S 1 * {00, 1 * KM(Z’S>
Y, = N, El 1t = s)Ya, Y77 = A El 1(t7 = OO)TY;'?'
Also let
= — =S)— =0 i
N AN i M)
. 1 . . Ky, s)\ -

where 1i;(0,X;) is an estimator of 1(0,X;). These terms constitute the oracle and estimated
matching bias, as discussed in more detail below. Define the oracle and bias-corrected contrasts
57 =Y — Y8 — B and 5% = Y — Y2 — B and the target estimand 83 = p,(s) —
E[p:(0, X;)|t¥ = s]. Finally, define the vectors 0% = (677, .. ., 65°) and 6" = (6007, ... §%6or),
with analogous definitions for 4%, E, B and 0, and let Ogr be a GT' x 1—dimensional vector of

zeros. Then we have the following result.

Theorem 2 Under Assumptions 1-5,

Vsl _|_ Voo,sl Voo,s182
Va6 = 8) =p N (0gr, V), V=| Voo oy yees

where
T
tt/=1"

T
b S
Vooset = [Ltt’ g} , V= Utt'g]
/=1

12



7 (ME [es, (X)ouw (0, X)] + “Mag [;:o((X)) att/(O,X)D . tAL,
( €s €s
o (a%q)E [ w6 Utt'(oyX)D , t#T,
o (V lpa(g, X) = (0, X)|t* = 5] + Elo7 (s, X[t = 5,]),  t =1,
Vi = ig (Cov(p(sg, X) — pe(0, X), pupr (84, X) — e (0, X)| t* = s)
L+ Elow (sg, X)[t" = s4]) , t £t

and where a(M, q) is a distribution-free, nonrandom function defined in Chen and Han (2026).
If, in addition, the estimation error ri(X;) = 11:(0, X;) — (0, X;) satisfies:

1 " L _
R W 2 M=y D X =Xl = oen™) ®)
t=1,..,T ? JEIT M (,00)

then /n(6% — 6°7) = op(1) and as a result, \/n(6* — &) —p N (Ogr, V).

Theorem 2 shows that the period- and cohort-specific differences between treated and reweighted
never treated sample means are asymptotically normal after the appropriate centering. Specifi-
cally, this centering involves the matching bias terms Ef > due to the fact that, when covariates
are continuous, it is not possible to find perfect matches for treated units among the never treated
in finite samples. This type of bias, which is common in nonparametric estimation, was pointed
out for cross-sectional matching estimators by Abadie and Imbens (2006, 2011). Under the as-
sumptions in the theorem, B> = Op(n~1%) where q is the dimension of X;.

Because the matching bias is unknown, it has to be estimated in order to make Theorem 2
operational. Our result allows for a general estimator of the conditional mean (0, X;), (0, X;),
under the high-level condition (3), under which the feasible bias-corrected estimator is asymptoti-
cally equivalent to the oracle estimator and thus the bias correction does not affect the asymptotic
variance. This condition holds, for example, under a correctly specified parametric model for
1+(0, X;), or under the conditions in Theorem 2 of Abadie and Imbens (2011) for fully nonpara-
metric series estimators. We also note that the nature of the matching bias is very different from
that of the pooling bias of the full-sample matched 2WFE estimator characterized in Theorem 1,
Bpool- Specifically, the pooling bias is a large-sample bias that appears in the probability limit of
the estimator, and does not vanish with the sample size.

There are specific settings in which the matching bias may be ignored asymptotically. For

example, when matching on a single covariate, \/nB:"™ = op(1). Abadie and Imbens (2006) also
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provide an alternative sampling scheme in which the bias is asymptotically negligible when the
never-treated group is “sufficiently larger” than the treated group; see Section 7.2 for a related
discussion. Finally, when matching on discrete covariates, matches can be exact so the matching
bias is zero, as discussed in Section 7.1.

Theorem 2 also characterizes the asymptotic variance matrix V that accounts for the first-step
matching procedure in closed form, a result that our knowledge was previously unavailable. This
asymptotic variance matrix depends on a distribution-free function of the number of matches and
the dimension of the covariates, a(M,q). Intuitively, this function characterizes the asymptotic
variability of an untreated unit’s catchment area (the set of covariate values for which the untreated
unit is one of the M nearest neighbors) as the pool of untreated units grows. See Chen and Han
(2026) for the formal definition and further discussion.

To see how Theorem 2 can be used to construct consistent and asymptotically normal bias-
corrected ATT estimators, notice that taking one treated cohort s and two time periods t < s < t,
so that ¢ is a pre-treatment period and ¢ is a post-treatment period for cohort s,

2s,be tsbc  ~s,00 8,00 *
0" =0 =17 — By — Elmalt; = s]

where B/ = By — B> and

~ 8,00 1 * 1 * KM(ZVS)
I Z L(t; = s)(Yir — Yiz) — Ezﬂ(ti = 00)——— (Yu = ¥34).

In the above expression, %ts%oo is a pairwise matched DiD estimator that compares the change in
outcomes between periods ¢ and ¢ for cohort s to the change in outcomes for the never-treated co-
hort, reweighting the never treated by the matching weights. This pairwise matched DiD estimator

can be computed as the 2WFE estimator (2) with weights:

KM(Z, S)

w; = 1(t; = s) + L(tf = o0) Y

(2

M=X=1 M\ =0k#t1, (4)

or equivalently as a cross-sectional matching estimator with Y;; — Y;; as the outcome. Theorem 2
then implies that, for < s <t, %tff —p E[7:|tf = s], so that the pairwise matched DiD estimator
is consistent for the ATT for cohort s in period ¢ > s. Similarly, when ¢t < ¢ <'s, 77> —p 0 under
the conditional parallel trends assumption, which serves as a pre-trends test. In ad(iition,

Vi (30 = B — Elnylt; = s]) =0 N(0.9) ?

t,t
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where the asymptotic variance is:

1 1
;= —VI[E[m|t; = s, Xi]|tj = s] + —E[V[Yy = Yiilt; = s, Xil[t; = ]
o

S S

es(X;)
oo (Xy)

—1 *
ot [(M +a(M,q) ) es(Xi) V[V — Yiglt] = 00, Xi]| .

,00
t
done in empirical practice, the matching bias is ignored, which does not affect consistency but

Importantly, this result shows that, when constructing %ts with 2WFE methods as commonly
may generally invalidate inference based on the conventional ¢-statistics and confidence intervals.

In many cases, researchers may be interested in weighted averages of cohort- and period-specific
ATTs:

’72((,&.)) = Z Zw(sgvt)%zgézja W = (W(Sl, 51)7 s aw(slvT)7 s 7w(SG7 SG)7 st ,W(Sg,T)).

g tzsg

For example, Callaway and Sant’Anna (2021) and Sun and Abraham (2021) propose averaging
ATTs by treatment exposure, aggregating the effects over cohorts in the first period of treatment,
second period of treatment, and so on, as in an event-study design. Alternatively, one may average
the ATTs over time for each cohort separately to assess the cohort heterogeneity in treatment
effects (Callaway and Sant’Anna, 2021). Our Theorem 2 allows researchers to construct these and
any other type of aggregate causal parameter based on %Z’;O and derive their limiting variance
accounting for the matching procedure and for the estimation of the aggregation weights w, if
needed, through the delta method.

Remark 1 (Normalized weights) Because weighted OLS is invariant to rescaling all weights

by a constant, it follows that the weights in (4) can be replaced by the normalized weights:

KM(Z7 S)
N,M

1(t; =

P= T 1 = )

(2

which replicate those in Abadie and Imbens (2006).

Remark 2 (Not-yet-treated) With additional notation and under the appropriate overlap con-
ditions, our results can be generalized to the case where units in cohort s are matched to units
in not-yet-treated cohort s’ # s instead of, or in addition to, the never-treated, as discussed in
Callaway and Sant’Anna (2021) and Sun and Abraham (2021).

4.1 Variance estimation
To obtain consistent estimators for the asymptotic variance matrix, we define the following objects.

~ ~ 1 ~ ~ 1
00,898 1
1/ 08g5g! V. 9°g 1/ 59 ‘ng
J [ tt/ ]tt’ 1’ [ tt’]

/=1

~ ~ T
00,8
Vo8 — [‘ ftt/ g:|

)
tt'=1

15



LA = 0o) G520, X)), b=,

M2

3=
]
-3

75>00,8 5
V' =9 )

n n % K2 (i
i (L300 1 = 00)Si505,(0, X)) . A,
\ " %9
(
o B (AT 10 = o0 X)) =,
w B n n n « K (i,59) K (4,8, /
N., Ns, <% > iz 1(t; = 00) ult 912/[2M( ow (0, X, )) , t#£t.
g
~ 2
N; 711 i= 1 ]l(t* = 59) <lfzt =Yy — <}/t5g Y;OO Sg))
/59 ]:/‘L; TlL i=1 ]]‘(t* = )th\/[(iésg)ag(osz)u t = t/a
w = > S 00,8 > ) 00,8
N2 nZZ 1 1(t; = s4) ( Yie — Yie — <Y;g -Y, g)) (Y;t/—Yit,— <Yt,9 ~-Y, 9))
* Kpr(i,89) ~
L N2 nZz L 1(t] = 00) MJ\/S2 g)o—ft’(oni)v t#t
where

3

—_

M:
;=A.

M
~ 1 Ssg 1 . oosg
Yie = Mmzly'm(i,oo)ta Yt = N Z ﬂ(ti = Sg)Yit, t - N,

S .
9 4=1

To estimate the unknown conditional variance and covariance function in the variance estima-
tor, we follow Abadie and Imbens (2006). For each cohort, we conduct an additional J—nearest-
neighbor matching within the same treatment cohort and denote the index of j-th nearest neighbor
for unit ¢ within the same treatment cohort as [;(¢) and denote K ;(7) as the number of times unit

1 is used as a match in the within-cohort nearest-neighbor matching. Then we define:
62(s,, X;) = J ZYZ (i)t
e J+1
10
Utt’(sgaX) J+ 1 ( ZYZ OF ) <Yit’ - jjzlylj(i)t) .

The following shows that these estimators are consistent for the elements in the asymptotic variance

matrix.
0, 0 . 00,8 00,8 OOS S / Q0,8 S s
Proposition 2 Under Assumptions 1-5, Vtt, TV e 0V, =V p 0 and Vttf’—
S

4.2 Semiparametric Efficiency

The analytic formula for the asymptotic variance we derive in Theorem 2 allows us to study the

efficiency of the pairwise matched DiD estimator %: %OO for a general dimension of the covariate
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vector. Under Assumptions 2, 3 and 4, Sant’Anna and Zhao (2020) derive the semiparametric
efficiency bound for the ATT with panel data under the conditional parallel trends assumption.*
When comparing cohort s against the never-treated between periods t and ¢ with t < s < ¢, the

bound is given by:

s o (s, Xi)es(Xi) | (Elmalt; = 5, Xi] — El[ra|t; = s])%es(X;)
SEB — E p2 + pg
2 5 ’ (6)
LR es(X;)?0A(0, X;)

where 0% (s, X;) = V[V, —Y;|t: = s, X;] and 6% (0, X;) = V[Y;;—Y;|t; = 00, X;] and the dependence

on t and £ is left implicit. Then we have the following result.

Proposition 3 Under Assumptions 1-5,

; s 1 [es(Xi)aR (0, X) a(M, q) es(Xi)*0 (0, X5)
P~ e = 37" { I A\ )R o

where (M, q) > M?.

Proposition 3 shows that the matched DiD estimator does not attain the semiparametric
efficiency bound, and that the difference between the asymptotic variance and the bound depends
on the number of nearest neighbors M and on the dimension of the covariates ¢ through the
function a(M, q). As an illustration, with a single covariate ¢ = 1, a(M, 1) = M (2M +1)/2 (Chen
and Han, 2026) and thus:

1 €S(XZ')O'2A(O, X@) 1 es(Xi)QO-Z(O; X@)
Q5. — Q3 = _—_F E
Lt TSER Ty { 2 o Coo(X;)p?

It can be seen that the efficiency gap decreases with M, in line with the results in Abadie and
Imbens (2006) and Lin, Ding, and Han (2023) who consider asymptotics with M — oo for the
ATE with cross-sectional data under unconfoundedness. Because the closed form of (M, q) has
not been characterized for a general M and g, it is hard to extend this statement for the general
case. However, the tabulations in Chen and Han (2026) show that for M € {2,3,...10} and
q€e{2,3,...,10}, a(M,q)/M? — 1 < 0.15, and that a(M,q)/M? — 1 is positive and decreasing in
M for each of these values of M and gq.

4For simplicity, we focus on the two-group, two-period model. With multiple periods and groups, the model is
over-identified when the conditional parallel trends assumption holds between all pairs of periods, but we do not
consider that case here. See Chen, Sant’Anna, and Xie (2025) for a related discussion.
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4.3 Inference Ignoring the Matching Step

Because the pairwise matched DiD estimator is constructed in two steps, inference needs to ac-
count for the first-step estimation in the second-step asymptotic variance, as shown in Theorem
2. In practice, however, researchers often rely on the cluster-robust variance estimator from the
second-stage weighted 2WFE regression, ignoring the fact that the weights are estimated in the
matching step, which results in inconsistent variance estimators.” With cross-sectional data un-
der unconfoundedness, Abadie and Imbens (2016) compare the asymptotic variance of the oracle
propensity-score matching ATT estimator with the variance of the ATT estimator using the esti-
mated propensity score, and show that the latter can be smaller or larger depending on the data
generating process. Abadie and Spiess (2022) consider post-matching regression estimators using
cross-sectional data and matching without replacement and show that standard errors that fail
to account for the matching step are inconsistent when the regression of interest is misspecified.
In this section, we derive the probability limit of the cluster-robust weighted 2WFE variance es-
timator that ignores the matching step, which we refer to as the naive cluster-robust variance
estimator.

Specifically, the cluster-robust estimator of the variance of %tf%oo, computed from the weighted

2WFE regression (1) with weights (4), can be written as:

1 * KM(i7S)2 ~2
ncr:N?Z t _85 +m :H‘(tZ:OO)T‘gZ

& =AY, — (Ni zjj (15 = s)AY;-) 1t = s) — (Ni ij 1t = “)%Mj) 1(t; = o0)

is the regression residual, AY; = Yj, — Y;; and the dependence on ¢, is left implicit to reduce

notation. The following result characterizes the probability limit of this estimator.

Proposition 4 Under Assumptions 1-5

n‘/ncr —Pp Qf’f

1
+ —VIE[AYi(0)[t] = s, Xi]|t; = s]

S

2
+ —Cov(E[ry|t; = s, Xi], E[AY;(0)|t] = s, Xi]|t7 = s)
1
-+ WE M + Oé(M, q)

€g (Xz)

A notable exception is Deryugina, MacKay, and Reif (2020), who specifically account for the matching step
using the methods in Abadie and Imbens (2006, 2011) in their DiD analysis.

) es(Xi) (E[AY;(0)[t; = s, X,] — E[AY;(0)]t] = s])
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where AY;(0) = Y;(0) — Y;(0).

Proposition 4 shows that if E[AY;(0)[tf = s, X;] is constant in X; over the support of X;|tf = s, so
that covariates do not affect the average counterfactual trend over the support of cohort s, the naive
cluster-robust variance estimator that ignores the matching step is consistent for the true variance.
This case, however, only occurs when the matching step is unnecessary, because counterfactual
trends are parallel unconditionally. More generally, the naive cluster-robust variance estimator is

inconsistent for the true asymptotic variance, with an asymptotic bias given by:

1
—VE[AY,(0)ff = 5, Xt} = o]
Ds

2
+ —Cov(E[ry|t; = s, X;], E[AY;(0)[tF = s, Xj]|t; = s)
es(Xi)

+——F KM +a(M,q) > es (X)) (E[AY;(0)]tF = s, X;] — EIAY;(0)[t: = s))?

pIM?
The direction and magnitude of this bias depend on the data generating process. The first and
third terms are always nonnegative, whereas the covariance can be positive or negative. For
example, if the conditional ATT, E[ry|t; = s, X;], is constant over X;, the covariance is zero
and thus the naive variance estimator is upward biased. In such cases, ignoring the matching step
results in overly conservative standard errors. On the other hand, when the covariance between the
conditional ATT and the conditional trend of the untreated outcome is negative and large enough,
the bias may be negative, resulting in standard errors that underestimate the true variability of

the estimator. We further illustrate these cases with simulations in the next section.

5 Simulations

We now present two simulation studies to illustrate the problems with post-matching 2WFE
estimators analyzed in previous sections. In the first study, we consider a staggered treatment
adoption setting to illustrate the asymptotic bias. In the second study, we show how failing
to account for the matching step when conducting inference results in invalid standard errors,

considering cases where the unadjusted standard errors are too large and too small.

5.1 Bias in Staggered Designs

Our first setup consists of panel data with a total of n = 1,000 units and four time periods,
t =1,2,3,4. Units belong to one of three cohorts, tf € {2,3,00}, so the “early adopters” enter

treatment in period t = 2 and the “late adopters” enter treatment in period ¢t = 3. Units are
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assigned to cohorts based on a multinomial rule:

1 - 1X;
Pl = s|xX)] = exp((s — 1)X;) |
1+ exp(X;) + exp(2X;) 1+ exp(X;) + exp(2X;)

Plt: = 00| X;] = s=2,3

where X; is a scalar covariate with X; ~ Uniform(—1,2). The untreated potential outcome is
defined as:

with («, ui, X;) mutually independent. This implies that E[Y;;(0) — Y;;—1(0)|tF = s, X;] = 1+5X;
for all s, so the conditional parallel trends assumption holds (the unconditional parallel trends
assumption does not because E[X;|tf = s] differs across s). To focus on the bias due to the
matching procedure and abstract from the other biases characterized in Theorem B1, we assume

that the conditional ATT is constant, 7 = 5. The model for the treated potential outcome is:
V() =5+ a;+ (t— 1) +5X;(t — 1) + vy, v ~N(0,1).

We estimate 7 by matching each treated unit to a never-treated unit in the first step and running
Equation (1) in the reweighted data. The results are displayed in the first column of Table 1. The
results show that the bias of the full sample matched 2WFE is about 0.7 or 15% of the true ATT.

In addition, the naive cluster-robust standard error severely overestimates the true variability.

5.2 Post-Matching Inference

Our second simulation exercise illustrates how failing to account for the matching step leads to
invalid inference. We consider panel data with a total of n = 1,000 units and four time periods,
t =1,2,3,4. Units belong to one of two cohorts, tf € {3,000}, so there is a treated cohort that
enters treatment in period 3, and a never-treated cohort. Units are assigned to treatment based
on a logistic model:

* eXp(XZ)
Pt =3|X;| = ————
[ ! | ] 1 + eXp(Xl)

where X; is a scalar covariate with X; ~ Uniform[—1/2,1/2]. We consider two designs. The first

design has a constant treatment effect equal to 5 and the potential outcomes are given by:

where as before u;; ~ N(0,1), vy ~ N(0,1) and (a4, uy, X;) mutually independent. Because

in this setup the treatment effect is constant, Proposition 4 shows that the naive cluster-robust
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standard error is biased upwards.

In the second design, the potential outcomes are given by:

which implies that the conditional ATT is E[Y;(1) — Yi:(0)|t; = 3,X;] = 5+ 7X;(t — 1) which
changes across X; and over time. On the other hand, E[AY;(0)|X;,tf = s] = 1 — 2X; and
Cov(E[Yi(1) — Ya(O)lf; = 3, X, E[AYi(0)|Xs, 8 = )|t = 3) = —14(t — )V[X,|#; = 3] which in
this case results in downward-biased standard errors.

The results from these simulations are shown Table 1. Column (2) reports the result for
the constant treatment effect scenario. As shown in Proposition 4, when the treatment effect is
constant, the naive variance estimator overestimates the true variability. In this case, the Monte
Carlo (MC) standard error is 0.086, while the average of the naive standard error across simulations
is 0.257, about three times larger. This upward bias results in overcoverage of confidence intervals
and loss of power. On the other hand, the standard error estimator that accounts for the variability
of the matching procedure is 0.085, almost identical to the MC standard error, and reaches correct
coverage.

Column (3) reports the results for the case with a heterogeneous treatment effect and a negative
covariance between the conditional ATT and the conditional outcome trend under no treatment,
the third term in Proposition 4. In this case, the negative covariance term yields a downward-
biased standard error of 0.209, about 13% smaller than the MC standard error (0.239) and the
naive CI undercovers the true parameter. As before, the standard error that accounts for the

matching procedure is very close to the MC standard error and reaches correct coverage.

Table 1: Simulations Results

SO ) ©))

Bias 0.702 -0.000 -0.002
MC se 0.195 0.086 0.239
Naive CR se 1.274  0.257  0.209
Coverage (naive) 100.0 100.0  91.2
CR se - 0.085 0.239
Coverage - 94.3  95.0

Notes: “Bias” is the average difference between the estimates and the true parameter across simulations. “MC se”
is the Monte Carlo standard deviation of the estimates. “Naive CR se” is the average naive cluster-robust standard
error that ignores the matching step, and “Coverage (naive)” is the coverage of the corresponding 95% confidence
interval. “CR se” is the cluster-robust standard error that accounts for the matching step, and “Coverage” is the
coverage of the corresponding 95% confidence interval. Results from 5,000 simulations.
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6 Empirical Applications

6.1 The National Supported Work Demonstration

We first illustrate our results using data from the National Supported Work (NSW) Demonstration.
Using the NSW experimental data as a benchmark, Lalonde (1986) compared different non-
experimental methods to determine whether they can replicate the experimental findings. This
study sparked an extensive debate about the credibility of non-experimental methods (see Imbens
and Xu, 2025, for a recent review).

Following LaLonde (1986), we use data from the Current Population Survey (CPS)® to con-
struct a comparison group for the experimental treatment group using nearest-neighbor matching.
The outcome of interest is earnings, which is measured in 1974, 1975 (before treatment) and 1978
(after treatment). Our list of covariates includes indicators of age at baseline, indicators of years
of education and indicators of being married, Black and Hispanic.

We compare the following specifications using earnings data from 1975 and 1978, which con-
stitutes a two-period panel: (1) a difference in mean earnings between treated and controls in the
experimental sample (“Experimental”), (2) an unmatched 2WFE regression (“2WFE”), (3) a naive
matched 2WFE regression where standard errors do not account for the matching step (“Naive
matched 2WFE”), (4) a matched 2WFE regression calculating valid standard errors (“Matched
2WFE”), (5) a matched 2WFE regression with valid standard errors and bias correction using a
linear specification for the covariates (“Matched 2WFE - BC”) and (6) a 2WFE regression on the
matched sample, that is, on the sample excluding any untreated units that are not matched to any
treated unit, but without accounting for the number of times each untreated is used as a match
(“2WFE in matched sample”). All standard errors are clustered at the individual level.

The results are shown in Column (1) of Table 2. The experimental estimate of the ATT is $886.3
with a p-value of 0.069. We use this value as a benchmark. The unmatched 2WFE regression
yields an estimate of about $1,714, almost twice as big as the experimental benchmark, with a
p-value close to zero. The weighted 2WFE that uses matching in the first step gives an estimate of
around $930 (p-value 0.117), much closer to the experimental benchmark. As shown in Proposition
4, the standard error estimator in this specification is inconsistent because it does not account for
the matching step. When adjusting for the matching first step, the standard error increases from
$593 to $635. The bias-corrected matched 2WFE specification reports a slightly lower estimate
of $809.21 with a very similar standard error. Finally, the 2WFE regression dropping unmatched
units reveals an estimate of about $418, approximately half the experimental benchmark.

Column (2) of Table 2 repeats the same analysis for a placebo outcome. In the experimental

sample, this corresponds to a difference in mean earnings in 1975 (before the treatment) between

6Specifically, we use Westat’s matched CPS, which includes earnings data from multiple periods. See Smith and
Todd (2005) for details. The data was obtained from Sant’Anna and Zhao (2020)’s replication files.
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treated and controls. For all other specifications, the placebo test uses data on earnings in 1974
and 1975, and can be interpreted as a pre-trends test. Because all the data in these specifications
is pre-treatment, all estimated effects should be close to zero and insignificant. While all the
estimates are insignificant at the usual levels, the one from the unweighted 2WFE and the one

from the regression that ignores repeated matches show the largest magnitudes and lowest p-values.

6.2 The Effect of Community Health Centers on Mortality

We now use the data from Bailey and Goodman-Bacon (2015) to estimate the effect of the con-
struction of Community Health Centers (CHCs) on county-level mortality rates in the US. In the
original paper, the authors use an event-study design to estimate the long-term health effects of
increased primary care access by exploiting the plausibly exogenous timing in the rollout of the
first CHCs starting in 1965.7

Because the treatment adoption design is staggered, recent literature has shown that estimating
a 2WFE regression is subject to weighting issues and forbidden comparisons. These issues can be
avoided by separately estimating cohort-specific ATTs in each time period, and then aggregating
these estimated ATTs by event time. The results from this specification can be seen in Figure 1.
The validity of these estimates relies on the unconditional parallel trends assumption. The figure,
however, shows that the pre-trends coefficients are non-zero and jointly statistically significant,
with a p-value for the joint null of no pre-treatment trends differences close to zero, which makes
the identification assumption harder to defend.

To address these pre-trends differences, we apply the methods discussed in the previous sec-
tions. We start by matching each treated unit to a unit in the never-treated group, using the
following time-invariant covariates measured in 1960 at the county level: percentage of urban
population, percentage of rural population, percentage of non-white population, percentage of
population ages 0-4, percentage of population aged 65 or more, median years of schooling for
persons aged 25 and older, percentage of population aged 25 and older with less than 4 years of
schooling, percentage of population aged 25 and older with more 12 years of schooling or more,
percentage of population with family income below $3,000, percentage of population with family
income above $10,000, median family income, retirement transfers and public assistance transfers.
We also include the outcome in 1966 (a pure pre-treatment period in the sample) as a matching
covariate. The outcome of interest is adjusted mortality rate. We refer the reader to the original
paper and replication package for details about the data.

Based on the matching weights, we construct ATT estimators following Theorem 2 and their
corresponding standard errors based on Proposition 2, aggregating the estimated effects by event

time. We restrict the results to the event window [—15, 15] to exclude very long term estimates

“While the identification strategy in the original paper relies on covariates, their estimation procedure does not
use matching. We note that our goal is not to replicate or assess the results in the original paper, but only to use
this data set to illustrate our proposed methods.
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Table 2: Estimated Effects of the NSW Job Training Program

(1) ATT estimate

(2) Placebo test

Experiment

Coefficient 886.30 39.42

Std. err. 488.14 379.01

p-value 0.069 0.917

95% CI [-70.45 ; 1,843.06] [-703.44 ; 782.27|
2WFE

Coefficient 1,714.40 -138.90

Std. err. 485.93 179.79

p-value <0.001 0.440

95% CI [761.98 ; 2,666.81] [-491.30 ; 213.49]
Naive matched 2WFE

Coefficient 929.82 44.20

Std. err. 593.26 309.65

p-value 0.117 0.886

95% CI [-232.97 ; 2,092.62] [-562.71 ; 651.11]
Matched 2WFE

Coefficient 929.82 44.20

Std. err. 635.38 339.08

p-value 0.143 0.896

95% CI [-315.52 ; 2,175.17]  [-620.39 ; 708.79]
Matched 2ZWFE - BC

Coefficient 809.21 219.10

Std. err. 636.85 342.10

p-value 0.204 0.522

95% CI [-439.02 ; 2,057.43] [-451.42 ; 889.61]
2WFE in matched sample

Coefficient 418.10 -306.91

Std. err. 521.98 215.93

p-value 0.423 0.155

95% CI [-604.99 ; 1,441.19] [-730.13 ; 116.31]

Notes: the table show the estimates from (1) a difference in mean earnings between treated and controls in the
experimental sample (“Experimental”), (2) an unmatched 2WFE regression (“2WFE”), (3) a naive matched 2WFE
regression where standard errors do not account for the matching step (“Naive matched 2WFE”), (4) a matched
2WFE regression calculating valid standard errors (“Matched 2WFE”), (5) a matched 2WFE regression with valid
standard errors and bias correction using a linear specification for the covariates (“Matched 2WFE - BC”) and
(6) a 2WFE regression on the matched sample, that is, on the sample excluding any untreated units that are not
matched to any treated unit, but without accounting for the number of times each untreated is used as a match
(“2WFE in matched sample”). All standard errors are clustered at the individual level.
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computed using very few observations. The estimates in Figure 1 show that matching successfully
makes the pre-trends coefficients closer to zero and jointly insignificant. The full event study with
95% confidence intervals is shown in Figure 2. The estimates suggest negative effects that tend to
increase in magnitude over time, although they are mostly insignificant at the 5% level.

Finally, Table 3 shows the estimated overall ATT (aggregated over cohorts and time periods)
for the unconditional DiD estimator, the pooled matching estimator characterized in Proposition
1 and Theorem 1, and the post-matching DiD estimator based on Theorem 2. The results show
that adjusting for covariates through matching increases the magnitude of the effect by about 78%,
although the overall ATT remains insignificant at the 5% level. In this application, the pooling
bias seen from comparing columns (2) and (3) is not substantial. The fact that the standard error
is larger in column (3) compared to column (2) is partly explained by the fact that the estimates

in column (3) incorporate the variability introduced by the matching procedure.

50

25

Estimated ATT
o

-25

-50

-15 -10 -5 0 5 10 15
Event time

Figure 2: Post-matching event study estimates with 95% confidence intervals

7 Extensions to Other Types of Matching

In this section we discuss several extensions to our results, namely, matching when all covariates are
discrete, matching without replacement and propensity score matching. For brevity, we consider
the case with two periods # < ¢ and two cohorts, t € {s,00}, with # < s < ¢, although all

the results we present here can straightforwardly be generalized to multiple periods. In what
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Table 3: Overall ATT estimates

(1) Unconditional DiD  (2) Naive pooled matched 2WFE (3) Post-matching DiD

Estimate -3.03 -5.15 -5.40
Std. err. 3.19 3.94 4.41
95% CI [-9.28, 3.22] [-12.87, 2.56] [-14.05, 3.25]

Notes: the estimate in column (1) is an average of pairwise ATTs over treatment exposure. The estimate in column
(2) is obtained through a weighted 2WFE regression using the matching weights obtained in the first stage. The
standard error in this column ignores the matching procedure. The estimate in column (3) is computed as explained
in Theorem 2 and subsequent discussion, accounting for the matching procedure when computing standard errors.

follows we let AY; = Vi, — Yz, pa(s, X;) = E[AY|tr = s, X;], 0i(s, X;) = V[AYj|tr = s, X]]

and 02 (0, X;) = V[AY;|t! = oo, X;] where the dependence on ¢, t is left implicit to simplify the

notation.

7.1 Matching on Discrete Covariates

When the vector X; is a low-dimensional vector of discrete covariates, each treated unit can
be matched exactly to an untreated unit, which eliminates the matching bias. Without loss of
generality, suppose that X; is a scalar taking values in a finite set X'. For such cases, a consistent

and asymptotically normal cohort-specific ATT estimator is given by:

> _i *—g) — =00 éS(Xl) ;
Tdisc = Ns ; (l(tz ) ﬂ(tz )éoo(XZ)> AYZ

where
) B 5 Lt = 91X = o)
és(x) =Plt] = s|Xs =a] = Yo (X =x)

This estimator that reweights never-treated units by the ratio of the estimated propensity scores

is equivalent to a matched DiD estimator that matches each treated unit to all never-treated
units in the same covariate cell X; = x. Because in this setting the number of units in each
covariate cell increases as n — oo, this estimator can be seen as a matching estimator with a
diverging number of matches, similar to the ATE estimator considered in a cross-sectional setting
under unconfoundedness by Lin, Ding, and Han (2023). This estimator attains the semiparametric

efficiency bound (6), as shown in the following result.

Proposition 5 Under Assumptions 1-4, if B[Y;(dy)*|t; = s, X; = 2] is bounded and V[Y;;(d,)|t; =
s, X; =x] >0 for alld;, s and z,

V(Taise — E[ra|t; = s]) —=p N(0, Q%gp)
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where gy is defined in (6).

7.2 Matching Without Replacement

Matching is sometimes carried out without replacement. In such cases, whenever an untreated unit
is matched to a treated unit, that unit is removed from the pool of untreated. This implies that
each untreated unit is used at most once, Ky/(i) € {0,1}, and the size of the matched sample is
(M +1)Ns. We now discuss how to adapt our results to the case of matching without replacement,
building on the results by Abadie and Imbens (2012) and Abadie and Spiess (2022). In this case,

the post-matching 2WFE estimator using matching without replacement is:

jGJM (7”00)

For brevity, we will consider an alternative, conditional sampling scheme requiring that Ny =
O(Nol/ ") with r > ¢, which intuitively implies that the untreated group is “sufficiently larger”
than the treated group. Under this sampling scheme, the matching bias is op(Ns Y %) (Abadie and
Spiess, 2022) and thus bias correction is not required for asymptotic normality. This is not specific
to matching without replacement, and can also be applied to matching with replacement, as used
in the previous sections of the paper, under the rate condition r > ¢/2. The following proposition

summarizes the behavior of the ATT estimator under matching without replacement.

Proposition 6 Suppose that the sample is obtained by drawing N, treated observations and Ny
untreated observations independently from the conditional distribution Yi,...,Yr, X|t* = s and
Yi,..., Y, X|t* = oo, respectively, with Ny > M Ngyand Ny = O(Nol/r) for some r > q. Then, for

matching without replacement under Assumptions 1, 2, 3 and 5, as Ny — 00,
(M + 1)Ny(7or — E[re|t; = s]) —p N(0,Q0)
where

(2

Qo = (1+ M)E [(E[rult; = s, Xi] — E[rut; = s])°
0-2A< 7XZ) t* _ (;| .

M
When the number of (continuous) covariates is large, matching directly on the vector of covariates

tfk:s}

+ (1 + M)E | oa(s, X;) +

7.3 Propensity Score Matching

can be computationally cumbersome. In such cases, researchers often resort to matching on the

propensity score, which reduces the problem to matching on a single covariate. Rosenbaum and
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Rubin (1983) showed that the propensity score is a balancing score, and thus matching on the
propensity score instead of the full vector of covariates is sufficient for eliminating confounding
bias under a selection on observables assumption. In practice, the propensity score is unknown
and needs to be estimated, which introduces additional variability that needs to be accounted for
when conducting inference. Abadie and Imbens (2016) derive the asymptotic distribution of the
cross-sectional propensity score matching estimator. For the sake of brevity, we do not elaborate
on the technical aspects of this case, but we note that the results in Abadie and Imbens (2016)
can be adapted to our setting to derive the asymptotic distribution of our pairwise matched DiD
estimator when matching on the estimated propensity score. We leave the formal treatment of

this case for future research

8 Conclusion

We analyze the commonly employed empirical strategy of estimating 2WFE regressions in a
reweighted sample where treated units are matched to never-treated units in a first step. This
approach is often used when the parallel trends assumption is believed to hold conditionally on
covariates. By formally characterizing the post-matching 2WFE estimators and their asymptotic
distribution, we highlight two problems with this strategy that generally invalidates its findings.
First, when treated units exhibit variation in treatment timing, the post-matching 2WFE estima-
tor that pools all treated units contains an asymptotic bias that remains even when the treatment
effect is constant. The reason for this bias is that the 2WFE estimator implicitly involves com-
parisons between different treatment cohorts, using one of them as a comparison group. Because
different treated cohorts are not matched to each other, they generally have different covariate
distributions, and thus comparing their outcome evolutions over time is invalid when the parallel
trends assumption holds conditionally, even when the comparison group is not yet treated.

Second, ignoring the matching step when conducting inference based on the post-matching
2WFE estimators results in inconsistent variance estimators, which can be biased upwards or
downwards depending on the data generating process. Specifically, the naive variance estimator is
upward-biased (conservative) when the treatment effect is constant, but can be downward-biased
when there is sufficient treatment effect heterogeneity.

We provide conditions under which the post-matching 2WFE estimator that compares each
treated cohort to the never treated separately is consistent for an average of cohort-specific ATTs
over time, and derive a closed-form representation of its asymptotic variance which can be used to
conduct valid inference post-matching. We also show that this estimator does not generally attain
the semiparametric efficiency bound, but it approaches it as the number of neighbors grows. We
also illustrate our results using simulations and a reanalysis of the data from the NSW job training

program and from Bailey and Goodman-Bacon (2015).
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While different methods are available to incorporate covariates when the parallel trends as-
sumption holds conditionally, matching-based methods have the advantage of being intuitively
appealing, easy to implement, computationally stable and fully nonparametric. Our findings en-
able empirical researchers to exploit these methods and conduct valid inference on the parameters
of interest. Moreover, because we show that post-matching 2WFE estimators can be recast as
cross-sectional matching estimators, existing statistical software for matching estimators can be

used after appropriately transforming the data.
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Appendix

A Survey of Empirical Literature

Table A1 lists 22 papers published between 2013 and 2025 in top Economics and Political Science
journals using some version of the post-matching 2WFE estimators analyzed in this paper. The
journals we consider are, in alphabetical order: American Economic Journal: Applied Economics
(AEJAE), American Economic Journal: Economic Policy (AEJEP), American Economic Review
(AER), American Political Science Review (APSR) and Quarterly Journal of Economics (QJE).

B Additional results

Lemma B1 Let

(w /\) Zz 1Zt lw/\t lt(D
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w5 (1) = 2w z‘ﬂ(tf =8)(Yu = Yir) > wil(t] = &) (Yar — Vi)
b > wil(tf =) > wil(ty = ¢)

T > Wi
Lemma B2 Consider a subset of the data with two cohorts s and s', where each unit in cohort s
is matched to M nearest neighbors from cohort s'. Let (Z;)1_, be a sequence of iid random variables
with B[Z|t; = 5, X; = z] = pz(s,z) and V[Z|t; = 5, X; = z] = 0%(s,x) with both functions being

Lipschitz-continuous and with B[Z}|t: = s, X; = x| uniformly bounded over x for s and s'. Under
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Assumption 3 and 5(1),

1 Ky (i, s X
3 =) g Bl Xk =

and

1 K(i, s)? 1 E[Z2|t5 = 5, X,
—Zﬂ(t*:sl)MZQ —p—E |:65(Xz) [ z’z S, ]:|

Ns 7 Z M2 ' M Ds
n a(M, Q)E es(Xi)? E[Z2]t; = ¢, X]
M2 €y (Xz) Ds .

Lemma B3 Suppose we conduct two nearest neighbor matching with M mneighbors on a subset
of the sample with three cohorts s, s', and s”, where in each matching, each unit in cohorts s,
and s is matched to M nearest neighbors from cohort s". Let Ky (i,s) and Ky (i, s') denote
the number of times unit © is used as a match in the nearest neighbor matching with cohort s
and s'. Let (Z;)"_, be a sequence of i.i.d random variables with E[Z;|tf = s, X; = z] = m(s, ),
and V[Z;|t: = s, X; = x] = o%(s,z) with both functions being Lipschitz-continuous and with
E[Zi|t: = s, X; = x| uniformly bounded over x for s, s', and s". In addition, assume that the
conditional densities of X;|tf = s, X;|tf = &, and X;|tf = ", fs(x), fo(x) and fo(x) respectively,

are continuous and have convex and compact support, and fs: () is bounded away from zero. Then,

1 - * KM<i7S)KM(i78/) 04<M> Q) 6S(Xi)es’(Xi)
— Z ﬂ<ti = S”) VE Z; —p IVE E es,,(Xi) m(S”,Xi)

Lemma B4 Performing nearest-neighbor matching to match each unit in cohort s to units in

cohort s, with possibly s = s, let j,(i,s") denote the index of the m-th closest match in subgroup

(1).

Lemma B5 For any a >0, 13" 1(t7 = 00) K5 (i, 54) = Op(1).

=1

s' for unit i in subgroup s. Then maxys—g HX2 — X, 6.8

Theorem B1 Under Assumptions 1-5,

Zt> ME th|t = 3 Z <t<s’ )‘tE[Tit“f = 5]
F(wP, \) —p d1(s, A i Pa(s, ', \) T2
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het ‘ .
where B, and Bpool are bias terms defined as:
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and where, letting A =3, A/ D2 A, the weights are:
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Theorem B1 shows that in a staggered design, the post-matching 2WFE estimator does not
generally recover a causally interpretable parameter. The probability limit of this estimator
can be decomposed into three components. The first component, in the first line of the ex-
pression for 7(wP°®, \) above, is a weighted average of ATTs across cohorts and over the in-
cluded time periods, where the weights are non-negative and sum up to one, > __ ¢:i(s,\) +
Y scoo Doscsi<oo @2(8,8', A) = 1. Although this is a proper weighted average, the weights may be
highly unequal across ATTs, and this term is generally hard to interpret.

In addition to this weighted average of ATTs, the full-sample matched 2WFE estimator con-
tains two bias terms. The first bias, B¢ involves the change in the ATTs for a given cohort over
time, E[r;; — ¢ |t; = §']. This term appears because the 2WFE estimator uses already-treated
units as comparison units, resulting in some ATTs entering with a negative sign in the probability
limit of the estimator. Notice that the bias Bt has been discussed in existing literature analyz-

ing unmatched DiD estimators. Theorem B1 shows that these issues persist when using matched

2WFE estimators. The second bias is the pooling bias discussed in Theorem 1.
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C Proofs of Main Results

Proof of Lemma 1

ElYi — Yie|t; = s] = E[Yu(t7) — Yie (0)[t; = 5]

)

[
= E[r|t; = s] + E[Y;(0) — Y (0) [t} = s]
= Elralt; = s] + E{E[Y;(0) — Yir (0)[t; = s, Xi]|t; = s}
= E[rult; = s] + E{E[Y(0) — Y (0)|t; = &', X;]| t] = s}
= Blralt; = 5] + E{E[Yy — Yi|t; = &', X,]| 7 = s}

as required. [J

Proof of Proposition 1
With weights w?* = 3", 1(t; = s) + 1(t; = 00) Ky (i) /M,

D Wl =) = Ny, D ulI(t] = 00) = % D Lty = o00)Ku(i) =Y N.=n-N

i 57#00

which implies that 3, wP*® = 2(n — Ny), p% = 1/2 and p¥ = N,/(2(n — No)) = ps/(2(1 = po))
for s # oo, and the result follows by Lemma B1 after defining:

~ 8,00 00 ~8,pO0 1 * 1 * K {
oo ooty — 7opeol —Zﬂ(ti — 5) (Vi — Vi) — n_NOZwZ. — o) A]\4/[( ) Yy — i)

1 *
N, Zﬂ(ti =) (Y =Yiw), §#00

%tstf (wpool) Ats,tf — N Z t - S — Y;t’) _

Sl
as required. []

Proof of Theorem 1

This result follows as a particular case of Theorem B1. [

Proof of Theorem 2

We begin by establishing a more general joint asymptotic result for the vector of treated means

and their matched counterparts. Specifically, define the re-centered mean for each cohort s, and
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the corresponding matched never-treated cohort in period t as:

7:9 - ]\; Z 1(t; = sq) [(Yie — 11£(0, X3)) — (pe(sg) — E[1(0, X) [t = 5])]

59 j=1
790,8¢ 1 = % KM i, Sg)
T = g Do = o0 P 0 0,0)
By construction, E[Y,] = E[Y, ] = 0. Stack the re-centered means at each time period into the
vectors Y ! = (Vi’,..., Y)Y and Y = (Y 7,..., Y *). In what follows, p,, = P[t; = s,

and 0 represents a T' x 1 vector of zeros. We will begin by showing that:

~500,81

1% 0 Vo081 co. Yoosisa 0 e 0
700,3(; 0 yoosest L. | VadRle 0 ce 0
n —s — N )
\/_ v D 0 0 . 0 | ZAE 0
yoo 0 0 . 0 0o ... vs©

where the elements in the variance-covariance matrix are defined in the statement of the theorem.
We establish the result using the Cramér-Wold device together with the martingale represen-
tation of the matching estimator. Define A = (A\°1 .. . A\°®sG¢ X5t \5¢)/ " where \°% =
(A% A% NS = (A7, ... AY), and define the residual as ¢; = Yy — E[Y; | ¢, X;] =
Yie — e (t7, X;). Fix any A such that |A|| = 1. Then

G T
VIXT = VYD (T V)

g=1 t=1
G T 00,8 n .
)\t e * KM<Z789)
=vny_ ), [ N. Zl(ti = OO)T(Yz't — (0, Xi))
g=1 t=1 9 4=1
)‘59 - * *
+ 5 D Lty = s9) [(Yar = (0, X,)) = (a(s9) — Bl (0, X)|t* = Sg])]]
59 =1
n G T n )\sg
= ST S = ) Il X0) = (0.0) = (lsy) = B (0. X[ = 5,)
i=1 g=1 t=1 9
n G T
n 1 Sg * 00,8¢ * KM (Zv Sg)
222 N (At L= 5g) + AL = 00) =2y ) o
=1 g=1 t=1 9

39



To obtain a martingale representation of this scalar projection, define Z,; = 25:1 Zthl ZZi’it,

where

et _ Nzg i\/tﬁMt;'k = 39) [Nt<sg>Xi) — (0, X5) — (Ut<sg) — E[pe (0, Xy)[t* = 59])] if1<i<n

n,t n s % , * Ky (i—n,s : .
L (NP, = s0) + AL, = 00) e ) i1 < < 2n

and introduce the corresponding c— fields by

O'(t*,Xl,...,XZ'> lf].SZSTL

«Fn,i:
U(t*,X*,Yl,...Yi,n) 1fn—|—1§2§2n,

where Y; = (Yi1,...,Yir)". By construction, E[Zzgf] =0, E[Z,,] = 0, vaNY = 37 Z,;, and

therefore the sequence |
j=1

is a martingale sequence. We first compute its conditional quadratic variation. For 1 <17 < n,

E[Z? ;| Fui-i]

(s

| g=1 t=1
[ /¢ T 5 ,
n " )
=E (Z Z N, \/tﬁI[(ti = Sg) [:ut(Sg, X1> - /Lt(O,Xi) — (:ut(sg) — E[Nt(o; XZ)|t — 59])]) fn,ifl
| g=1 t=1 g
G T 2 5919
n® (A\° . .
- ZZ _2( ;1) 1(t; = s9)V (59, Xi) — pe(0, X5) | 1] = 5]
g=1 t=1 Sg

G 2 \S
n® A7 A\, . *
+ Y YN S =T = 5)Cov( (g, Xi) — (0, X0), e (59, Xi) — p1ar (0, X)| £ = 5,)
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For n 4+ 1 <i < 2n, the corresponding conditional second moment is

(8

2
s 00,8 * K ) — )
)\tgﬂ(t;ln = S!J) + )‘t 7 g]l(tifn = OO)W) 6in,t> -Fn,z'fl

I

=
VN
M«
[M]=
2l s
3‘H
7 N

n? (\°)?%_ .
- Z Z _2( : ) IL(ti—n = SQ)E[ﬁ?—n,t‘ti—n = Sg; Xz—n]

G s s
15 3) D) BRI/ STTHERE SIS A
i-n — °g 1—n,tti—n,t' |Vi—n — 29y X i—n

G .
n * K3 (1 —-—n,s ) .
" Z Z N2 Lt = oo)WE[ei{n,tﬁpn = 00, Xi—n]

G T 2 00,8 00,8 2 ([
} :2 : nc AN Ki (i —n,s,) %
+ N2 \/ﬁ \/ﬁ ﬂ(tz—n = OO)TE[Ei—n,tEi—n,t’|ti_n = oG, Xz—n]

KM(Z —n, SQ)KM(Z —n, Sg/)

G o, 8
n o on AN 7N Y . ) .
* Z Z N, ng, N{ORVAD L(ti_, = o) Ve E[ez‘—n,tﬁpn = 00, Xi_n]

< a non AN Ky(i—n,s5)Kp(i —n, sy)
2.2 Lt = e

El€ini€ione|ti_, = 00, Xi_n)
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Summing these conditional second moments over both parts of the martingale array yields

> E[Z2| Fuia]
i=1
G T
= 3T N (s X) — 0, Xl = 5,
g=1 t=1 %
G T n
£ D NN Cov (a4, X) = g0, X), (33, X) = i (0, Xl = 5,)
g=1 t=1 t'#4t = %9
G T le 1 2n
T S) DRI T,
g=1 t=1 ~ Sg i=n+1
G T n2 1 2n
+ Z Z W)\fg)\;gﬁ Z ]]_(t;k_n = Sg)o-tt’(sga Xi—n)
g=1 t=1 t/#t = 59 i=n-+1
n° | ososgna 1 . K3,(i—n,s,)
+ Z Z W(/\t )25 Z 1(¢;_, = OO)WUE(Q Xi-n)
g=1 t=1 " 9g i=n+1
G T 2 2n 2 /-
N~ | 00,84 \ 00,54 1 * KM(Z —n, S!J)
- Z Z _2)\'5 )\t’ E Z ﬂ(ti—" - OO) M2 Utt’(ov Xi—n)
g=1 t=1 t'#t = 99 i=n+1
< " non 50,59 | 00557 1 = . Ky(i—n,s)Kp(i —n,sy)
+Y >N A R > At =) Ve o2(0, Xi_)
g=1 s'#s t=1 Sg © Sg/ i=n-+1
< a NN oy 005y 1 =L . Ky(i—n,sq)Kp(i —n,sg)
+ Z Z N N >\t )\t/ E Z :[]'(ti—n = OO) M2 O/ (07 Xz—n)
g=1 s'#s t=1 t'#£t = °9 5 i=n+1
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eSS L RV ar (g, X) — 10, )11 = 5,)

+ Z Z Z _)\sg)\sgCOU(:ut(Sg?X) - ,ut(oa X)?ﬂt’<sgaX) - ,ut’(oaX)‘ t" = Sg)

g=1 t= 1t/;étp39

+ZZ A2 E[02(s,, X)|t* = s,

+ Z; ; g p—sg/\sﬁ’/\ R[04 (59, X)|t* = s,]

+22§}4mwwGﬁmwmmMH“%%fﬁgwﬁmb

g=1 t= lt’;étpsq

PSS L L (g 00 )]

=1 s'#s t=1

STy y b (e [ 00

s'#s t=1 t'#t

=NV

The stated convergence follows from the WLLN, Lemma B2 and Lemma B3. It remains to verify
the relevant moment condition for the martingale central limit theorem. Under the assumptions

in the paper, for 1 <i <n,
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<; i\/t;]l(t;* — ) o9, X3) — 1100, X3) — (pue(s) — Elue(0, X,) [t = sg])]>

fn,il]

tr = sg}

)

G 4 59\4
— @SS e = B (g, X0) — (0, X0) — (n(5y) — Elpe(0, X[t = s,])])*

The first inequality follows from Holder’s inequality, while the final inequality uses the facts that
|A|l = 1 and that the fourth moment of the outcome is uniformly bounded. For n +1 < i < 2n,

an analogous argument gives:
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g=1 t=1
G T
Sgt
< (GT)* ) EUZy)! 1 Faici]
g=1 t=1
G T . 4
n 1 Soo 1ok 0050 s Ky(i—n,s
= (@1’ ) ) E (N VO (Aﬂm = 59) F AT, = 00>W> ) F]
g=1 t=1 Sg
G T 4 Sg\4
nt (M) ]
= (GT)3 Z Z N4 ;LZ l(ti—n = SQ)E[G?—n,tHi—n = Sg7Xi—n]
g=1 t=1 Sg
G T 4 (10050\4 4 (;
A Y Ky (i —n,s .
(A1 D) DEan S TP LS ftiL S FI I
g=1 t=1 Sg n
G T 4 4 .
nt 1 i . K3y (i —n,s,)
<(GTYC'Y D N (Il(tz N =8,) + 1, = OO)W)
g=1 t=1 Sg

G3T4C/ - n' * * K3 (Z —n,s )
- 2 Z 4 (]]‘<t1n Sg) + :H‘(tlfn = OO)W)

Once again, the first inequality follows from Holder’s inequality, and the final inequality uses the

facts that ||A|| = 1 and that the fourth moment of the outcome is uniformly bounded. Therefore,

Z]E |«Fnz l
G370 L
erey <

=1

Q

G3T4 Cont 1 & . 1 & . Ki,(i —n,s,)
ZN‘l " ﬂ<tifnzsg)+ﬁ'z l(tifn:OO)T
g=1 Sg i=n-+1 i=n-+1

—p 0.

This convergence follows from the WLLN and the uniform boundedness of E[K3,(i — n, s,)]. The
martingale central limit theorem therefore implies that /n(\Y) —p A(0, NV )). Because this
conclusion holds for every A such that ||| = 1, the Cramér-Wold device gives v/nY —p N(0,V).

The theorem then follows from the fact that 6 —§ = Lyn(Y ™%, Y Y YY) where
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L

(—]GT ]GT). Finally, note that

Jn HES% _5rl| = vm Hé . EH

< GT max
\/_568\{00}

t=1,...,

= GT+v/n max
s€S\{oo}
t=1,...T

< GT+/n max
\/_SGS\{OO}

t=1,..,

= op(1)

under Condition (3), which completes the proof. [

Proof of Proposition 2

]EJN[(Z,OO)

J€JTm (4,00)

) — 1(t oo)KM]S’ 5)) r(Xi)
tr = s)% Z [re(Xa) — (X))

re(Xi) — 1(X5)]

We split the proof into three parts, one for each convergence statement in the theorem. For

brevity, we present the proofs for the case ¢ = t. The proofs for the case t' # t follow a very

similar structure and they are omitted, but they are available from the authors upon request.

VOO »Sg

First part: V" — V7" —p 0.

Adding and subtracting,

J

50X = 75

Y MtOX

<
+
—

1< ’
Yii — 7 Z Yzj(i)t)

ZYH
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1
— (0, Xi ) + Wi Z

j=1

(110, X3) — 41(0, lem)])

2
1 1
€it — j Z elj(i)t + j Z[,ut(o, XZ) - /’l’t<07 Xl](z))]) .
7j=1 j=1



Therefore,

J . 1
=+ | Bl X+ 5D E [(

i (07 XZ) + % Z (U?(O’ le(z‘)) o U?(Oa Xl)) + (% Z[Mt(o? Xl) - ut(()? le(z‘)>])

j=1
The first equality follows from the fact all the interaction terms are zero after conditioning on
(t*,X). Next, by Lipschitz continuity of ¢7(0, X;), and 1(0, X;),

J 2
_ 2 2
glaé NEES) J+ 1 ;O't (0, Xi,,)) — 00, X;) + J+ D (Z,ut (0, X3) Ht(Oale)))

J J 2
1
< § 0, X, 20, X0)| + = | 3 |10, X3) — (0, X3, ‘
{Paij ]:1 a7 ( l<) — o ( )|+ T+ 1) (j_l p( ) — bl lm)))
J 1 J 2
< P L
P J(J+1 Z CHX K JU+1) (Zjl OHXZ Xty )

C ) 2
ST e HX N X’J(“H O e HX = Xy = or(l).

This first inequality follows from the triangle inequality. The second inequality follows from
the Lipschitz continuity of ¢7(0, X;), and (0, X;). The last equality follows from Lemma B4.
Therefore for any a > 0,

> 1t = 00) K3 (i, ) [E[57 (0, Xo)|t7, X] — 07 (0, Xi)]|

Sq .
9 =1

1

T Z!m = 00) K§y (i, 5,) [EG2(0. X,) [, X] — 07(0, X,)]|

-~ * 1 * [
< max 52(0, X;)[t*, X] — 07(0, X;)| N— D 1ty = 00)K§y (i, 5) = op(1).

S .
9 =1
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The first inequality follows from the triangular inequality. The last equality follows from the fact
that max,:—o [E[67 (0, X;)[t*, X] — ¢7(0, X;)| = op(1) and Lemma B5. Next we want to show that:

=50 = ) K (s) [BFZ0, X))t X] - 620, X)] = 0 (1)

89 =1

By algebra,

n

J+1 1

(Z 89) [8752(07 XZ) - E[a-\tQ(Ov Xi)|t*v XH

J J 2
1 . 1 1
3=y | (w5 3030 w0, )
=1 j=1

s
9 =1

3

J

J 2
1 Z 1 Z
Jt O X J2 O-L? O Xl](> <j /’Lt(()?X :ut(() le(z ))
j=1

= 1(t; = 00)K§;(i, s4) (€5 — 070, X;))

ng i=1
1 — 1 J
o 2; L(t; = 00) K3y (i 59) 5 2 (e, o (o,le(i)t))
9 = =
2 J
J2N Z L t* - OO)KM(Z SQ) Z €1 iyt Elp iyt
Sg i—1 =1 hg
2 - J
JNS 1(t7 = o0) Ky (i, Sg) Z €it€l; ()t
9 =1 j=1
J
JN Z L(t; = 00) Ky (7, 8) €t (Z (0, X;) — Mt(O,le(i)))
Sg =1 le
2 - J J
~ 2N, D Ut = 00)K (i, 50) > €1y <Z 11(0, X;) — 11(0, X,],(”))
9 =1 j=1 Ji=1

The second equality follows from direct calculation. Now we will show that the above six terms

are all op(1).
First term:

n

E 18 Zﬂ(t = 00) K (i, 8,) (€5 — 02(0,X,)) | ¢ X]
— S DL = o) K3yl (Bl X) - 02(0, X)) =0
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and

V| LS00 = 00) K (i) (& — 020, X,) t*,X]
%9 =1

L St = co) K21 SV [ (€ — 02(0, X)) £, X]
Sg =1

< 3 2105 = o) 3,08 [ (6 - 020, X)) 7. X
Sg =1

< 23010t = o) 0,9 [+ (20, X)) ¢, X]
Sg =1

< ]QVC ]\; Xn: 1(# = 00) K297, 5) = op(1).

Thus, by the conditional Markov inequality and the bounded convergence theorem,

n

LS 1t = 00) K (i, 5,) (€ — 02(0, X0)) = os(1).

7
S .
9 4=1

Second term:

n J
1 . 1 \
E| 5 D010 = ) K5 (50) 75 > (efw Uf(O,Xl()t)> t ,X]
89 =1 Jj=1
1 & 1<
= DO = 0K (i 5,) 75 DE | (6,0 — 020, X0 | £, X] = 0
S9 =1 j=1

and
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n

1
N,

J
* a(; 1
]l(ti = OO)KM(Zv Sg)ﬁ Z <€l2j(i)t - 0-132(07 le(i)))

9 =1 =1

A%

<

n n J J
1 * * a [ o [ *
S — s = o) s K 75 S S Cov (e | €0.)

59 =1 i/=1 j=1j'=1

"l J o J
1 * * o . o . N
~ JiN? DD Lt = 00)L(t) = 00)Kiy (i, ) Ky (¥'59) D D Wl = Ly )V (612< K ’X)
Sg =1 /=1 ]:1 jlil
C n o n 7o
< oz Do D L = 00)U(ty = 00) K3y iy 59) K1, 59) 3 > 1y = L)
89 =1 ’L,ZI 321 ],:1
C 1 & . o
- J3Ns N_ Z ]l(ti = OO)Kﬁ/[ (Za Sg)
g~ %9 ;—q
C < J J
7N DD 1ty = 00)1(ty = 00) K (6, 5) K5y (¢, 5) > Y lljisy = Lyriry)
S9 =1 il it
¢ - - * * 20 200 ( 1 !
= 2Nz DD Ut = 00)L(t) = 00) (K37 (i, 59) + K37 (1',59)) D D LIy = Lyy) + or(1)
S i=1 i'#i pur
C n J J
= Sz D 2 Mt = 00)1(ty = 00) K37 (i50) D, D Iy = L) + 0w (1)
Sg i=1 i i
C n J n J
= i D 1t = 00) K (i s0) Y Y Lt =00) > Ll = Lir) + op(1)
Sg9 =1 =1 /i j=1
C & J
= iy 2 L = 00) K37 (i, 50) D Kollyo)
S9 =1 j=1
C - J
< s 2 Mt =00) D (K (i sg) + K5 () + oe(1)
Sg =1 j=1
= ShN N Z 1(t; = 00) K37 (i, 8,) + R A Z L(t" = 00)K3(i,0) + op(1)
sg 1Vsg T sg Nsg =3
= op(1)

The second equality follows from the fact that the covariance between elzm)t and e?j/(i/)t is nonzero

if and only if ;) = Ly after conditioning on t*, X. The second inequality follows from Lemma

B5 and the inequality ab < @ The fourth equality follows from the fact that the two terms

in summation are equal. The sixth equality follows from the definition of K ;(I;(7)). The third

a’+b?
2

inequality again follows from ab < . For the last equality, the first term follows from direct

calculation. The second term follows from the fact that these two expressions are two equivalent

50



ways to express the same summation. Again combining the conditional Markov inequality and

bounded convergence,

1< 0, 1
v DLt = 00K (i5,) 75 D (el e lem)) — op(1).

9 4=1 j=1
Third term:
9 n J
E 2N Zﬂ(t: = OO)Kﬁ(i’SQ)ZZ it €t t*’X]
89 =1 =1 h>j
9 n J
~ 2N Zﬂ(t: = 00) K3 (4, 5 ZZE [Elj<z>t€lh( )t X]
89 =1 j=1 h>j
9 n J
= 2Lt = o0)Kfylisg) YD E [el ot X] E [elh } ~0
89 =1 j=1 h>j

and
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n J
2 .
A Fo SECEISTETIE) 9 SN
59 =1 j=1 h>j
2
2 * *
x| (2 S =0 zz) v
S9 =1 Jj=1 h>j
J
J4N2 ZZ L(t; = o0) = 00) K3 (i, 59) K (7, 5 ZZZ Z [ (€l €1t oyt | € X}
Sg =1 /=1 =1 h>j j'=1h'>j'
Z]l (£ = 00) K37 (i 5 ZZE [61J<>t€l2h<)t *’X}
59 i=1 j=1 h>j
J J
ZZ i = 00) K (i, 59) K3 (i, ) ZZZ E [elj@)telh( )t €L (iry t €l (an)t t*’X]
59 =1 i'#i j=1 h>j j'=1h'>j’
80(‘] ) 1 - * 200
< J3N ng Zl ﬂ<tz = OO>KM (Z789>
40 & . y
ZZ (t7 = o0) 00) K5 (i, 84) Ky (i, 84) ZZZZ )} ={l G, Le (i) })
59 =1 i'#i j=1 h>j j/=1h'>j'
40 &
Z Z t* = OO OO)KIO\Z(Z-?SQ)KZO\[/[(Z./7S!})
Sg i=1 i'#g

ZZZZH () + 1 (1(0) = b (i) + 0p(1)

7j=1 h>j j'=1h'>j'
n

40 Z Z 5= 00) Ky (1, Sg)K&(i/7 Sg9)

39 i=1 ¢/#i

DD D02 ) = () + 1{(0) = be(@) + 0x(1)

C ) . o J | )
= oz D 2 Lt = 00)L(t) = 00) K3y (i o) K5y (7 5, Z (16 = (i) + ox(1)
Sg =1 il =
< * 4o ( x _ 3,.
< JN. M. 121 1(t; = 00) Ky (4, 89) + 57— N, N, ZZI 1(t = 00)K3(i,0)
= op(1)

The first inequality follows from the fact the fourth moment of Y is uniformly bounded and the
j,(i/)tqh,(i,)t‘ t*,X] is nonzero if and only if {1;(i), lu(i)} = {1y (i'), L (¥)}.
The second inequality follows from the fact that the event {/;(7), {,(¢)} = {l;/(?'), ly(i') } is included
in the event {l;(i) = l;(¢')} U{l;(7) = l}(¢')}. The fourth equality follows from the fact the two

fact that E [Elj(i)telh(i)tel
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terms in the summation are symmetric. The last inequality follows from the same argument in

the second term. As before, this implies

J
J2N Z 00) K (1, ) ZZ €Ly tClnpt = op(1).
j=1 h>

s
9 =1

Fourth term:

n J
E|- sz DLt = o) K0y 5) Y ety t*7X]
) o
= 7. ;ﬂ(t: = 00)K§; (i, sy) ;E [Git%t t*,x]
) ¢ g
= 7 D Lt = 00) K3y (irsy) D Eleu|t", X] E [QW t*’X} 0
59 =1 =

and
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n J
2 *
\Y N le(t = 00) K73 (3, sy Zethj(i)t t ,X]
Sg =1 J:l
2 & J ’
—E (JN > ot = oo)K;xW@,sg)th%t) .
59 =1 j=1
J o J
- J2N2 ZZ t* - OO = OO)K]O\}(Z-?SQ Z Sg ZZE [Eitei/telj(i)telj/(i/)t t*7X:|
89 i=1 i'=1 j=13'=1
U J
- i Zl]l(t* — 00) K20, 5, ZIIE[ e ot X}
g 1= Jj=
J J
+ ZZ t - OO )KM(Z SQ)KM Z Sg ZZ]E [Eltellt€l< t€l. 3G /)t t X:|
Sg =1 /%4 j=1j'=1
4C 1 K< N
<Ix ng;]” = 00) K37 (i, 54)
40 n J J
+ <o DD Uty = 00) Lty = 00) Ky (i, s) K5 (i, 50) > > 1(L(6) = i) L(1(i') = i)
S9 i=1 i'#4 j=1 j'=1
20 n J J
S T J2NZ Z Z i = 00) (KJQ\?@ sq) + Kif ZZ L(l;(i) =4 )L(1y (i) = 1) + op(1)
i=1 i'#i =1 =1
40 n J J
= o7 O O Lt = 00)L(th = 00) K37 (i, 55) 3 D Ll (0) = LUy () = &) + 0e(1)
89 i=1 i'#i j=1 j'=1
40 < J
§ ZZ 1(t; = 00)1(t} = 00) K32 (i, s, le i") + op(1)
sg =1 i'#q j=1
40 & /
* 2a *
=Nz Zzlﬂ(t = 00) K% (i, 5, ;115 = ]ZIIL i) + op(1)
4C 1 - * 2a( s
- ng ng ; IL(tZ - OO)KM (Z,Sg) + Oﬂ”(l)
= op(1)

The first inequality follows from the fact that the fourth moment of Y is uniformly bounded and
the fact that E [eitei/telj(i)telj,(i,)t

t*,X] is non-zero if and only if [;;) = ¢ and [y = i. The
second inequality follows from the inequality ab < “22&. The fifth equality follows from the
fact that the two terms in summation are equal. The third inequality follows from the fact that
1(l;(4) = i")1(lp(i") = i) < 1(l;(i) = 4'). The second last equality follows from the fact that

o4



D i Lt = 00) Zj:l L(l;(2) =4') = Zj:l > iz 1ty = 00)1(l;(i) = 4') = J. Thus,

n J

Z L(t; = 00) Ky (i, s4) Zeitelm)t = op(1).

89 =1 j=1

2

Before proving the results for the fifth and sixth term, first define:
J
i = Zut(O,Xi) — (0, Xy, )
j=1
and note that:

J
Z Mt(oa XZ) - Nt(oa le(i))

j=1

J
< 0, X)) +
j=1

D] = 116(0, Xi) — pe (0, Xy, )

J
<
j=1

<C.

:Ut(07 le(i))

The first and second inequality follow from triangle inequality. The third inequality follows from
the Lipschitz continuity of the conditional mean of the outcome and the bounded support of X.
Fifth term:

2 < * (6% . * n " o ) i
E TN, ; L(t; = 00) Ky (i, sg)ein® | ,X] = N, ; 1(t; = 00) K3y (1, 54) P E [ t*, X] =0
and
2 - * a /- "
M J N, ;ﬂ(ti = 00) Ky (i, 84)€0® | t*, X
4 - * ol e %
~ J2N2 Zﬂ(ti = 00) K37 (i, 54) @7, Var (€| t*, X)
Sg =1
410 1 < i} .
= JQngN_ngZ:; 1(t; = 00) Kj7 (i, 84)
= Op(l)
and thus
2 - * a /-
Jng ZZI ]l(ti = OO)KM(% Sg)eit = Op(l).

%)



Sixth term:

n J
2 . *
’ LzN 1 = 1,3 ]
59 =1 j=1
J
=% N 1(t; = 00) K (i, 59) @55 Y Eley0[t*, X] =0
59 i=1 j=1
and
9 n J
V J2N Z ]]_(tr = OO)KZO\Z(% Sg)q)(]’i Zelj(i)t t*,X]
59 =1 j=1
n J 2
- (zﬂ 0 = >z) X
1 7j=1
J J
J4N2 ZZ ./ = OO)K]?/[(i,Sg>KJO\é4(i/, sg)CIDJ,i@J’Z-/ ZZE [Elj(i)telj/(i’)t t*,X]
89 =1 /=1 j=1j'=1
A n J
= o DUt = o) K (i) 03, D E [efm t*,X}
Sg =1 j=1
J o J
N2 ZZ (7 = o0) = OO)KJC\Y/I(@Sg)K&(i/,Sg)@J,z‘q)J,z"ZZE |:€lj(i)t€lj/<i/)t t*,X}
Sg =1 1/751 j=1j'=1
¢ 1 . o
< TN, Ns Z]lt = 00) K37 (i, 5,)
40 n J J
o D0 D = 0Vt = o) K5y (50 K3y 5) D D7 10) = ()
89 =1 i'# j=1j'=1
20 1 . s 201 & 5
= J3N,, N,, ZZ 1t = 00) Ko7 (i 5y) + JAN,, N,, ; 1(t; = 00)K75(i,0) + op(1)
= op(1)

The first inequality follows from the fact that the conditional variance of Y and @ ;; are uniformly
bounded, and E [elj(”telj,(i,)t

follows from the same argument as the one in the second term. Thus,

J
27, 85) P, E t—O]p

} is non-zero if and only if [;(i) = [;(i'). The last inequality

JQN

s
9 q=1
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Therefore,

= D = )RS 5,) [57(0. ) — o7(0, %)

Sq -
9 4=1

T Zﬂ £ = ) K3 (i, s,) ([6200, X,) — E[G2(0, X0)[t*, X]] + [E[52(0, X,)[t", X] — 02(0, X,)])

= 01@(1).

Set o = 2 and apply the Slutsky’s theorem and Lemma B2 to obtain:

Doosy M , n 1 <« . ,
Pgmn = ) (i, 5,)67(0, 1) = 1t = $)K2,(5,5,)52(0, X;) + 0s(1)
s sgtV¥sg 1

9789 ;—q
M 2 X 2 s
Oé( 7Q) g( ) 152(07 )r):|> ‘rtoo g'

—Pp % (%E [esg(X)af(O,X)] + M? [600()()

Sg
This proves the first statement.

500,848 00,898
Second part: V,, 7 — V., —p 0.

For any a > 1, by C-r inequality,

(KM<i7 Sg) + KM(i> 59’))a < 207! (KM(iﬂ Sg)a + KM@? Sg’>a)

By Lemma 3 in Abadie and Imbens (2006) and Lemma B5,

E (K (i, 55) + K (i, 59))7) < 227 (B [Kaa i, 55)°) + [Kar (i, 59)%]) = 0p(1)

LS = 0002 (Kl )" + Kl 59)") = 09(1)

i=1

1 . . e
ST = 00) (Karlis,) + Kl )" <
By the same argument as the proof of the first part, for any a > 0:

LSt = 00) (Buali, ) + Kaglisy))* (520, X1) — 07(0.X,)) = 06(1)

i=1
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Therefore, set a = 2,

n

S = o) Kl s, Kl sy) (200, X) = 72(0, X0)
— % (% Z 1(t; = 00) (Ku(i, 8) + Kue(i, 5¢))? (520, X;) — 02(0, X))
3 = )R lissy) (320, X) - 070, X))
_% Z L(t; = 00) K3, (i, s¢) (67(0, X;) — 07(0, XZ-))>
= 0]}»(1)
By Lemma B3,
> 1, Mm%, 8g) o a(M, s, (X)es (X )
%Z 1t = o) M A)f (:59) 1200, x) s %@ [ <€ oo)&)( ) 50.3)

Therefore,

" Ny, N, n M?
1 1 « M, €s (X)es /(X) 00,8981
=P : 2q> [ : % o7 (0, X)| =V, "
psg psg/ M 600(X>

This proves the second part.
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Third part: f/\;j;" — V32 —p 0.

First,
1 - U S 00,8 2
2oL = sg) (Yo=Y = (V7 - ¥))
=1
IR > .
= =t = 5) (Ya = Va = (mulsy) = Elu(0, X)t* = s,)
=1

2

—[(F = 77) = Gulsy) = Bl 0, )12 = 5,))])

. 1t = 5,) (Y - mfj Yot — ((sy) — Elpe(0, )" = ng>>2
- Z (t; = 5,) [ (V7 = 97%) = (usy) — Bl 0. X)lt" = 5,])]
=2 (0 - 7Y — ()~ L0, X) ] = )] - 1t = 5,)
(m - mM Vintoasn = (pals) = Blu(0, X)|#" = sg1>>

%Z 1t = 5,) ( - z it — ((55) — Elp(0, )1 = ng>>2

- ]\; [( Y- ) — (me(sg) — E[pe(0, X)|t* = 59])]2

Notice that by the WLLN and Lemma B2,

n n M
ey coos, 1 . 1 . 1
Yt 9 __ Y; = Z I]_(tl = Sg)Yit — N Z I]‘(tz = Sg)M Z )/jm(i7sg)t
= m=1

89 =1 89 =1
1 . * 1 . * KM(Z7 89)

S palsy) — Elue (0, X[t = s,).
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Therefore,

1 S 00,8 2
=30l = sy (Y~ Va - (V0 - 1))
n
=1
1 1 & :

=2 1t =) (th = D Vi — () = Elu(0, Xl = sgn) + 0p(1)

i=1 m=1

n M 2

1 . | .

= 2 Lt = 8g) | uelsg, Xi) + e — 57 D100, X i.5) + €mtisgn)] — (1u(sg) — Bl (0, X[t = s])

=1 m=1

n M 2

1 * 1 *

=) Lt = sg) | hulsg, Xi) = 77 D 140, X5 isp)) — (1(59) = Elpe(0, X)[t* = 5,])

i=1 m=1

n M 2

1 1

+ o . 1(t; = S9) <€zt Y; Z:lejm(l 89)t>

n M

* 1 *

+ =) Lt = s) (Mt(sga Xi) =37 > 110, X, 6.60)) — (a(59) — Bl (0, X) |17 = Sg])>

=1 m=1

Now we analyze each of the three terms from the last equality.

First term: adding and subtracting,

n M 2
1 ) 1 .
n > Lty = sy) (Mt(sgaX') i > 110, Xy i,sp)) — (e(5g) — Elpae (0, X) [t = 59]))
i=1 m=1
1 & 1 &
= DUt =s,) <Mt(89= Xi) = (0, X5) + i [16(0, X3) = 26(0, X5 (i,5,))]
=1 m=1

= %Z L(t7 = s¢) (11e(8g, X)) — 110, X;) — (pae(59) — E[e(0, X)[t* = 5,]))?

I % Z 1(tf = s,) (% D [0, X5) = (0, ij(z',sg))]>

m=1

+ % Z L(t] = sg) (g, Xi) = 11(0, X;) = (pae(s9) — Ep2e(0, X)[t" = 50]))

(% (10, X3) — ut(O,iju,sg)ﬂ) :

m=1

60



Notice that:

S

1 1
7 D [(0.X0) = (0, X5 100)] | < 57 D 10, X0) = (0, X5 )|
m:l

m=1

C
i Z 126 = X |

S

S

A
<

< O X = Xyt

The first two inequalities follow from the triangle inequality. The third inequality follows from

Lipschitz continuity of p;(0, X;). This implies that:

%Z 1(t; = s,) <% Z [,ut((),Xi) — (0, X; z&;)ﬂ)

m=1
n

1
< 13710 =00 (O]~ Koy

< (maxC 1~ Xongunl) =0

where last line follows from Lemma B4. Next,

n

%Z L(t; = s,) (159, X0) = (0, X3) = (e(g) — Efpa(0, X)|t* = s,]))

M
( Z [j,t 0 X Mt(07ij(iasg))])‘
m=1

< max C | X; = Xy 0, Zm*—sg (1 (502 X2) = (0, X3) = (pue(sy) — Elpa (0, X)|t* = 5,]))

t—s

= O]p(l).

The first term of the above equation is op(1) by Lemma B4, and the second term is bounded by

Lipschitz continuity of the conditional mean function. Combining the results above, we have:

-~ Z (ut(sg, Xi) - % D 10, Xtisg)) — (e(3g) = Elpe(0, X) |17 = Sg]))

= Z L(t; = s¢) (1ue(sg. Xi) — (0, X3) — (pue(s) — Elpe (0, X)[t* = 5]))* + 0p(1)

—p E[1(t" = s,) (1l X) = (0, X) = (a(59) — Efpaa(0, X)|t* = 5)))7]
= psgV [:ut<sg7 X) - ,U,t(O, X>|t* = Sg] .
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Second term: by algebra,

n i=1
= % n 1(t; = s4) (61215 + LQ i Eim(i,Sg)t) + % s I(t; = Sg)ig i/[: € (1,59)tEdr (3,59)t
=1 m=1 =1 m=1r>m
n M
_ % 2 ]l(t = 89)% mZZIEZtEJW(Z sg)t
By a WLLN,

1 - * * *
n Z 1(t; = sg) (E?t — 07 (S, XZ)) P P, (E[E?tm = s4] — Elo7 (s, Xi)|t] = 39])
i=1

= ps, (BE[ER[t] = 5q, Xi[t] = 54] — E[07 (s, X;)[t] = 5,]) = 0.

From Lemma B2, we have:

n M n .
]. 1 _— 1 2 20X _1 :[L * KM<Z7SQ) 2 20X
- (t; =8¢) 715 Z €yt — Ot (0, Xj(is)) ) = EZ (t; = OO)—M2 (€5 — 070, X3))
=1 m=1 =1
—p ps,E[E[e}, — 07(0, X;)|t; = 00, Xi]|t; = s54] =0
For the third term,
1< 2 I
Bl DLt = %032 DD CmlisatCintisgt| £ X]
i=1 m=1r>m
1< 2 &
== L =575 > D B [Guea] t X E 66t X] =0
=1 m=1r>m
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Next consider its conditional variance,

Z 1 t* - Sg M2 Z Z Ejm (3, sg) )€ (4, sg)t

m=1r>m

¢ X]

2
4
- W]E (Z t* = 59 Z Z €jm (i, sg) )t€r (i, sg)t ) t*’X

m=1r>m

2
4 - * = *
= —n2M4 ZE <1(t2 = Sg) Z Z ejm(i,sg)tejr(i,sg)t> t ,X
i=1

m=1r>m
4 n M M
+ a2 F (M? =)D, €jm<z,sg>t6jr<i,sg>t> (1(@5 =5 > > ﬁjm/<i',sg>t6jr/<i',sg>t)

t*,X]

i=1 ¢/#i m=1r>m m/=1r">m’'
4 n M
= i Y Utr=5)) > E [E?m(i,sg)tei(i,sg)t t", X}
i=1 m=1r>m
4 n
+ i 2 2 Mt =501t = 5,) Z > Z D B €502t st (5020 000 £ X
=1 i’;éi m=1r>mm/=1r'>m’
4(o
Sn(QM‘l 2M4 ZZ (t; = sg) Lt = 5)

1=1 i'#i

ZZZ > 1 i, 59), e (i 59)} = L (7', 89), 3 (7', 56)})

m=1r>mm/=1r'>m/

< S S aitr = st =5,

i=1 m=1 ¢/ m/=1
8(0%)% o~ . .
<~ 1(t; = 5q) > Kar(jim(i, 59), 54) + 08(1)
=1 m=1
8(52)? 1
T nM2n - 1(t; VK3 (i, 54) + 08(1) = 0p(1)

The first inequality follows from the fact the fourth moment of Y is uniformly bounded and the
fact that E [ejm(i,sg)tejr(i’sg)tejm,(i/,sg)tejr,(i/,sg)t| t*, X} is nonzero if and only if {j,, (2, sy), J- (¢, 55)} =
{Jme (', 54), 3 (7', 54) }. The second inequality follows from the fact that the event {j,, (4, s4), jr (i, 54)} =
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{Jme (', 54), 3 (7', 54) } 1s included in the event { ], (2, 5y) = Jm: (7', $) YU {Jm (2, s4) = Jr (7', 54)}. The
fourth equality follows from the fact the two terms in the summation are symmetric. The third
inequality follows from the definition of Kp(jm(7,5,),54). The last equality follows from the
fact that these two expressions are two equivalent ways to express the same summation. The
last equality follows from Lemma B5. Finally, by conditional Markov’s inequality and bounded

convergence,

n

1
nz:ﬂ_ t = 84 MQZZGJmZSg)tEJT (i,89)t — (1)
=1

m=1r>m

For the last term,

M
Z Lt} = 50) 2 D i
m=1

M

and the conditional variance is:

n

1 2
EZ t*_Sg

M:

\% €it€jim (i,54)t
=1 m:l =1 m=1
4 n M
=) Lti=s) ) E [6 (issq)t t*=X]
i=1 m=1
=M = Op(l).
which implies
n 9 M
- 1(t; = o I3 %,8 1
n ; (t; SQ)M n;etejm( ot = op(1)

Therefore,



Third term: for notation simplicity, let

1

CI)M,i = Mt(Sg, Xi) - =

D (0, X, 100) — (plg) — Elpa0, Xl = 5,]).

111=

so we can rewrite the third term as:

2 & 1 <
E ; ﬂ(t;k = Sg)(I)M,i (eit — M Z ejm(i,Sg)t> .

m=1

First notice that

n M
2 . 1 X
El- ;:1 1(t; = sg)Parsi <€z’t - M;%m(i@)t) t ’X]
| M
n — ( z SQ) M Cit Mmzz:leﬂm(7 g)t ]
In addition,
1 %
| Poril = [pe(sg, Xi) — M Mt(Oanm(i,sg)) — (pe(89) — E[pe (0, X)[t" = s4])

< (g, Xi)| + |Ht(Oanm(i,sg))‘ + |1 (s9)| + [E[1:(0, X)[t* = ]|

NgERINE

<C

The first inequality follows from triangle inequality. The second inequality follows from the Lip-

schitz continuity of the conditional mean of the outcome and the support of the covariate is
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bounded. This shows that |®,s;| < C for all i. Now consider the conditional variance:

n M
2 1
\% - Z 1(t; = s4) P <€z‘t Z € (i Sg),g) t*, X]
i=1 m=1
- )
4 . 1 .
= EE Z ﬂ(ti = Sg)q)M,i €it — M Z €jim (i34 )1 t*, X
=1 m=1
4 _ 1 X
= EE 221: ; )CDM ZCI)Mz <€it - M mz::l € (i,59)t
1 & 1
- ; zle L(t; = sg)1(t; = $g)PariParE <€it i mZﬂ 6jm(z',sg)t) (Q't i
4 - . * * k
< 3 ; ; L(t; = sg)1(t5 = 59)PariPariE [€5€i¢| t ,X}‘
] n n B 1 M
+ ﬁ Z Z :ﬂ_(t: = Sg):ﬂ_@; = Sg>(I)M,i(I)M,i’E €it (M Z ejm/(z’ sg)t>
=1 i'=1 | m=1
4 n n B 1 M
T |om 2 2 U = 81t = 50) Pari®ar B (M D i sgV) <
=1 i'=1 L m=1

For the first term,

n2221t*—39
=1 i'=1
4 n

— Z 1(tF =
i=1

The second term is zero because € is independent of €;, (i

Sg)fl)?\“E [62

n

|

n= <
=1

66

/ = Sg>q)Mz(I)Mz’E [61t61/t| t* X]'

4
< =Y 1t =5,)C% <

> (6215 — a7 Z €5, (1 sg)t>

o)

m/=1

40?52
n

o(1).

s, after conditioning on t*, X. For the

tX]
tX]



third term,

4 n n
n2 Z Z L(t7 = s9) 1t = 59) PariPars

==l m=1 m/=1
4 & M
* __ 2 2 *
< 2 M2 Z L(t7 = s9) P Z E [Ejm(i,sg)t t ,X]
=1 m=1
4 n M M
=y 2 2 M = )Lt = 59)Pari®arir D D E [0 500 £ X]‘
i=1 i/#4 m=1m'=1
4% S M , .
< g 2o 1 = 50) DB [, o] € X]
=1 m=1
402 n M M
* e 2 21 P =502 D E o€l £ X] ‘
i=1 i =1 =1
C2 =2 402—2 n i} M M ' - ‘ .
S ot s D Y M= s = 59) D Y Lmlissy) = G (7, 59))
i=1 i =1 mi=1
4C% .
< — 5 2 L(E = 00) KR (i 5,) + 0p(1) = 0p(1)
=1

The last inequality follows from the previous arguments, and thus

2 — | M
E ZZI ]]-(t: = Sg)q)M,i (Eit - M Z Ejvn(i7sg)t) — OIP’<]-).

m=1

Therefore,

* 1 *
= ps, VY [Nt(sgv X) — (0, X)|t" = Sg] + " Z 1(t; = Sg)gt2<39’ Xi)

=1
I~ K (i, s,)
+ - Z 1(t; = 00)— 5~ 07(0, X,) + 0p(1)
* ]' - *
= psgV [,ut(sgu X) - Nt(on)‘t = SQ] + ; Z ﬂ(tz = Sg)ag(sgu Xz)
=1
1< . KM(Z Sg) o
* EZ 1(t; = 1000, X5) +op(1).
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The last equality follows from the proof of the first statement by setting a = 1. As a result,

1759 n? IR * % ng oosg 2 o KM(Z S )
Ve’ = Na (E;ﬂ(””g)(”t‘”t‘( ) =)= oK)
n? 1<
= 37 (psgVar (pee(sg, X) — p24(0, X)| )+ - Z 1(t 0)02 (54, X;) + 0]1»(1))
Sg i=1

1 * *

—P p_ (Var (Mt(SQaX) — (0, X)|t" = 59) + E[Utz(sg>X)|t = sg])
= Vi’

This completes the proof. [J

Proof of Proposition 3

From Theorem 2,

1 1
;= —VI[E[malt; = s, Xi]|t; = s] + —E[V[Yy — Yjilt; = s, Xil[t] = ]
’ b

s Ds
1 es(X;) .
but
1 * * 1 * * 2| 4%
—VI[E[rq|t; = s, X;]|t; = 5] = p—IE [(]E[Tit|ti =5, X;]| — Elma|t; = s])°| t] = s]
1

= SE [(Elrult; = s, X)) — Elrult] = s))* e(X3)]

by the law of iterated expectations. Similarly,

1 . 1
—E [0A(s, X)|t; = s] = S E [oa(s, X;)es(X5)]
Ds P
and the result follows from straightforward algebra. Finally, to see that a(M,q) > M?, notice

that by Theorem 4.1 in Chen and Han (2026), using their notation,

=z M n’E [v r)? = «Q Aiz) 2

from which

0 < V[nw (Au(2)) [X1 = 2] = [a(M, q) — M7] (%)

and since fi(x)/ fo(z) > 0 under the overlap condition, it follows that a(M,q) > M2 O
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Proof of Proposition 4

The regression residual is:

A 1 * * 1 * KM(]? S) *
& = AY; — (7;1% — s)AYj> 1t =s) — (E;MJ = 00) =AY | 1t = 0)
— AY;S o m/A
where
/ ~ 1 * 1 * K j,S /
S
j S

Start by noting that by the law of large numbers and Lemma B2,
o —p p:= (B[AY[t] = s E[E[AY[t] = oo, Xi]|t] = s])".
Define e; = AY*—~W/u and note that &; = ;—W/(fi—pu). By the triangle and Schwarz inequalities,
&8 =l < IWilllla — pl® + 2]esl IWill | = el < lli =l + 2 el 11— gl
using that ||W;|| = 1(¢f = s) + 1(¢f = 0o0) < 1. Then we have that:

. n . X n . Ka(i,s)?,

n? |1 . 9 1 N Ka(i,s)®
= {ﬁ § 1(tf = s)e; + - E 1(t; = OO)T%
n* 1 # * K (i, s) ? 2 2
Y E (ﬂ(ti =) = 17 = OO)T) (& — <)
Define 9
1 K (i, s) 22
Ra= 23 (10 =9) - 10 =00 ) (2 - 2

We have that:
) Z ‘ : M

+ % Z (Il(t;‘ = 5) = 1(t; = 00)— =

t= Rug i = pl* + 2R || 2 = ] -
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Note that .
]E[Rl’n] <1+ WE [KM(Z,S)Q} <C

by Lemma 3 in Abadie and Imbens (2006) and thus by Markov’s inequality R,

R |l — pl)* = op(1). Similarly, for the second term,

= Op(l) and

Bifen] =B | (107 = 5) - 117 = 00) 40 |a¢|]

< (1 + W—%S)ﬂ> 1/2E[€§]1/2

which again is uniformly bounded and thus 2R, , ||t — p|| = op(1). Then,

% n2 1 * 1 % KM(i,8)2
Ve = 573 {—Z L(t; = s)e; + - > L = OO)TQ? + op(1)

N \n 4 i
n2
L= N2 {Tl,n + Tgyn} + Op(l)

By the law of large numbers, T} ,, —p E[e?|t} = s|ps. On the other hand, by Lemma B2,

1 2| 4% Oé(M, Q> es(Xi)2 2%
Tg,n —Pp ME [QS(X,L)]E[EIZ |tz = 00, XZH —+ Ve E eoo(Xl)E[El |tz = 0Q, Xz] .
Collecting the results,
. Ele?|t; = 5] 1 .- a(M,q)_, [es(Xi)? - o .
nVaer —p 0. + Mpg]E [es(Xi)E[e] |t; = o0, Xi]] + 22 E eoo(Xi)E[gilti = 00, Xj]

_ E[a?lz = pg}mE K M + a(M,q) :w(g()o es(X)E[E] [t = OO»XJ} |

Now, letting pa(s, z) = E[AY;|t; = s, X; = 2],

E[2[t* = 5] = E[(AY; — E[AY[t: = 8))2[t" = 5] = VATV [t = 5]
= Vpa(s, X;)[t; = s] + Eloa (s, X;) [t} = 5]
= V[E[ru|t: = s, Xi]|t7 = s] + V[E[AY;(0) |t = 5, X;][tF = 5]
+ 2Cov(E[ry|t; = s, Xi], E[AY;(0)[t: = 5, X,]|t7 = 5) + E[oA (s, X;)|t7 = 5]
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and

E[ej[t; = 00, Xi] = E[(AY; — E[na(0, X;)[t] = s])*[t] = o0, X]]
= E[(AY; — pa(0, X:))*[t; = 00, Xi] + E[(1a (0, Xi) — E[na(0, Xi)[t] = s])*[t] = o0, X]]
= 0A(0,X;) + (1na(0, X;) — E[ua(0, Xy)|t; = s])*

Next, use that under conditional parallel trends,
na(0,X;) = E[AY;(0)[t7 = s, Xi],  Elua(0,X5)[t; = s] = E[AY;(0)[t] = s]
Collecting the results,

n‘/ncr —Pp Qtsi

1
+ ;V[E[AK(O)\L‘;‘ = s, Xi]|t; = s

2
+ —Cov(E[ry|t; = s, X;], E[AY;(0)[tF = s, Xj]|t; = s)

(2
S

+ ZﬁE KM +a(M,q) :;(g;j)

) (X)) E[AY;(0)]t = 5, X] — E[AY(0)f; = 5])°
as required. []

Proof of Proposition 5

Suppose the vector X; includes only discrete variables. By Lemma 1,

E[rult; = s] = E[AY}[t] = 5] ZMA (0,2)P[X; = z|t] = 5]
TEX
— E[AY]E; = 5 3 pa (0. 2)BlE; = 51X, = 2]
TeEX s
E[AY|t: = s] — ZMAOQ:@S ()
TeX Ds
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where e, () = P[t: = s|X; = z|, p(x) = P[X; = x| and p; = P[t; = s|. This term can be estimated

Taise = Ni Z AYil(t = ) ; szﬂ/ ]tl = ;oﬁ)&X: x)x) L ﬂ%?(i) ]l:()i) =
B —ZA” vy ;z AV = oK =) 5;((3;))
- E ;Am(t; = 5) — E ;AYiﬂ(t;‘ = oo)xGZXIL(XZ- = @5;%
o > (16 = )~ 10 =0 20 ) Ay,
The estimator can be rewritten as:
i = 5 D0 LU0 = 9)(pals, X)) — 1a(0,X0)
>( (17 =008 ) (AY: (. )

where in this case:

Ba(s) = 5 2 (102 =) = 1001 = 000 250 a0, 30,

i

When covariates are discrete, the matching can be done exactly, and thus the bias is zero. To see

this,

Ba(s) = N, : (]1(15z =s)— 1(t; = o0) éoo(Xi>> a0, X;)
_ ) — f o) *:Ooes(x) .
_ ;ﬂA(O, S Z (ﬂ(tz ) — 1(t; )éoo(:c)) 1(X; = )

21t =) M(Xs =) 3,0 =) U(Xs =2) 3,1 = 00)1(X; =

:ZHA(O"I) < St =s) Ziﬂ(tj—oo)]l(XZ:x) > Lty =s)
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1 = 001X, = )(AY; — s (0,)) > D g (A, g (0.0)] 17 = 0, X, =

=0

under finite conditional moments of the outcome whereas

es(w)  es(x) | es(m)es(w) — Eno(x)es(T)

boo()  eso(z) €oo(T)eno ()
_ (Es(7) = es(2))eos (1) — (Eoo(7) — €xo())es()
boo(T)ecs(T)
—1éx—ex—165(x)ea:—ex
= o E) = o)) = s P ) = )
and
oy = 2B =) —es(@)UXs =) 1§ (LE = 5) — es(2)1(Xi = 2)
&(e) =~ ele) = 1% = 2) > P(a)
from which
e(x)_es(x)_ 1 1 f o (x _
() enle) a2 =) m el =)
) 2 ) e =)
:O]p(n_l/Q)

as long as é5(z) > 0 for every cell with N(x) > 0. Therefore,

3 (?S”) _ &) ) N 3 Lt = 00)L(X = ) (Y — pa(0,) = ()

vex boo(T)  eso()
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and

i — Efralt? = s]) = % 3 ils) + 02(1) —+ N0 VIGi(5))

where
i) = L= s 5,50 — s 0, X0) — Blrales =)
1 * o) — 1 = oo es(Xi) - v
b (10 =)~ 106 = 00) Z5 ) (8% - sl 30,

The variance can be expressed as:

V[s(s)] = —E [(Elralt; = 5, X,] — Elralt; = s)?| £ = 5] + —E[o3 (s, X)|t; = ]

s Ps
1 6S(Xi)2 2
—E | ——— 0,X;
+pg |:600<Xi)O-A( ) )

as required. [J

Proof of Proposition 6

The estimator of interest can be written as the estimator from a regression of AY; on an intercept
and a treated cohort indicator 1(¢f = s). This corresponds to the case analyzed in Abadie and
Spiess (2022) with Z; = (1,1(¢f = s))’. Under the conditions in the proposition’s statement,
Assumptions 1-5 in Abadie and Spiess (2022) hold, and thus their Proposition 2 apply to ,@ =

(&, Tor)’ where & is the intercept from the regression. Thus,

V(M +1)N,(6— ) =»p N(0O,H '\ JH™)

where in this case § = (E[ua(0, X;)|tF = s|, E[ma|t; = s]),

1+M 1 1 —1
7 — 1 + , -1 1+ M
1+ M 1 1 M -1 14+M
and J = J; + J, where
1 [ X;) + Mua(0, X;
Jl — V #A(S’ ) + ILLA( ) t;k =3 ,
1+ M NA(Sin)
1 _O'QA(S,XZ') + Mo (0,X;) oi(s, Xi)| .,
Jy = E t; =s|.
1+M oA (s, Xi) oA(s, X;)
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Then, by straightforward algebra,

Qo = HUTHGY) = (1+ M)E [(Blrulrf = 5, X)) — Elralt; = s))?| 17 = 5]

U2A<07X1> = S:|

+ (1 + M)E | oi(s, X;) + i

as required. [

D Proofs of Additional Results

Proof of Lemma Bl

Let Dy = Dy — D; — Dy + D and note that since Dy, = 1(t > 5) =>_.__ 1(t; = s)1(t > s),

D= 1(f; = 2 M2 ) 31t = s)A,

5<00 Zt /\t 5<00
~ Zz w,]l(t;“ = S) U
D= 1t >s) = =) 1(t > s)p!
s<00 it §<00
D =) _PiAs
<00

where Ay = >, M 1(t > s)/ >, A\ is the proportion of included post-periods ¢ > s and pY¥ =

Yo, wil(ty = s)/ >, w; is the weighted proportion of cohort s in the sample. This implies that

Dy =Y (1(t; = 5) = p2)(1(t > 5) — A,)

s<o0

and

=) (1 PO(L(t > s) — A)L(tF = s)1(t > s)

5



from which:

Zsz)\tDnth_ZZZwZAt 1—p) (1 — ALt = s)1(t > s)

[ t s<oo

PN IPIRCTILERE SRR

t s<oo s'#s,00

) <ZZW) (Z A=A =30 ST R svs/—ASAS,)>

§<00 5<00 s'#£8s,00

where s V s' = max{s, s'}. Using that 1 —py = >",_ D¢ = Dil + D2, 00 Dy this term can be

rewritten as:

Z sz)\t ztth - Z { - AS) + Zﬁ?As(As’ - AS) + Z ﬁ;‘f(l - As)<As - As’)}

s<00 s'<s s<s'<o0
X ( E w; E )\t> .
% t

Next, let
Zt At:ﬂ_(t 2 S)Y;;t
Zt )\tl]-(t Z S) ’

Zt )\t:ﬂ_(t < 8)}/1'15

Ypost,s )\ — )
Y S AL(E < s)

) =

We have that:
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Z Z wil\ Yy Dy = Z ; D wiYa(1(t; = s) = pY)(1(t > 5) — A,)

—ZZwl —pY Z)\t W(L(t > s) — Ay)

= 30 S wl1( = ) AL = AT — T () (Z At)

= 2= M= A D w6 = (TP () = T () (Z At>

= 3 AL A Tt ) (z&)

B » » Z ]l(t —_ S)(Ypost 5( ) Ypres

_;ops (1_ps )AS<1_A5) Z U)Z]l(t :S) (Zzwl )

CONC swpgw 2wl # s) (VPR () = V() "
;Ops (1 ps )As(l As) Z (t # S) (; ; 1)\t>
(zzm> S0 A

F=s) (VPN =Y N) X wil(ty # s) (V) -

pnLE

Yo wil(tr =s)

YPe () }

Zi w;1(t; # s)

(Z Z wz/\t> Z s ( —A)
FORACES K rallh
Yo wil(tr =s)
- E U)Z t — s )(Ypost 3()\) Y/ipre,s<)\)) ﬁgj
;S S owil(t = o) Z#sﬁff}'
Defining:
AY[(N) = Y7 () = ()

and using that 1 — p¥ = Zs,?ﬁs pw we can rewrite this as:

Z Z szthth = Z qu;”ps A

<00 s'#s

x (2%)-

7



Finally note that:

AYf()\) — 2o AYal(t > s) _ PRy = S (Y = Y (M) L(E > s)
Zt )\tﬂ(t > S) Zt )\t]l(t > S)
S (Ve - RS 102 )
Zt Ael(t = s)
= Do 2o M (Yie — Yi ) 1(t > 5)1( < s)
DALt > 5) > ALt < s)

and thus

S wil(ty = AYI(N) _ X e Ay EELEZIN T 1 (1> 5)1(H < 5)
> wil(ty =s) DAL= 8) Yoy A L(t < s)

from which

Y wl(t: = ) AV (N S will(t = AYT(A) X S A Lt > s)1(E < s)
Sowil(ti=s)  Ywl(ti=¢) S, M=), Wt <s)

where

asy _ 2 wil(t = 8)(Ya —Yie) 5o wil(t] = 8") (Vi — Yiv)
o > wil(t] = s) > wil(t) = s') '

Therefore,

AMMPIPIN(L=As) s
22 wADe =333 D S35 o5 A <o)

s<00 s'#s t>s t/<s

(S5
(Zt At ) DD DD NNeRvBlE

5<00 s'#s t>s t'<s

Collecting the results, we have that:

~ 7_num(w7 >‘)
A
T<w7 ) 7A_den (w A)

where

Foum (W0, 0) = 3D DN N NP

s<00 s'#s t>s t'<s

7'den w, /\ <Z )\t> Z { "‘ Zﬁ;ﬂA - ) Z }313(1 - As)<As - AS’)

s<00 s'<s s<8’' <00
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which completes the proof. [

Proof of Lemma B2

Let t* = (t1,...,t") and X = (X/,..., X")".

1 * /KM(iaS) 1 * 1 * * ’ )
E;ﬂ(ti :s)—Zizﬁszi:ﬂ(ti :%‘mz 1t =s)— 1t =¢) 22

=E[Z|t; = s] +op(1) = T,

where

Now,
— {l > (w: =9 106 = ) ) (2 ot X0)
+ = Z )1z (s, Xi) — pz(s', Xi)

4o Z( —5)—1(t; = )%) uz(SCXi)}

= 7 (Tl,n + T2,n + T3,n) .

S

We look at these three terms separately. First, E[T} ,|t*, X] = 0 and

VTl X1 = 5 3 (805 =9 105 = )R ) b, X
from which
V[Tl,n]_%E (w*: ) — 1t )%) (t X)]
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because by Lemma 3 in Abadie and Imbens (2006), E [K (i, s)?] is uniformly bounded. Thus,
Ti,, = op(1). Next,

Ton ==Y 1t = 8)(uz(s, Xi) — pz(s', X,))

—p Euz(s, X;) — pz(s', X;)[t; = s ps
= (E[Zi|t; = s] = E[uz(s', X;)|t; = s]) ps.

Finally, for the third term,

T3,n = %Z (ﬂ(t;k = S) — ﬂ(t;k = Sq%) /,Lz(Sl,Xi)

:_Z t*—s%

By the triangle inequality and Lipschitz continuity,

1 C
|T37n\:ﬁz ZC’HX X || < Z]l $) |1 Xi = Xjuo ) -

7

(1z(s', Xi) = pz (s, X (isn))

M:

m=1

Hence, E[|T5,|] < CE[||X; — X, |t; = s] = O(n~"/4) by identical distributions and Lemma
2 in Abadie and Imbens (2006). Thus, by Markov’s inequality, 75, = op(1).

Therefore,

n
Tn = ﬁ (Tl,n + TQ,n + T3,TL) —Pp E[Zzlt: = S] _ ]E[/'LZ(S/,XZ)H;( _ S]

and

N 21 =) Bl s Bt Xl =

as required. For the second result, Let Xy = (Xi)i:t;«:s/ be the subset of covariates in the compar-

ison cohort tf = s" and let m(s',z) = E[Z?|t; = s/, X; = z]. We have that

m(1)® s n 1 1 * 2 72
-—Z NN Z = 53 T Tom 3 S =) Kuli.of 2

and

E[T,] = E[1(tf = &) Ku(i,s)*Z7) = E [1(t; = ') K (i, s)°m(s’, X;)]
=E [E[Kpy(i, s)*|t", Xy, tf = 'Im(s', X;)
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Now,
K (i, s)[t", Xo, 7 = s ~ Binomial(Ns, vs(An(X3)))

where v4(+) is the conditional distribution of X|t* = s and Aps(x) is the catchment area, see

Abadie and Imbens (2006) and Chen and Han (2026) for details. This implies that
E[Ky (i, s)?[6%, Xy, t] = §'] = Novg(Ap(X3)) + No(Ny — Vv (Ap(X;))?
and thus

E [Ku (i, 8)*m(s', Xi)[t; = '] = B[Nova(An(X))m(s', Xo)|t] =
+E [No(N, — Dy (An(X0)?m(s, X))t = 8]

For the first term, note that:

N,
NGBl (An (X))l = o XiJm(s', Xl = 8,]

S/

E [Novs(Ap (X;))m(s', Xo)|t; = | =E [

= Do INGE v (A (X))t = &, Xm(s', X))|t: = o]

s

N, B
+E KN . p—) NoE[vs (A (X))t = ', XJm(s', X,)|t: = s'] .
s’ Ds’

By Assumption 5(1) and Lemma 5.3 in Chen and Han (2026), NyE[vs(Auy (X;))|tF = ¢, Xilm(s', X;)
is uniformly bounded. Then,

E [( N _ &> NyE[vs(Ap (X)) |t5 = &, Xi)m(s', Xo)|t; = s’} <CE H Ns _ps

7

Ns’ psl Ns’ ps’
Now,
Ns s Ns s Ns s
E _bs|| E _Ps 1 _ DPs 5
Ns’ Ds’ Ns’ Ds’ Ns’ Ds
Ns s Ns  ps
E Py _ Pl
i H No  ps (‘ Ng o ps| ™~ )}
Ns  ps Ns  ps
<E - 1 - — 0 )
o |: Ns’ Ds’ Ns’ Py ” >:| *
1/2 1/
N, psl N, ps
<E - = P ——| >0 )
- Ns/ D! |: Nsl Ps :| +
— 0

because N,/Ny —p ps/ps and E[|N,/Ny — ps/ps|’] is bounded by Lemma S3 in Abadie and
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Imbens (2016). Because § is arbitrary, it follows that:

N,
B[4 - L) MBI (A X = o X' Xl = o] =0
s’ Ds

and thus
E [Novs(An(X;))o? (s, X;)|t; = §'] = s [INgE[vs(Ap (Xo)|t: = &', Xi]m(s', Xy)|tF = §'] + o(1)

, fs( z)
— E[Mfs( Z)m S

by Theorem 4.1 and Lemma 5.3 in Chen and Han (2026) and the dominated convergence theorem.
Also note that:

fs(Xi) _ es(Xi)/ps
fo(Xi)  es(Xi)/ps

from which

es(X;)
€g (Xl)

E [Nsvs(Ap (Xi))m(s', Xo) |t = s'| —p ME [

Similarly, for the second term,

Ds’

(Nsujvvs%—l)_(p_s)) Efv,(Au (X))t = o', XiJm <s,xi>|t:=s']-

S pS/
[s(Xi)
< Xz) sX)t*—s]
X

oo (5 ) e [ 5me )
On the other hand, by previous arguments

<—Ns%‘ 2 (p) )N? (A (X))l =, XiJm <s,X@->|t:=s’]+0-

Ds

B[V, = 1A (0P X1 =) = (2] (V2B (Aw (X021 =/ Xlm(s Xt = ]

+E

By Theorem 4.1 and Lemma 5.3 in Chen and Han (2026),

E [NZE[vs(An(X0))|t; = s, Xilm(s', Xo)|tf = §'] = (M, q)E

E
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Thus

E [Ny(N; — 1)vs (A (X)) *m(s', X)) |t; = §'] — a(M, q)E [es(Xi)Q

Ps e (X,) m(s', X@-)] .

and therefore

. 2 / Y S, % e \m, S, ) Oé(M, Q) 65<Xi)2m S/ )
E [Karli o)’ X1 = ] e S Bfes (X, X0 + 2000 | U x|

Thus,

E[T,] —p ME[es(X;)m(s', X;)] + a(M, q)E |:6€z/(5§é3)2m(8/’Xi):| .

Finally, note that:

V[T,] = %V [L(t; = ') Kum(i, 8)*m(s', X;)] + %E [L(t; = §) K (i, s)'V[ZE|t; = 5, Xi]]

+ % Z Z(Cov (L(ty = s") K (i, s)°m(s’, X3), 1(t; = $) K (4, ) m(s', X;))

i g>i

1 1
< VI = ) Ku(i 5)'m(s', Xi)] + B [1(t] = ) Ku (i, 9)'V[Z7]6] = o, Xi]]

Q

<—E [Kn(i,s)"]

— 0

where the first inequality follows from the fact that K,(i, s) and Kj(7, s) are negatively correlated

(Abadie and Imbens, 2002, p.40), the second inequality follows because the conditional variance

is uniformly bounded and the convergence follows from the fact that E[K (i, s)?] is bounded by

Lemma 3 in Abadie and Imbens (2006). This implies that

T, —p ME[es(X;)m(s', X;)] + a(M, q)E [Zz/(();?) m(s/,Xi)}

and thus

1 . NEKu(iys)? o, noo 1
N2 =T A =y g T

9] )

which completes the proof. [J
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Proof of Lemma B3

Let Xy = (Xj)i—s» be the subset of covariates in cohort ¢; = s”. We have that

1 = * " KM(iaS)KM(i7S/) 1_
ﬁigll(ti:S) M2 Zi:MQ‘Tn
1 n
T = = S0t = ") Kagli, ) Kasli, )2,

n <
=1

and

"

E[T,] = E[1(¢ VE (1, 8) Ko (i, 8') Zi]
E[1(t; = s")Kn (i, 8) Kar (i, 8" )ym(s”, X;)]
=E[E[Ky(i,s) Ky (i, s") 65, Xor, t7 = s"Im(s", X;)| t; = "] por
E[E[K (i, 8)[t*, Xgr, t7 = " |E[Kp (4, 8")[t*, Xgn, t7 = 8" |m(s", X;)| tF = §"]| por

The last equality follows by the fact that Ky (i, s) are independent of K (i, s’) after conditioning

on t*, Xy, tf = s” Now,

Ky (i, s)|t*, Xor, t7 = 8" ~ Binomial(Ng, vs(An(X;)))
KM(Z7 S/) ’t*v Xs”7 t;k = 5"~ Binomial(NSU Vs (AM (Xl)))

where v4(+), vy (-) are the conditional distributions of X|tf = s, X|t; = ' and Ap(z) is the

catchment area. This implies that
E[Ka (i, 8)[t*, Xgr, tF = 8"] = Novs (A (X5)),  E[Kuy (i, 865, X, tF = 8"] = Novg (Ap(X3))
and thus

E [Kp (2, 8) K (i, s )ym(s”, Xy)|tF = "] = E [Novs(An (X;)) Novg (Ap (X3))m(s”, Xo) [t = s"].
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Notice that:

E [Ngvs(Apr (X)) Nove (Ap (X3))m(s”, Xo)[tF = "]

2

NSNS' LS *
—F [ N, NZE[ve(An (X))o (An (X))t 1 = 8", Xi)m(s", X;)|t; = 3”1
_ NN 2 P/ " x N
=K e NZE[vs(Ap (X)) )ve (An (X3))| Nory t7 = 8", Xglm(s”, Xo)|t: = s (7)
p;ps E [NZE[vs(An (X:))ve (An (X)) |Nor 8 = 8", Xilm(s”, X;) |t = 5"]
N Ny
+E [( ;72 p;ps ) NZE[ve(An (Xi))ve (Anr(X:))|Novs t; = 8", Xi)m(s”, X;)|t: = 3”} )

The second equality follows from the fact that, under the i.i.d. sampling assumption, after con-
ditioning on Ny, tf = s”, X;, any extra information from the set t*,¢; = s”, X; will not affect the
conditional expectation of the catchment area.

To derive the probability limit of the first term in the last equality of (7), we first define the
mixture distribution with measure 7 and density f,

Vg + Vg
2 7

U =

Theorem 4.1 in Chen and Han (2026) implies that for almost all z € X

lim NSQ//E[VS(AM(XZ))VS/(AM(XZ))|N8//,t;k = S”,Xi = ,I’]

n—oo
s Xz s’ Xz 2

= lim 2N%E (” (Anr(Xs)) + v (An ))) N, £ _s”,XZ»_x]

n—00 2
r 2

— lim N2E L' N, ti =8" X; = x]
n—oo

— lim NZE L‘ Ny t: =5" X; = ]
n—oo
= lim N2,2E [7?(An(X;))| Nov, tf = 8", X; = «]
n—oo

— lim N2E L’ N, tf = 38" X; = x]
n—oo

— lim NZE L‘ Ngi,t7 =§" X; = x}
n—oo

- (S5 (H5) -4 (1)
= a(M, Q)%
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Now define

an,, (z) = N/E [vs( A (X:))ve (An (X;))| Nor, t5 = 8", X; = ]
fs(@) fs ()
(@)
Fo(z) = E [ NZvs(Au(X3))ve (A (X5))
=Elan,, |t; = 5", X; = ]

a(z) = a(M,q)

tr =" X; = 1]

By the derivation above, for almost all z € X, lim,,_, an, (¥) = a(x). Now, for any € > 0, there
exists a constant C' such that for all Ny > C, |ay,, (z) — a(z)| <€

|F(z) —a| = ‘E[aNs/, (o)|t; = 6", X; = 2] — a‘
< |E [an,, (z) — a(z)|Ny > C,t; = §", X; = 2] P(Ng» > C)|
+ |E [an,, (z) — a(z)| Ny < C,t; = 8", X; = ] P(Ng» < C)

<e+ P(Ngy <C) nax, lan,, (z) — a(z)|

<e+C*P(Ny < C)

The last inequality follows because when Ny < C and the fact that the measure of the catchment

area is bounded by 1. Notice that as n — oo, Ny — 0o almost surely, therefore,

limsup |F,(z) —a| < lim e + C*P(Ny < C) = ¢
n—oo

n—o0

This shows that for almost all x € X

Fo(x) — a(M,q) —fs (z)f (@)

fs (x)fs/)(ir)

Under the assumptions in the paper, a(z) = a(M, q) is uniformly bounded for all x in X.

Lastly,
N Koy (i, 5) g5, Ny N N, £ = 7, X, = a]

NSNSI Y 9 9 Y Ve 9

N2,
~ N,N,
‘Nsa Ns’a Ns”a t: = 8//7 Xz = Q?]

N2,
- N, ]SV 2 [NSVS(AM(Xi))NS'VS'(AM(Xi))‘NSJ NS’7 NS”7 t: = 8//7 X = ‘r]
= NZE [vs(An(Xi))ve (Anr (Xi)) [Ny, Ny, Noo, 17 = 8", X; = ]

— NZE [, (Ant (X)) v (Ant (X)) [Ny £ = 57, X, = ]

E [E [KM(la S)KM(Za 8,)|t*7 Xs”a t:( = Sl,a Xz = I]
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The last equality follows from the fact that after conditioning on the number of unit in cohort s”,
unit i being in cohort s” and its covariate value, then by definition, the catchment area is not a
function of the number of units in other cohorts.

Therefore, by law of iterated expectation,

:E[NSQ//VS )Vs (AM( )) t:ZS/I,XZ':x]

=E [NGE v AM D) (An (X)) [Ny 8 = 8", X; = a] |t = 8", X; = 2]
N//

:]E{NN E [Kn (i, 8) K (i, 8)|Ng, Nty Non st = " X = 2] | £ = 8", X; —x]
;Vf

:E{ ]SVKMZS)KM(ZS) s”X—x]

S(]E[ S4t—s"X—x}) ( [ f:s”,Xi:a:})

1/4
:(E{ ) (E{ D
(B [KY ()| tr =" X, = 2))"* (B [KL6,8)| 67 = ", X, = 2]) "

The inequality follows from the Hélder’s inequality. By Lemma S.3 in Abadie and Imbens (2016)
and proof of Lemma 3 in Abadie and Imbens (2006) (page 264), the product above is uniformly
bounded in n and z and thus F),(z) is uniformly bounded in n and z. Apply the dominated

convergence theorem, for the first term in the last equality of (7), we have:

C B [N (Aar (0o (Aur (X)) N £ = Xl Xt = o'
sls’ S XZ s/ XZ 17 * 1
—>oz(]\4,q)pé9 E{f( 2)(];(() )m(s , Xo) |t :s}

For the second term in the last equality of (7),

Nst’ sls’ * *
‘E (S ) VDA ) A (XNt = o X", Xt = |

' (S 2 ) VDA A (XNt = o X =
s i * " * "
K o - 2 ) N2 E[v(An(X0)) v (A (X)) Nor £ = ", XiJ1 (1] = 5 >H
= o K N%, pszf ) NGBy (A (X)) vsr (A (X)) | Nov 1] zs”,Xz-]H
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c _[/NNy DsPs' ks 4 5 _ 211/2
< ( o - L ) | BN (Bl A (X0 A (DN = X
_ piE :(N];gs/ B p;gfl)Q 1/2IE :(N]f\;SIE [K(i,8)Kp(i,8")| Ng, Ny, Ngu, £ = 3”7XZ-])2] 1/2
<2e [ -)] e[ ] e [G) ] e e

The first inequality follows from the fact that m(s”, X;) is uniformly bounded. The second to last
inequality follows from the conditional Jensen’s inequality and the last inequality follows from law

of iterated expectation and Holder’s inequality. Now,

o (-2 - (-2 s (i -2 -)
en[ () e (- <)
e[ 2) s (-2 )
5| (NNJQV - p;é?f’ﬂ / P { N;gs/ - p;?j’ 5] " s
— 0. _

The last inequality follow by the fact that N]SVJQVS’ plim p;f < and the first term is uniformly bounded

S”

because:

NSNS’ PsPst !
N2, 2,

This is uniformly bounded in n by Lemma S3 in Abadie and Imbens (2016). Because ¢ is arbitrary,

it follows that: )
NSNS/ DPsPs
<N2 P )]:0(1)

4 1/2 4

PsPs!
_l’_
2

8 8

NNy
2

S//

N
NSN

DsPs
P2

1/2
E

E < 8E

4
]SSE

N,
NS//

E

and thus

Nst’ sls! * *
| (St — ) 3B A OO A () N £ = ' Xmls”, Xl = 7| =50
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Also note that:

fs(Xz) — es(Xi>/ps
fs’(Xi) es’(Xi>/ps’

so we have:

X;)

E (K oy (i, 8) K ur i, 8 ym(s", Xo)|t* = 6] = (MM, q)pfs/xa {fs< %?&()

s

es//

Thus
E[T,] — a(M, q)E {%m@){)} .

Lastly, by law of iterated expectation,

i=1

and

SIH

Z]l (tr ="V Kn (i, 8) K (i, 8")(Z; —m(S”7Xi))>

Il
&=

A% (i Z 1(t; = ") K (i, 8) K (i, 8')(Z — m(s”, X3))

3

I
&=

| —=
=

[Il(t;‘ = s"\K3,(i,8) K3, (i, 8 o5 (s", Xl)}

E [K3, (i, ) Ky (i, s")]

IA
BIQﬁlQB

E (K&, 9] "B [KL6, )]

|

S

=
—~
—_
~—
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Thus,

1

= 1ty = ") K (i, 8) K (i, 8')(Z; — m(s”, X;)) —p 0.
n <

Finally, define

n

1
n:_E:ﬂt’f:”K SV (i, s " X;).
R n (z s ) M(sz> M(l,S)Tﬂ(S ) )

=1

Consider replacing the first observation (Y11, ..., Yir, 7, X1 ) of the original sample (Y1, ..., Yir, 5, X;)™,

with an independent copy (Yi/1,..., Yir, ], X1/) and conducting the same two nearest neighbor
matchings as in Lemma B3, each with M neighbors, on the subset of the new sample with the
same three cohorts s, ¢, and s”. Let K](Vl[) (,s) and K](\}) (i,8") denote the number of times unit 4
is used as a match in the nearest neighbor matchings with cohort s and s, respectively, based on
the new sample. Define Rg) as the counterpart of R, based on the new sample.

Then

R, — RY| (11 sV Kar(1,8) Ky (1, 8)ym(s", X1) — 1(th = ) K (1, ) KW (U, " Ym(s”, X))
+Z (KM(Z 8)K(i, s') — K}?(i,s)z{g})(z,s')) m(s", X;)

gg(\w{ ) K(1, ) K1, )] + [1(65 = K1, ) KD, )

+z ) | (Karliss) e, ) = K37 G, 9) K 0, 9) |

g%(]l(t VK21, 8) + K21, 8)| + 1(t = 8”) ( 1><1/,5) +(K§J}(1’,s’>)2
+i1(t;zs~) (KM@,S)KM(Z;S')—K(”(@ sK”w ) (8)
< € (16 1 4009 500 165 = | (80, (00

M
37 (KutGinl1:87),8) + Kt Gn(1,8"), )+ K5 G (1,57, ) + K5 (i (1,57), 9))
m=1

+ {max K (i, s)} Ku(1,8) + [max KU, s')} Ku(L,s)

tz =g’ t¥=g"

o K 0) | K00+ mas R | 87019

S//
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Now, by the Efron-Stein inequality,

ZE[ R, — RY) ]

~ZE [(Rn—Rnl) ]

02

<2—EK (t; = s") | K31, s) + K3,(1,8)| + 1(t], = 5") (K](\})(l’,s)>2+(Kf\})(l’,s’)Y‘

£y (B (1,57),8) + K Gin(1,8), )+ K33 (G (1.87). ) £ K3 (G (1. 87).9))

m=1

t* _sl/

+ {?ﬁ%KM(Z s)] Ky (1,8) + {maXK (i, ’)] Ky (1,s)
_ 2
o KG9 KDL + [ RG] K101, ] o

<5 L(t = )

2
<% (E (1t = ) | K2 (1) + K3 (1L5) ] + B

+E (Z (Kat(m(1,8). ) + Kng(im(L,8"), ) + K3 (G (1,57) . 5) +K§J,><jm<1,s">,s>)) ]

m=1

‘R Htmjsx (Kf\})(z’,s)f] (K](\})(L S/))ﬁ: E Htmfsx ([?](\})(z', S'))2] (Kf\})(l,s)YD

For the first term in the last equality of (9),

E Hgnjx K?W(i,s)} KJZW(LS')] +E Hmax (ﬂ?(z,s'))Q] KAQJ(LS)}

—

E [Il(t*{ = ") |K2(1,5) + K2(1, s')ﬂ <E [}K@(Ls) + K21,
<E[Ky(1,8)] +E[Ky(1,s)]
—0(1)

Similarly, we can also show that the second term is also O(1).

For the third term in the last equality of (9),
M 2
’ KZ (K Gim(1,87),8) + KarGm(1, "), ) + K37 G (1, "), 5) + K5 G (1, 5"), s>>> ]

4M§E (200 0150090+ K2 (0,5, + (K G (1,5,9)) 4+ (£ n(15.90) )
= o)
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For the fourth term in the last equality of (9),

E Hmax K3y (i, 8)] Ky (1, s’)} < (IE: [max K2, S)DI/Q (E[K2 (i, 5)]) 2

r=s" tr=s" o
< |E|Y Kis) (B [K (i, 5)])"?
< (nC)"? (B [K3, (1. 8)]) "
= O(n*?)0(1)
= O(n'/?)

Similarly, we can show that the fifth, sixth, and seventh terms are also O(n'/?). Therefore,

e

VIR,] < o (O(1) + O(1) + O(1) + O(n'"?) + O(n*?) + O(n'/?) + O(n'/?))

=0(n Y% =0(1)

and
E[R,] = E[T,] — a(M, q)E {%m(s Xi)}

This shows that

R, —p a(M,q)E {%m(s", XZ)}

Notice that T,, — R,, —p 0 and thus

es(Xi)es (X;) "
T, M, QE | ————— , X
—p (M, q) [ e (X m(s )

By Slutsky’s theorem,

1 KM(i S)KM(i 5') 1 CV(M C]) es(Xi)es’<Xi)
- 1 t* =" ’ . Zz - — Tn . E ”, Xz
n ZE 1 ( i S ) 5 5 P 5 68”( Z) m(s )

which completes the proof. [
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Proof of Lemma B4

Let £ > 0 be any fixed constant and pick a positive integer r (so r depends on ) such that r{ > 1,
then:

PN max N/ |1 X = X | > el6") < 30 PINGEN|Xs = XG0 | > elt?)

ty=s
— Z tr = s ENl/q HX (i)

:NP(N TfNT/Q||X. — Xjis')

)

"> €t =s)

ZS z’t;k _8] Ns
GT N'¢

s/

1 A12 Ns
B N‘:/éil € Ns/.

The first inequality follows from the Bonferroni inequality. The second inequality follows from

the Markov’s inequality. The third inequality follows from lemma 2 in Abadie and Imbens (2006).

. . a.s. —1 a.s. a.s.
Notice under our assumption, when n — oo, ]]VVS, — 5—5/, and N;n,s — 00, , SO erg_l EQ”]VV/ > 0,
s s s s

as n — 0o. This shows that:

PN max N/ [|X: = X, ) %5 0.

On the other hand, by law of iterated expectation

PN, € max N;/*||X; —

t*

—E|P(N max NY9|| X, — X 50
S g S ]m(v )

X i) | > eft”)

and since the conditional expectation is between [0, 1], by the bounded convergence theorem,

Ns_,g rtr*le_xx Nsl/q HX,J - ij(i,s’)

} = O]p(l).

The above equality holds for any fixed £ > 0, specifically, pick § = 1/¢, then max;-—, HXZ — X, H =
O]p(l). ]

Proof of Lemma B5

By Lemma 3 in Abadie and Imbens (2006), there exists a constant C,, such that E [K{;(i, s4)] < Cl,
uniformly in n. Therefore, for any € > 0, there exists C. = €=, and N, = 1 such that for all n > N.,
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by Markov’s inequality,

Ly E [ X L = o0) Ky (i, s,)]
- >3<: a [ < n 1= K
P n;“t% 00) K3y (i, 59) > Cc| < o
_ E[K§i(i.s,)]
- Ca/€
<e

which proves the claim. [

Proof of Theorem B1

The numerator of the estimator can be decomposed as:

A pool ~ s,pool
num § § § )‘t/\t'pSTt t

s<o0 t>s t'<s

DD MD WP R

5<00 s<s' <o s<t<s t'<s

DRI

s<o0 s'<s t>s t'<s!

+ ZZZ Z At Ay pspf Atsi

s<00 s'<s t>s s/'<t'<s

—i—Z Z ZZ)\t)\t’ pspf Atst‘f

5<00 s<8' <o t>8! t'<s

where
1 1 K (7)
~ 8,00 | ~S, | * _ M
o (wre=t) = 7 = S DO = ) (Yie = Vi) = = DD = 00) = (Y = Yie)
~8,8 ~8,s' 1 * 1 *
o) = 70 = S =) (Ve - Vi) - 1 YL =) (Ve - V), & #ow.
Because %tf’t‘f/ = —%f’;’,s, the third and fifth terms in the above decomposition cancel out, yielding:

ool o ~ ~s,pool
Tr?um ) - Z Z Z )‘t>\t’ps7—t t

s<o0 t>s t'<s

SO D) PR

s<00 s<8' <o s<t<s t'<s

DN IP PR

s<o0 s'<s t>s §/<t'<s
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Notice that the third set of comparisons uses a comparison group that is treated in both periods
(s <t'), which constitutes the so-called forbidden comparisons.

Let BZ;S,, = E[Y;1(0) — Yip (0)|tF = s] — E[Yi(0) — Y (0)|t; = &]. By the law of large numbers,
ps —p ps and for ¢/ < s <t, s # o0,

%Zﬁ/ —p Elry|ty = s]1(s" > t) + (E[rit|t; = 8| — El[riy — mar|t; = §']) 1(s' < 1)
+ (El[rie|t; = s] = Elrult: = )1t < &' <t)+ Bf; )

On the other hand, by Lemma B2,

1 ) K () N, 1 ) Kuli, s)
> 1(t; = o) (Vi = Yir) = > n_No M. PRI 00)— 7 (Yir = Yir)

n — N() -
$F£00 )
_>IP’Z b ]E{E[ it T zt’|t =0 X” S}
s;éoo

and thus

8 e Blralt; = o] + E[Ya0) = Yo Ot = 5] = 3 72 {E[Y; — Yieltf = o0, Xi| 1] = 5}

$F#00 -

:E[mltfstE{Emt( ) = Y (O)t = 5.t = s} —

_Z e

E{B[Y: — Yiv |t = o0, Xi][ ] = &'}

' #£8,00 _poo

= E[rult; = s] + T E{E[Yi(0) = Yir (0)[t; = s, Xi]| ] = s}

= D0 BB Yl = oo X1 = ¢}
s'#£s,00

; Z — (B {E[Yi ~ Yiolt; = o0, Xi)| £ = s} ~ E{E[¥i — Vil = 00, X, £ = ')
’#soo

=Elrlt; =s]+ > 1 ;. By

s'#s,00
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where the last line uses the conditional parallel trends assumption. Collecting the results,

Thim (M) wZZZmﬂp{ mlt =+ > = B;j’>

s<oo t>s t'<s s'#s,00 Poo

+Z Z Z Z)\t)\t’ PsPs' (E[Titu;‘ ]+Bff,)

5<00 <8/ <00 s<t<s’ t'<s

FYTS Y et (Emt;:s]—E[m—m,w:s] B

s<o0 s'<s t>s §/<t'<s

Rearranging,

ME[Ty|tF = 5]
:1?:1| _>]P’ Zps s - s Zt>szt: t| <Z )\t)
t>s

s<o0
PsPs! Zt>s AME[ th|t
+> Z - —Ay) > Z A
s<o0 §'<s o0 t>s
PsDs Zs<t<s’ >\t Tlt|t - S
+ (1—Ag)(As — Ay = A
S<ZOO s<sz<oo o poo )< ) zs<t<s Z '

2
== Doizs 2og<vas MAWE[Ty — T [t = 5]
_ZZ bobe —As) tz <t'< Z/\t
ZtZs ZS/St’<5 )‘t)\t’ -

§<00 s'<s

2
DsPs! Zt>s Zt/<s At}W B;’ (t7 t/)
+ 2 — A, = A .
> T S DS S S el DI

5<00 §'#s,00

On the other hand, for the denominator,

T (0 WZPS{ (=A)+ DA A - M)+ Y <1—As>(As—Asf)}

s<00 s§'<s o poo s<8' <00 ~ P
2
X ( E At)
t

and the result follows after simplifying the term (32, \,)*. O
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