arXiv:2312.05985v2 [econ.EM] 25 Apr 2024

Fused Extended Two-Way Fixed Effects for
Difference-in-Differences With Staggered Adoptions

Gregory Faletto*

University of Southern California

April 26, 2024

Abstract

To address the bias of the canonical two-way fixed effects estimator for difference-in-differences
under staggered adoptions, [Wooldridge| (2021) proposed the extended two-way fized effects es-
timator, which adds many parameters. However, this reduces efficiency. Restricting some of
these parameters to be equal (for example, subsequent treatment effects within a cohort) helps,
but ad hoc restrictions may reintroduce bias. We propose a machine learning estimator with
a single tuning parameter, fused extended two-way fized effects (FETWFE), that enables auto-
matic data-driven selection of these restrictions. We prove that under an appropriate sparsity
assumption FETWFE identifies the correct restrictions with probability tending to one, which
improves efficiency. We also prove the consistency, oracle property, and asymptotic normality of
FETWFE for several classes of heterogeneous marginal treatment effect estimators under either
conditional or marginal parallel trends, and we prove the same results for conditional average
treatment effects under conditional parallel trends. We demonstrate FETWFE in simulation
studies and an empirical application.

Keywords: Difference-in-differences, staggered adoptions, treatment effect heterogeneity, bridge
regression, fused lasso.

1 Introduction

We investigate difference-in-differences estimation under staggered adoptions. Suppose N units are
observed at T' > 2 times, where our theoretical results will assume N grows asymptotically while T'
is fixed. For convenience we assume a balanced panel where all units are observed at all times, so
we have NT observations.

Suppose R < T — 1 cohorts start receiving a treatment at times r € R = {ri,rq9,..., 75} C
{2,...,T}. For example, we might want to investigate the effect of a law or policy that is imple-
mented state-by-state across time (Callaway and Sant’Annal, 2021; Goodman-Bacon, 2021; Borusyak|
2024)), or the effect of a product or service that is released across different regions over time
(De Chaisemartin and d’Haultfoeuille, [2020). We consider settings where the treatment is an ab-
sorbing state, so that once a unit starts being treated, they continue receiving treatment thereafter,
but this can be relaxed with little complication. Since no cohort enters at time t = 1 and we assume
the probability of never selecting into treatment is strictly positive for all units (see Assumption F2
in Section , for sufficiently large N we have untreated units available as a baseline comparison for
all treated cohorts at all times.

Fori e {1,...,N} =: [N] and ¢ € [T], we encode the treatment status for each unit in a random
variable W; € {0} U R, where W; = r if unit ¢ is in cohort » € R or W; = 0 if unit ¢ is never
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treated. Let g (r) be the potential outcome for unit i at time ¢ if they were in cohort r. We will
be interested in estimating treatment effects of the form

TATT(’I“, t) =K [g(zt) (7“) — g(it)(()) | WZ' = ’l“] 5 re R,t > r, (1.1)

as well as conditional treatment effects that depend on the value of unit covariates; see (|1.6)), to
come. It is well-known that in the 7' = 2, R = {2} case, under no anticipation and parallel trends
assumptions

TATT(2,2) = E[3:2(2) — 9:1(2) | Wi = 2] — E [§:2(0) — %:1(0) | W; = 0], (1.2)

and this treatment effect can be estimated consistently by the canonical two-way fixed effects re-
gression
Ui =0 +9; +7°- Z {W; =r}Ll{t > r} + €, (1.3)
reR
where o are fixed effects corresponding to units, v/ are fixed effects corresponding to time, 1{-}
is an indicator variable that equals 1 on the event - and 0 otherwise, €; is a noise term, and for
conciseness we denote ¥ := ¥;(W;), the observed response for unit i at time t.

In the more general T' > 2 and arbitrary R setting, one might hope that regression (|1.3)) would
aggregate the treatment effects in a sensible way to estimate some form of an average treatment
effect, but it is now well-known that this isn’t the case, and many alternative estimators have
been proposed (Borusyak and Jaravel, [2018; De Chaisemartin and d’Haultfoeuille, 2020; |Sun and
Abraham)| 2021; (Goodman-Bacon|, 2021; (Callaway and Sant’Annal 2021)).

1.1 The Extended Two-Way Fixed Effects Estimator

Most of the alternative estimators proposed in these and other works depart from ordinary least
squares (OLS) estimation, but Wooldridge (2021)E| shows that linear regression can still be unbiased
provided that enough parameters are estimated. He first shows that is also the estimand for
T in the regression

U =n"4vy - L{W; =2} + 5 + 77 - L{W; =r}1{t =2} + €, (1.4)

where 7 can be interpreted as the expected outcome for the never-treated units at ¢ = 1, 15 is the
selection bias for the treated units at ¢ = 1, and - is the trend in the untreated potential outcomes.
Wooldridge| proposes generalizing this to the arbitrary 1" case and allowing for each parameter to be
linear in covariates rather than constant. This leads to a linear model on cohort dummy variables,
time dummies, covariates, treatment indicators, and interactions of those terms: for all i € [N],
te[T],and r € R,

~ * * * * * * * . T *
Yit =1 +% +X:(K’ +£t>+ZH{WZ:T} (VT +X;Cr+ﬂ{tZr}(TrtJ’_X(ir)prt))"i'Eit' (15)
reR

Here X; € R? is a set of time-invariant (pre-treatment) covariates, 7* + X k* is the conditionally
expected outcome of the never-treated units at t = 1, the 47 4+ X, &} terms are the conditional
trends in the untreated potential outcomes, v + X, ¢} is the conditional selection bias for cohort

r, and 7% + X 2;7") Py, is the conditional treatment effect for cohort r at time ¢. (See Assumption
(LINS) in Section [3.2| for more details.)

Wooldridge, calls the extended two-way fized effects (ETWFE) estimator (Wooldridge, 2021,
Equation 6.33) and shows that in this regression 7% is unbiased for Taorr(r,t) under conditional no-
anticipation and parallel trends assumptions; see Assumptions (CNAS) and (CCTS) in Section .
The ETWFE estimator can also be used to estimate conditional average treatment effects on the
treated units

TCATT(T‘,t,w) = E[g](,t)(r) —g(it)(()) | W, =r X; :ib], 1€ [N],?“ eER,te {T‘,...,T}. (1.6)
! Along with [Sun and Abraham| (2021)).




1.2 Restrictions in the ETWFE Model

As Wooldridge (2021, Section 6.5) points out, the ETWFE estimator may contain a large
number of parameters to estimate if R, T, or d is moderately large relative to N. In this case,
ordinary least squares estimation of may lead to very imprecise estimates of at least some of
the parameters, trading the bias problem that model has for a low-efficiency (or high-variance)
problem.

Wooldridge (2021) suggests some possible ways to mitigate this problem by imposing restrictions
in order to reduce the number of parameters to be estimated. For example, one might assume that
the treatment effects only vary across cohorts and not with time, so that 7, = 7. forallr € R, t > r.
(Other works that consider similar restrictions include Borusyak and Jaravel (2018]) and Borusyak
et al. (2024).) If many of these restrictions hold, then imposing them results in more efficient
estimation of the treatment effects than regression . However, imposing these restrictions in
an ad hoc way could reintroduce bias if the wrong restrictions are imposed, or leave unnecessary
inefficiency if not enough restrictions are imposed.

The first goal of this paper is to propose a novel estimator that imposes these restrictions in
an automatic, data-driven way. We propose the fused extended two-way fized effects (FETWFE)
estimator, a novel machine learning method for difference-in-differences estimation. Before we
describe FETWFE, we discuss sparse fusion penalties in linear regression, which play a key role in
our estimator.

1.3 Sparse Fusion Penalties

Given a N x p real-valued design matrix X and a response y € R, the well-known lasso (Tibshiranil,
1996)) estimator is defined by the optimization problem

N P
B(Ax) € argmin{ » (yz - ﬁTXi)z + v >8]
j=1

PERr =1

— argmin {|ly — X85 + A8l }
BERP

where A is a tuning parameter that can be chosen from a set of candidate values by cross-validation
or a criterion like BIC, and recall that the £, nor of an n-vector v = (v1,vs,...,v,) " is defined
as ||v]lq := o0, \vi|q)1/q . The ¢, penalty term leads to sparse estimated coefficients B(Ay) with
entries set exactly equal to 0.

The fused lasso (Tibshirani et all 2005) adds a second tuning parameter and ¢; penalty term:

N

2 p p
BOG AP € argmin{ 3™ (5= B7X:) + A D181+ A8 Y18 - Bl
j=1 j=2

PERP =1

The fused lasso tends to yield solutions that both set some individual coefficients exactly equal to
0 (due to the first ¢; penalty term) and also set the differences between some adjacent pairs of
coefficients exactly equal to 0 (due to the second ¢; penalty term). That is, some adjacent pairs of
coeflicients are set exactly equal to each other, or fused together.

FETWFE uses {, fusion penalties for ¢ € (0,2] (bridge regularization) to shrink certain sets of
parameters in towards each other in a way that aligns with intuition and previously proposed
restrictions. See Figure [I] for a visual depiction of which of the marginal average treatment effects
Tr+ We propose penalizing towards each other, and see further details about the FETWFE penalty
term in Section . A lasso estimator is within our framework if one chooses ¢ = 1. Choices

%It is a norm for finite ¢ > 1, though we also consider ¢ € (0, 1), in which case ||-]|; does not satisfy the triangle
inequality.



of ¢ € (0,1] will result in sparse solutions, and choices of ¢ € (0,1) will allow for convergence at
1/V/'N rates and asymptotic normality of the estimated coefficients. These fusion penalties allow
the restrictions to be selected in a hands-off, automatic way that comes with theoretical guarantees.

r

Figure 1: Visualization of which of the estimated marginal average treatment effect terms 7, from regression
(which estimate the average treatment effects Tarr(r,t) from Equation we penalize towards each other in the
FETWFE penalty . In this setting, T =6 and R = {2,...,5}. The horizontal azis depicts time and the vertical
azis depicts cohorts. FETWFE works well under an assumption that the linked treatment effects tend to be close
together, and at least some of them are exactly equal. See further details in Section @

1.4 Demonstrating the Efficacy of FETWFE

The second goal of this paper is to provide theoretical guarantees for the performance of FETWFE.
We prove that under a suitable sparsity assumption on the true coefficients and regularity conditions,
FETWFE learns the correct restrictions with probability tending to one (Theorem . FETWFE
then estimates only the needed parameters, improving efficiency. We also prove that for g € (0, 2]
our proposed estimators of two classes of heterogeneous marginal average treatment effects are
consistent under either conditional or marginal parallel trends, and two classes of conditional average
treatment effect estimators are consistent under conditional parallel trends (Theorem [6.1]). To the
best of our knowledge, this is the first work establishing the consistency of a difference-in-differences
estimator for marginal average treatment effects under either form of parallel trends. For estimating
propensity-weighted conditional average treatment effects, the generalized propensity scores can be
estimated by an arbitrary nonparametric estimator with theoretical convergence guarantees, so our
theory applies to propensity score estimators as simple as multinomial logit or as flexible as deep
neural networks (Farrell et al. 2021) or random forests (Gao et al., |2022).

We also show that our treatment effect estimators are asymptotically normal for ¢ € (0,1) and
we provide feasible, provably consistent finite-sample variance estimators (Theorems and .
For probability-weighted treatment effect estimates, we propose both an asymptotically normal test
statistic if the generalized propensity scores are estimated on a separate data set from FETWFE
(Theorem [6.4b) and an asymptotically subgaussian test statistic if both models are estimated on the
same data set (Theorem [6.4c). The data-driven restrictions FETWFE learns improve parameter
estimation while preserving asymptotic unbiasedness and consistency, allowing for the construction
of asymptotically valid confidence intervals.

Under the assumptions of Theorem we show that FETWFE has an oracle property (Fan
and Li, 2001; [Fan and Peng} |2004): the asymptotic variance of its estimates depend only on the
parameters of the smaller restricted model, and it converges at the same 1/ V/N rate as an OLS-
estimated model on the true restricted model even if the number of covariates grows to infinity with



N. Our theoretical guarantees leverage extensions of the bridge regression theory of |Kock (2013])
(Theorems and in the appendix) that may be of independent interest.

Finally, a third goal of this paper is to show that FETWFE is useful in practice through sim-
ulation studies that we conduct in Section [7] comparing the FETWFE estimator to competitor
estimators. We also illustrate FETWFE in an empirical application in Section [8]

1.5 Related Literature

There has been an abundance of recent research on difference-in-differences and it is not possible to
cite all of the work in this stream; see De Chaisemartin and d’Haultfoeuille| (2023); Sun and Shapiro
(2022); Roth et al.| (2023), and (Callaway| (2023]) for recent reviews. |Lechner et al. (2011)) reviews
earlier literature. |Chiu et al.| (2023)) review the literature from a political science perspective.
de Chaisemartin and D’Haultfceuille| (2023) and |Arkhangelsky and Imbens (2023) review causal
inference in panel data more broadly. Beyond those reviews and the papers we have already cited,
throughout the paper we cite papers in the difference-in-differences literature and relate them to
FETWFE; see Sections [3] and [4] and Appendix [A] in particular.

Besides |Wooldridge| (2021), there are many other estimators that target similar estimands to
ours, and we discuss several of these in Section [ though none of these are machine learning
estimators. It is also natural to compare FETWFE to other machine learning and non- and semi-
parametric difference-in-differences estimators. Generally these methods are more flexible in the
kinds of models than they can estimate than FETWFE (which is a regularized linear model, though
our theoretical results allow for nonparametric estimation of the generalized propensity scores), but
much less flexible in the estimands they target. Further, these methods tend to require assumptions
that an estimator is available that achieves consistency at particular rates, so applying these results
would involve further checking the required assumptions for a particular estimator. In contrast, we
provide “end-to-end" assumptions for the consistency of three classes of estimators , , and
(5.10) and the oracle property and asymptotic normality of and .

The parametric and semi-parametric estimators proposed by [Zimmert| (2020)), Sant’Anna and
Zhao| (2020), and (Chang| (2020) yield theoretical results for a wide variety of machine learning
estimators with theoretical guarantees under conditional parallel trends assumptions, but only in
the T' = 2 setting and only for a single average treatment effect estimand (specifically, our estimand
in Equation . Blackwell et al.| (2024) accomplish similar goals with different estimands under
different assumptions, focusing mainly on a setting with 7' = 2 and a single mediator of interest.
Nie et al. (2021) propose related non-parametric estimators that achieve 1/ VN convergence and
asymptotic normality in the T = 2 repeated cross-sections setting only for an average treatment
effect, and consistency for conditional average treatment effects at much slower rates, in contrast
to the 1/v/N rate for conditional average treatment effects estimated by FETWFE (see Theorem
D.3). Hatamyar et al| (2023) provide similar semi-parametric estimators for both marginal and
conditional average treatment effects in the staggered adoptions setting with arbitrary 7', but they
do not provide any theoretical guarantees.

Gavrilova et al.| (2023)) propose an approach using random forests that is somewhat more flexible
in its estimands. Their approach allows for arbitrary 7', though they focus on the case with only
one treated cohort that starts an absorbing treatment at time ¢ = 2, providing a brief sketch as
to how their method might be extended to allow for staggered adoptions. Further, their method
requires splitting the data and estimating completely separate models to estimate the treatment
effect of the treated cohort at each time 2,3,...,T, while FETWFE allows for the full sample to be
used to jointly estimate all treatment effects simultaneously. Indeed, a central idea of our method
is that the fusion penalties we use allow FETWFE to borrow strength across cohorts and time in
order to improve estimation efficiency. (None of the above works mentions fusion penalties.)

Our work also contributes to the much broader topic of estimating conditional average treatment
effects. In Section 4] we mention some prominent works in this stream of literature.

Outside of causal inference, our approach is clearly closely related to both the fused lasso (Tib-



shirani et al., 2005 and the generalized lasso (Tibshirani and Taylor, 2011); see . Our work
also draws much from the bridge regression theory of Kock! (2013)), and, in turn, Huang et al.| (2008)).
Kaddoura and Westerlund| (2022) propose a linear panel data model with a fused lasso-like penalty,
though not for causal inference. [Park and Yamauchi (2023) propose a related Bayesian approach.
Heiler and Mareckoval (2021)) also propose a penalized panel data model that combines categories,
but not in the causal inference setting. Similarly, Kwon (2021) proposes a shrinkage estimator
for linear panel data models (though not for causal inference) and cites more related work in this
stream.

FETWFE also relates more specifically to the generalized fused lasso (Hofling et al., 2010; Xin
et all 2014). Like FETWFE, the generalized fused lasso involves applying ¢, penalties to the
absolute differences between a variety of pairs of coefficients, though the generalized fused lasso
only uses the ¢ = 1 case. Some works that prove theoretical results for the generalized fused lasso
include |Viallon et al.| (2013) and Viallon et al. (2016). [Viallon et al.| (2013) prove consistency for the
generalized fused lasso under different assumptions from ours, including a restriction to the fixed p
case. They prove selection consistency and asymptotic normality only for an adaptive (Zou, 2006)
version of their method. |Viallon et al. (2016]) prove similar results (with similar limitations) for a
broader class of generalized linear models.

1.6 Organization of the Paper

After we introduce some notation, we establish our setup and basic assumptions in Section [2] and
present our difference-in-differences assumptions in Section [3] In particular, we provide a testable
sufficient condition (CIUN) for several kinds of estimators, including FETWFE, to be consistent
under either marginal or conditional parallel trends. In Section [] we introduce causal estimands
that FETWFE can be used to estimate, and in Section [5| we propose the fused extended two-
way fixed effects model, as well as our estimators for our proposed causal estimands. We present
our theoretical guarantees for FETWFE in Section [6] In Section [7] we demonstrate the superior
performance of FETWFE in our setting against extended two-way fixed effects (ETWFE), bridge-
penalized ETWFE, and a slightly more flexible model than in simulation studies. We illustrate
the usefulness of FETWFE in an empirical application using data from Stevenson and Wolfers (2006))
in Section [§] Finally, Section [9] concludes.

1.7 Notation

Throughout we will use subscripts like §(;) to refer to the i*" unit at the ™ time, Ui € RT to
refer to all response observations corresponding to unit ¢, and so on. For matrices, Z ;. refers to
the row corresponding to unit ¢ at time ¢, Z;,); refers to the T" observations of the 4t feature in
unit 7, and so on. We will assume that unit-specific covariates are time invariant, and it will be
more convenient to refer to the covariates for unit ¢ with the notation X;.

Recall that for a sequence of random variables { Xy} and a sequence of positive real numbers
{an}, we say that Xy = Op(ay) if for every € > 0 there exists a finite M, > 0 and N, > 0 such
that for all N > N,

oN >ME><€.

p(X

an

If ay — 0, Xy = Op(ay) is sufficient for Xy LN 0, and ay can be interpreted as the rate of
convergence (DasGupta, 2008, Chapter 1).

2 Basic Setup and Assumptions
We will expand on the setup from the introduction. For each ¢ € [N], assume

Yy = E[Q(i.) | Wi, Xi] 4 cilr + Uy,

6



where ¢; € R and u;.) € R” are both random variables and 17 is a T-vector with 1 in every entry.

Assumption (F1): E[c; | Wi, X;] = 0, E[ug, | ¢;, Wi, X;i] = 0, Var(¢; | Wi, X;) = 02, and
Var(u;.) | ¢;, Wi, X;) = o> I almost surely, where o2 and o2 are assumed to be known and finite
and I € RT*T is the identity matrix.

With Assumption (F1) we can use a generalized least squares transform to create a data set
with conditionally uncorrelated rows. Let €(;.) := ¢;17 + wu(;.), and observe that for every i € [N]
almost surely Var(eg;) | Wi, X;) = oI 4+ 02171} = Q € RT™*T. Under (F1), for every i € [N]
almost surely E[aﬂ_l/Qe(i_) | Wi, X;] =0 and

Var(oQ2e | Wi, X;) = o Q72 Var (e | Wy, X;)QY2 = 6217 (2.1)

We can carry out this transformation for any known finite and symmetric positive definite 2 =
Var(e.) | Wi, X;). All of our results can be easily adapted to apply for any such €, though we
focus on the specified setting for concreteness.
Next we make an assumption on the joint distribution of the potential outcomes, treatment,
and covariates. Let
() :=P(W; =r| X; = x), re {0}UR (2.2)

be the conditional probability of a unit’s treatment status, a propensity score.
Assumption (F2): The N joint random variables (Wi, X, ¢;, u(;.))i., are independent and
identically distributed (iid). Further, assume that for all » € {0} UR, almost surely 0 < m,(X;) < 1.
Notice that for each X; all of the potential outcomes g;;(r) are well-defined under Assumption
(F2) since treatment probabilities are always strictly between 0 and 1. So far we have made no
assumptions on the relationship between the treatment assignments and the potential outcomes for
a given unit, but we do so in the next section.

3 Difference-in-Differences Assumptions

We will use the generalizations of the no anticipation and common trends assumptions described in
the introduction—Assumptions (CNAS) and (CCTS), respectively—that were proposed by Wooldridge
(2021)), in addition to some variations and other assumptions.

Assumption (CNAS) (“conditional no-anticipation with staggered interventions"): For treat-
ment cohorts r € R, almost surely

E[Gae) (1) — 9 (0) | Wi =r, X3] =0 Vie [N],t<r.

This requires that before treatment, in conditional expectation each individual’s expected outcome
is identical to what it would have been if the unit were never treated. Some works (two recent
examples are (Caetano et al. (2022) and Ghanem et al.[|2024) define the potential outcomes of the
units at each time in terms of their treatment status at that time rather than in terms of their
cohort membership. In our notation, this amounts to assuming that g (1) = ) (0) almost surely
for t < r. As |Wooldridge, (2021, Section 6.3) points out, this stronger assumption is sufficient for
(CNAS). Such a framework may not be troubling, but we only need the weaker assumption (CNAS).
See further discussion in Wooldridge, (2021} Sections 5.3, 6.1, 6.3).

3.1 Parallel Trends Assumptions

We will discuss and use a variety of parallel or common trends assumptions.
Assumption (CCTS) (“conditional common trends with staggered interventions"): For all
re€R,i€[N],te{2,...,T}, almost surely

E[at)(0) — 91y (0) | Wi = 7, Xi] = E[giar)(0) — g1y (0) | Wi = 0, X]. (3.1)



Assumption (CCTS) requires that each unit’s untreated potential outcomes 7;;)(0) follow the
same trend over time in conditional expectation regardless of when or if they are treated. As-
sumption (CCTS) is used by |Callaway| (2023, Assumption 5), and also by (Gavrilova et al.| (2023,
Assumption 1) in the R = {2} case. Assumption (CCTS) has become widely adopted in the 7" = 2
setting; early examples include Heckman et al.| (1997, Assumption A-5), Heckman et al.| (1998, Equa-
tion 12), and |Abadie| (2005, Assumption 3.1), and some more recent examples include [Sant’Anna
and Zhao| (2020, Assumption 2),|Zimmert, (2020, Assumption 6(iv)), Chang| (2020, Assumption 2.1),
Roth et al.| (2023, Assumption 6), and |Ghanem et al. (2024, Assumption PT-X).

We also consider versions of (CCTS) that only apply before or after treatment begins for each
cohort.

Assumption (CCTSB) (“conditional common trends before treatment"): holds almost
surely for all r € R\ {2}, i€ [N],and t € {2,...,7r — 1}.

Assumption (CCTSA) (“conditional common trends after treatment"): holds almost
surely for all r € R, i € [N],and t € {r,...,T}.

Assumption (CCTSB) requires that (CCTS) holds only until the period before each unit is
treated, while (CCTSA) requires (CCTS) to hold after treatment begins. Many previous works
have distinguished between the parallel trends before treatment versus after treatment, noting that
(CCTSB) can be directly tested under assumption (CNAS) while (CCTSA) cannot, since untreated
potential outcomes are not observed for units after treatment, and noting that parallel trends holding
before treatment is no guarantee of holding after treatment. See Bilinski and Hatfield (2018); Kahn-
Lang and Lang] (2020); Dette| (2020); |Sun and Abraham| (2021); Ban and Kedagni| (2022); Callaway
and Sant’Annal (2022)); Roth| (2022), Henderson and Sperlich| (2022, Equation 22), Borusyak et al.
(2024); Rambachan and Roth| (2023), and (Callaway| (2023, Section 3.3). See Wooldridge (2021,
Section 7.1, Equation 7.4) for an example of how (CCTSB) can be tested under (CNAS).

We can contrast (CCTS) with an unconditional or marginal version, which [Wooldridge| (2021)
calls Assumption (CTS).

Assumption (CTS) (“common trends with staggered interventions"): Almost surely for all
reR

E[F(it)(0) = (1) (0) | Wi = 7] = E[i1) (0) — §31)(0) | Wi = 0], i€[N,te{2,....,T}. (3.2

We will also refer to a version of (CTS) that holds only after treatment:

Assumption (CTSA) (“common trends with staggered interventions after treatment"): (i3.2))
holds almost surely for all i € [N], r € R, and t € {r,...,T}.

Because (CTS) does not account for covariates, (CCTS) is often thought of as more plausible
than (CTS). We generally agree, though in Appendix[A.2]we add some nuance by pointing out that
(CTS) can hold when (CCTS) does not hold (Theorem [A.2)). In such a setting it is not possible
to estimate conditional average treatment effects using regression ; we show this formally in
Theorem (a) in the appendix. Further, it turns out that even marginal average treatment effect
estimates from models like FETWFE that rely on (CCTS) will in general be inconsistent.

However, (CTS) holding is enough to estimate marginal average treatment effects consistently
using many estimators, so it is reasonable to wonder whether regression (1.5) might be able to
estimate treatment effects consistently under (CTS) and some additional assumptions. The following
assumption will turn out to allow FETWFE to consistently estimate marginal average treatment
effects if (CTS) holds, even if (CCTS) does not.

Assumption (CIUN) (“conditional independence of trends of the untreated potential outcomes
for never-treated units"): Almost surely for all i € [N] and any ¢t € {2,...,T},

E [G¢it)(0) — §¢1)(0) | Wi = 0] = E [§1)(0) — Gy (0) | Wi = 0, X] .

Assumption (CIUN) requires that the trends in the untreated potential outcomes are mean-
independent of the covariates conditional on treatment status for units that are untreated. Since
(CIUN) depends only on the observed potential outcomes, it can be tested, as we discuss in the
next section.




3.2 Linearity Assumption (Assumption LINS)

We present an assumption that is slightly different than one introduced by Wooldridge, (2021) on
the functional forms of the conditional distributions of the untreated potential outcomes, the trends
Y(it)(0) — J(:1)(0), and the difference-in-differences estimands.

Assumption (LINS): For each N € N, assume we observe dy covariates, where dy may be
fixed or increasing in N. There exist fixed parameters n* € R, {v;}rer € R, {7V }ieqo,... 1} € R,
and {77 }rer.>r € R, along with fixed sequences of parameters {k% }nen € RV, {¢iybrer.ven €
RN {&intief2,... T}, NeN € RN and {p* y}reri>rnen € RV such that for each N € N, for all
i € [N] and any fixed € R in the support of the random vector X; it holds that

E [§a1)(0) | Wi =0,X; =a| = 0" +a Kk}, (3.3)
E [§1)(0) | Wi =7, X; = x|
—E [§ay(0) |W; =0, X; =a] = vy +2' ¢y WreR, (3.4)

E [ﬂ(lt)(O) — gj(ﬂ)(o) ’ W,=0,X; = -’B] = ’)’: + -’13TE:N, te {2, R ,T}, and (3.5)
E [Gan (1) — Gy (r) | Wi =, X; = x]
~E [§ary(0) — §any(0) | W; = 0, X; =] = 75y + &) plyy, T ERE>T, (3.6)

where
Q.ZT :m—E[XZ]WZ:r]

are covariate vectors that are centered with respect to their cohort means. (For conciseness, hereafter
we omit N from the subscripts of the parameters defined here that may vary with N.)

The version of this assumption presented by |Wooldridge| (2021) uses a slightly different expres-
sion for and requires dy = d to be fixed, since ETWFE is inconsistent in the high-dimensional
setting we consider. Notice the similarity of the quantity on the left side of to the canoni-
cal two-period difference-in-differences estimand . Wooldridge, (2021) shows that Assumption
(LINS), along with Assumptions (CNAS) and (CCTS), make correctly specified for the poten-
tial outcomes and the the left side of equal to the conditional average treatment effects. See
also our derivation and Theorem |C.1[a) in the appendix.

Remark 3.1. We can gain insight on (CCTS) by re-arranging and using the conditional indepen-
dence from W to arrive at the following equivalent condition:

E[J¢it)(0) | Wi = r, Xi] = E[gi1)(0) | Wi = 0, X]
= E[?j(zl)(()) | Wi:r,Xi]—JE[gj(ﬂ)(O) ’WiZO,Xi], reR,i € [N],tE{Q,...,T}. (37)

(This is similar to a framing used by, for example, Heckman et al.| (1998, Equations 10 and 12),|Lech-
ner et al| (2011, Equation 3.2), Henderson and Sperlich| (2022, Assumption 1), Ban and Kedagni
(2022, Section 2.1), and Park and Tchetgen| (2023, Section 2.2) in the T = 2 setting.) Under
(CCTS) and (LINS), quantifies the time-invariant difference in conditionally expected poten-
tial outcomes between units in each cohort and units in the never-treated cohort that appears on
each side of . The inclusion of the terms in provides robustness against time-invariant
confounding (see Proposition[A.1)(a) in the appendiz).

On the other hand, under unconfoundedness of the untreated potential outcomes (which we define
formally and discuss in more detail in in the appendizx), (and each side of Equation is
identically 0. Although including these covariates in a regression does not harm unbiasedness under
unconfoundedness, it reduces efficiency. Fortunately, we will see later that under the assumptions
of Theorem if the estimated model contains any coefficients that equal 0 exactly, FETWFE
successfully screens out these covariates and achieves the same asymptotic efficiency as a model that
omitted them. In this way FETWFEFE provides robustness without compromising asymptotic efficiency
under unconfoundedness, avoiding the kind of trade-off between robustness and asymptotic efficiency
that |Zimmert (2020) discusses.



Many previous works have also noted that difference-in-differences estimation allows for selection
bias and can effectively control for some kinds of unobserved time-invariant confounding.
explore this idea in depth, and also raise interesting issues surrounding the plausibility of
an assumption that time-varying covariates do not affect the observed response and the implications
when this assumption is violated. Imai et al.| (2025) propose a matching estimator in a setting with
time-varying covariates. For more in-depth investigations into the parallel trends assumption, see
\Ghanem et al. (2024), |Roth and Sant’Annd| (2023), and |Marz et al.| (2024). See also our further
discussion in Appendiz [A]

Under Assumption (CIUN) and (LINS), the covariates & all equal 0. So a test of this null
hypothesis (for example, a Wald test) serves as a test for the null hypothesis that both (CIUN) and
(LINS) hold.

4 Causal Estimands

Next we will discuss several classes of causal estimands we hope to estimate using FETWFE. The
building block of our estimands will be the conditional average treatment effects on the treated
units 7carr(r, ¢, ) from (L.6), which matches definition (6.23) in [Wooldridge (2021). Estimating
TearT (T, t, @) is useful if we are interested in identifying which units are most affected by the treat-
ment at a specific time. Besides economics (Florens et al., | 2008; Djebbari and Smith| 2008]), domains
where conditional average treatment effect estimation have been found useful include personalized
medicine (Feinstein et al.,|1972; Lesko] [2007; [Frankovich et al., 2011} [Foster et al. 2011)), education
(Morgan, [2001} Brand and Xie, [2010; [Murphy et all,2016), targeted marketing (Bottou et all, 2013}
[Athey et all, 2018} Hitsch and Misral, 2018} [Ascarza) [2018} [Yang et al. 2020} [Ellickson et al., 2022),
psychology (Bolger et al., [2019; Winkelbeiner et al), , sociology (Xie et all,[2012} Breen et al.
2015)), and political science (Imai and Strauss| 2011} |Grimmer et al, 2017E.

Many methods for estimating conditional average (or heterogeneous’) treatment effects have
been developed within econometrics over the last decade; see |Abrevaya et al.| (2015); Athey and
Imbens| (2016); Wager and Athey| (2018); Nie and Wager| (2021)); Semenova and Chernozhukov
(2021)), and [Fan et al| (2022) for a few examples.

4.1 Conditional Average Treatment Effect Estimands

We can use ([1.6) to construct a variety of causal estimands. For any set of finite constants
{1/}Tt}re7g’te{r’mj}, consider the estimand

T
DY vwrcarr(rt,z), (4.1)

reR t=r

a weighted average of the cohort- and time-specific conditional average treatment effects. This is
similar to the framework of estimation targets of Borusyak et al.| (2024)) and |Callaway and Sant’Annaj
Equation 3.1), though they study average treatment effects (like our estimand (4.8)), to come)
rather than conditional average treatment effects. Refer to these papers for many examples of
choices of {t¢;}. Similar aggregations are also discussed by Brown and Butts (2022, Remark 3.2)
and [Wooldridge| (2021}, Section 6.5).

3Within the differences-in-differences literature, the descriptor “heterogeneous" has often been used in reference
to treatment effects that vary across cohorts or across time; e.g., [De Chaisemartin and d’Haultfoeuille| (2020));
land Abraham| (2021)); Wooldridge| (2021). Here we refer to heterogeneity in treatment effects across the distribution
of X;, though our model also accommodates heterogeneity in treatment effects across cohorts and time. To avoid
ambiguity, we will generally use the term “conditional average treatment effects."
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To give one example among many possible estimands of interest using specific {1}, we could
choose for some ' € R

0, otherwise

1 —
wﬁ{TW e (42)

to define the conditional average treatment effect across time for a unit in cohort r’ with covariates
x:

T
1
7_CATT(TJam) = WZTCATT(T,,m,t) (4'3)
t=r’
1 T
= W;E[Qm)(r)—yzt( )| Wi =1, X, = al.
=r

A version of (4.3) for average (rather than conditional average) treatment effects was considered
by Wooldridge, (2021}, Equation 6.41), and a slightly more general form (also accommodated by our
framework) was considered by |Goodman-Bacon| (2021, Equation 12).

4.1.1 Propensity-Weighted Conditional Average Treatment Effects

A second class of causal estimands can be generated by weighting each Tcarr(r, ¢, ) by the prob-
ability a unit is in cohort r given that they are treated conditional on «,

-1
() =P(W;=r | W; #0, X, =) = (Z 7Tr/($)> () Vr € R. (4.4)

r"eR

In particular, for any set of finite constants {1}, consider the estimands

Z Z¢rtﬂr 7'CATT(T t, m) (45)

reR t=r
One example of an estimand we can form in this class arises from choosing

Yyt = {0’ =0 (4.6)

7=57, Otherwise,

which yields a conditional average treatment effect by marginalizing (4.3)) across treatment status:

ToarT () 1= ZZ —7°+1 () ToATT (7, 1, ) (4.7)

reR t=r

= > #(®)rcare(r,z)

reR
= E[rcarr(W;, X3) | Wi # 0, X; = x] .

This estimand is closely related to many previously considered heterogenous treatment effects; one
of many works that considers a similar estimand (outside of the specific context of difference-in-
differences) is \Wager and Athey| (2018, Equation 1).
4.2 Marginal Average Treatment Effects

Outside of conditional average treatment effects, we can also marginalize these conditional treatment
effects over the distribution of X; to get average treatment effects. Since these estimands are
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"coarser,"

it may be possible to get more precise estimates of these estimands given a fixed sample
size.

For tapr(r,t) = E [tcarT (1, t, X ;)] from (|1.1), consider the classes of estimands

T
Z Z YreTATT(T, 1)) (4.8)

reR t=r

and

T
Z Z YrtTorTATT (7, 1), (4.9)
reR t=r
where 7, := P(W; = r | W; # 0) = E[7,(X)] is the marginal probability of a unit being in cohort
r given that it is treated.

Estimand was used by|Callaway and Sant’ Annaj (2021)) and Hatamyar et al.| (2023, Equation
1), and it matches the estimand from [Wooldridge| (2021, Equation 6.2) and [Brown and Butts| (2022,
Equation 3). It is also closely related to the cohort-specific average treatment effect on the treated
(3) from Sun and Abraham| (2021) (though we use the acronym CATT to refer to conditional, not
cohort, effects) and estimands from Goodman-Bacon| (2021]).

As we mentioned earlier, the class of estimands is the same framework of estimation targets
considered by [Borusyak et al.| (2024) and is similar to aggregations considered by |Callaway and
Sant’Annal (2021, Equation 3.1), [Wooldridge| (2021} Section 6.5), Brown and Butts| (2022, Remark
3.2), and [Hatamyar et al (2023, Equation 18).

The probability-weighted class of estimands bears a resemblance to the probability-weighted
estimands proposed by [Callaway and Sant’Annal (2021). Theorem in the appendix extends our
consistency result to accommodate classes of estimands with much broader forms of estimated prob-
ability weights than and (4.9), like estimand (26) of [Sun and Abraham| (2021) or the broad
class of estimands used by (Callaway and Sant’Anna; (2021). Theorems and extend our
asymptotic normality results to these more general estimators as well.

As a particular choice of {14}, we will again highlight for any r’ € R, which for estimand
(4.8)) marginalizes ToarT(r’, X;) over the distribution of X:

1 T

matl() = oy 2 () (4.10)
t=r’
1 T
T T+l Z E [Gat) (") — 9@y (0) | Wi = 7]

t=r’

= E [TCATT(TI,XZ')] .

Estimand (4.10) is identical to estimand (3.7) in |Callaway and Sant’Annaj (2021)), and is also the
estimand of estimator (6.41) in Wooldridge, (2021)).

4.2.1 The Average Effect of the Treatment on Treated Units

Lastly, one of the most basic causal parameters of interest is the average effect of treatment on the
treated group (ATT). By using the v, from (4.6) with (4.9), we can express this estimand as

Tarr = E[rearn(X:) | Wi # 0] =E | Y #(Xi)rcar(r, Xi) | - (4.11)

reER
Estimand is similar to estimand (6.40) proposed by [Wooldridge| (2021) (a similar estimand
is also mentioned by [Borusyak et al.|2024)), though we weight the cohort average treatment effects
TeaTT (T, X ;) by the probabilities 7, (X ;) rather than taking an average where each average treat-
ment effect in each time period is weighted equally (we could also take an equal average with our
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estimand from Equation . This probability-weighted average is closely related to estimand (26)
from |Sun and Abraham| (2021)).

The virtues of estimand 7o include summarizing the effect of the treatment in a single number
and potentially being a less noisy quantity to estimate. KEstimating 7apt will involve taking a
weighted average over many estimated coefficients rather than relying on a single, less precise,
estimated coefficient. In contrast, more specific estimands like 7cap7(r, t, ) will typically be difficult
to estimate with precision because their estimators will depend heavily on a small subset of the
observed data (though this problem will be mitigated by our fusion penalty, discussed in the next
section, which allows us to borrow information from nearby estimators).

Notice that 7ot can be obtained not just by marginalizing 7capr(X;) over the distribution of
X, but also by marginalizing 7opT(W;) over the distribution of cohort assignments:

TarT = E[rcart(Wi, X;) | Wi # 0] = E [E [reart (Wi, X5) | Wi | Wi # 0]
= > # - Blroare(Wi, Xo) | Wo = 7] = ) &p7are(r)

reR reR
1 T
= Z Wrm Z TATT(T) t)v
reR t=r

which shows that estimand (4.11]) is in the class defined by (4.9 and matches estimand (3.11) from
Callaway and Sant’Annal (2021). This formulation will also be useful for estimation.

5 Fused Extended Two-Way Fixed Effects

We will carry out regression on the same design matrix Z proposed by Wooldridge (2021)) to estimate
regression by OLS, but we will add fusion penalties to leverage our belief that some of the
parameters are equal to each other. This design matrix contains R columns of cohort dummies,
T — 1 columns of time dummies for times {2,...,T}, dy covariates, 2 := > (T —r + 1)
treatment dummies for each possible base treatment effect 7,4, and dy(R+ T — 1 4+ 20) interactions
between covariates and the cohort dummies, time dummies, and treatment dummies. As is typical
in penalized regression, we will center g and the columns of Z before estimating our regression. It
is not necessary to estimate the intercept term n* in order to estimate the treatment effects.

5.1 Restrictions in the ETWFE Estimator

Let py be the number of columns of Z; that is, Z € RNT*PN | We will assume pN < NT (see
Assumption R2 later), but as we discussed in the introduction, it is clear that py = R+ T —
1+W+dy(l+ R+ T —1+20) may be fairly large compared to NT', particularly if dy is not
very small. This could lead to imprecise treatment effect estimates if is estimated by OLS.
Wooldridge (2021, Section 6.5) suggests alleviating this problem by assuming restrictions in the
model—assuming some of these parameters equal each other. Some of the possibilities [Wooldridge
suggests include assuming that the treatment-covariate interactions p,, are fixed across time or
assuming the within-cohort treatment effects 7., are fixed across time. Goodman-Bacon| (2021)) also
considers the possibility of treatment effects that are fixed across time. Another weaker assumption
Wooldridge (2021) proposes is assuming that different treatment effects do not need to be estimated
for every individual time period since treatment starts; instead, these times could be condensed into
“early treated" and “late treated" effects, for example.

These suggestions seem sensible, but making these simplifying assumptions without strong jus-
tification risks re-introducing the bias that was removed by adding these parameters to begin with.
In settings where a practitioner believes some of these restrictions hold but has no clear way to
choose which particular parameters may be equal, we instead propose a data-driven approach to
estimate which, if any, of these parameters may be equal.
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5.2 Fusion Penalization in FETWFE

As described in the introduction, we will assign ¢, fusion (Tibshirani et al. 2005|) penalties to the
differences between estimated parameters which may be equal, and then carry out a penalized linear
regression. For example, for the treatment effects, we propose penalizing the absolute differences
between treatment effects within the same cohort at adjacent times, |7, + — 7y, +—1|, and we propose
the same penalty structure for interaction effects, |py, +; — pr.t—1,j| separately for each j € [dn].
This leverages our belief that some of these effects may be fixed across time while allowing the
optimization problem to learn from the data which restrictions to choose.

We also propose penalizing the absolute differences between initial treatment effects for each
cohort, |7, ro — Trr_y.re_y |, and likewise we penalize the absolute differences between adjacent initial
interaction effects |py, r..i — Pri 1o .| for each j. This is motivated by the idea that perhaps
time since beginning treatment could be the only dimension in which treatment effect changes. It
is also natural to penalize the adjacent cohort fixed effects absolute differences |v, — 1, | and
time fixed effects absolute differences |y, — v4—1| towards each other, with analogous penalties for
the interaction terms |(p, ; — Gy, 5] and [& — &—15].

Finally, we may also want to regularize the coefficients directly, as is common in regressions with
large numbers of parameters to estimate relative to the number of observations. Because of the fusion
penalties we employ, regularizing only a handful of base terms allows for this regularization. We
can also penalize all of the base covariate coefficients directly, allowing us to screen out irrelevant
covariates as dy grows.

In summary, we propose estimating a model like but with a penalty term

R T
p(Biq) = Z Vi = Uy |7+ [vrg [T + Z e = Y1l + [yr|?
k=2 t=3
dn R T
+> <|f€j|q ) UG = Gl (Gl + D165 — G gl + |€qu>
=1 k=2 =3
R
+ |7 |+ Z o = Trgoarea [T+ Z | Tret = Tryt—1]
k=2 t>rp+1
dn R
+ Z ’pT17T17j|q + Z ‘pTWk,j - p"’k—la"’k—laj‘q + Z ‘pﬁmt,j - ,Ork,t—l,j’q , (5.1)
j=1 =2 S

where 8 € RPN collects all of the coefficients. (Refer again to Figure [1| for a graphical depiction of
the penalty terms on the estimated treatment effects 7,4,.) We can more compactly express this as

p(B;q) = | DnBIIZ, (5.2)

where Dy € RPN*PN s a suitably defined differences matrix which we later define explicitly in

(E).

Remark 5.1. Our theory could easily be extended to allow a much broader class of penalties than
the one penalty we specify in . Any choice of Dy that has all finite entries, is invertible, and is
block diagonal with blocks of sizes not increasing in N would work for our theoretical results. Such
modifications would lead to a change only in constant factors in our theory. For example, one could
choose to only use fusion penalties for the treatment parameters 7,4+ and pyr and directly penalize all
of the remaining parameters. For another example, if it is believed that treatment effects are more
likely to be equal in time since treatment rather than within cohorts, one could replace our structure
of treatment effect penalties with fusion penalties across treatment effects at the same time since
treatment; see Figure[d for a graphical depiction of such a structure. It is important that the chosen
Dy makes Assumption S(sy), which we describe later in Section plausible.
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1 t

Figure 2: Another example of a possible valid penalty structure that mainly penalizes treatment effects across cohorts
towards each other based on time since the start of treatment, as mentioned in Remark[5.d Compare to Figure[]]
All of our theoretical results for FETWFEE would work with such a penalty structure up to a change in constants in
the results.

It is much easier to see that these candidate restrictions are plausible due to the time-structured
nature of the parameters than it is to know exactly which restrictions to choose. FETWFE allows
practitioners to leverage this structure to improve estimation efficiency without requiring them
to choose restrictions by hand, which could introduce bias if too many restrictions are chosen or
compromise efficiency if too few restrictions are chosen.

5.3 Constructing the FETWFE Optimization Problem

Finally, we take care of some details. First we account for the random effects discussed in Section
As suggested by (2.1)), in practice we will arrange the rows of Z to contain consecutive blocks of
T rows for each observation and carry out a regression on 4 and Z transformed by

GN — O-IN ® Q—l/2 c RNTXNT’ (53)

where ®@ denotes the Kronecker product (recall that € was defined in Section 2). We will also
center both the response Gy and each column of the covariates Gy Z, as is common in penalized
regression. Denote these centered objects by y and Z. Then our optimization problem is

BY (\w) = argmin { |y — ZB|2 + Av| DB}, (5.4)
BERPN

where Ay is a tuning parameter. For brevity, we will hereafter write B%)()\ N) = B(q).

Remark 5.2. Optimization problem s convez if and only if ¢ > 1, but we will be interested
in solving this problem with q € (0,1) as well. In this case, finding the global optimum can in
principle be difficult, but many heuristics exist to solve this optimization problem that seem to work
well in practice; see, for example |Huang et al.| (2008, Section 4.1) and|Breheny and Huang (2015).
In Sectz’ons@ and@ we implement FETWEFE by solving with the grpreg R package (Breheny
and Huang, 2009). Our simulation results seem to align with our theory, including the asymptotic
normality of our estimators, suggesting that these heuristics seem to work well for FETWFE.

5.4 Causal Estimators

As shown in Theorem [A.5|(a), under (CNAS), (LINS), and (CCTS)

rearr(rt,®) =75+ (x —E[X; | Wi = 1))
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for any fixed x. Since under these assumptions (and other regularity conditions) FETWFE consis-
tently estimates 7,5 and pj,, we can estimate this quantity by

foarr(nta) =+ 4+ (- X,) )9, rert>r, (5.5)
where T(q) and p(q) are the estimators of 7,4 and p,; from El(q) as defined in ([5.4) and
— 1
X, = N Z X;
{t:W;=r}

is the sample mean of the covariates for units observed in cohort 7, with N, := SN  1{W; = r} the
total number of units in cohort 7. The forms of (4.1]) and (4.5]) then naturally suggest the estimators

T
>N vwicart(r,t,x)) (5.6)

reR t=r

and

Z Z Ure ( (@) ) ToaTT(7,t, T), (5.7)

reR t=r 2ower T (@)

where 7,(x) is an estimator of the propensity scores m,(x). We will discuss what properties this
estimator 7. () should have in more detail in Section

Finally we discuss estimating the average treatment effects marginalized over X ;. As we showed
in Theorem |A.5[a) and (b), because the treatment effects are interacted with the covariates centered
with respect to their cohort means, under either (CCTS) or (CTS) and (CIUN) we can estimate
the average treatment effects using

Parr(r,t) == 710 (5.8)

as proposed by [Wooldridge (2021, Sections 5.3 and 6.3). In particular, we propose the estimators

T
SN varr(rt) (5.9)

reR t=r

and

Z ZlbrthATT (ryt) (5.10)

reR t=r

for estimands (4.8) and (4.9)), respectively. Notice that estimator ([5.10]) avoids requiring the spec-
ification of an estimator 7 (x) of the generalized propensity scores by instead using the observed

cohort counts to estimate the marginal cohort assignment probabilities, as we alluded to at the end

of Section A.2.11

6 Theoretical Results and Discussion

Before we present theoretical guarantees for FETWFE, we will state a sparsity assumption that we
will require along with some additional regularity conditions. We will require fewer assumptions to
prove consistency alone than we will to prove restriction selection consistency and asymptotic nor-
mality. We emphasize that the conceptually most important assumptions are (CCTSB), (CCTSA),
and (CTSA), which validate the difference-in-differences approach; (LINS), which justifies a model
that is linear in the covariates X;; and Assumption S(sy), defined below, which assumes sparsity
in a sense that matches our penalty . (See Remark for some comments on how this can be
made more flexible.)
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6.1 Consistency

Assumption S(sy): Assume the vector D35 (where the differences matrix Dy associated with
our penalty is defined in Equation is sparse, with indices S C [py]| nonzero and the
remaining indices in [py] \ S equal to 0, where |S| = sy.

Assumption S(sy) allows us to have sparsity in the appropriate sense: the differences between
parameters that we penalized in are sparse, and irrelevant covariates have true coefficient
equal to 0. That is, all but sy of the restrictions that we expect to hold will in fact hold. Cru-
cially, Assumption S(sy) does not require us to know which restrictions to select, or even how
many restrictions to select—the value of sy does not need to be known. Our consistency and se-
lection consistency theorems will allow sy to grow with N subject to certain constraints in later
assumptions.

The remaining regularity conditions for Theorem are more routine. Before we describe them
in detail, we briefly characterize them informally.

e Assumption (R1) requires the tails of the covariates to not be too heavy, but accommodates
a wide variety of covariate distributions.

e Assumption (R2) requires the eigenvalues of the empirical Gram matrix to be reasonably well-
behaved. In particular, it requires Z to have full column rank, so py < NT'. Otherwise this is
a mild assumption as long as (1) none of the covariates are very highly correlated and (2) none
of the cohort propensity scores tend too closely to 0. For example, an overlap assumption
that m(x) > mew for some 7oy > 0 for all N € N, r € {0} UR, and x in the support of X;
would help the plausibility of this assumption.

e In Assumption (R2), the assumptions on the penalty parameter Ay are not of practical im-
portance because in practice Ay can be selected from a set of candidate values by a criterion
like BIC. (We show in simulation studies in Section |7| that the theoretical guarantees from
this section seem to hold in practice when Ay is selected in this way.)

e Assumption (R3) is essentially a technical assumption. It does suggest that FETWFE may
not work well if D 3% has many very small entries, or a small number of very large entries.

In particular, these assumptions allow the number of covariates dy and the number of relevant
coefficients sy to grow to infinity with N and allow for unbounded distributions of the covariates.
We now state and describe the assumptions.
Assumption (R1): For each i € [N], E[Xf‘j] < oo for all j € [dy] and E[u‘(lit)] < oo for all
t € [T]. Further, E[X; X | W; = r]. Finally, for some K < oo,

T pN

sup LZZE[(ZD;)%M)J <K.

1<N<oco | PN =1 j=1

We show later (Lemma that Dy is invertible. The matrix Z D]_\,1 is of interest because it turns
out this is the design matrix we will actually use for estimation; see the proof of Theorem for
details. Because the singular values of Djvl are bounded away from 0 and from above for all NV
even if dy — oo (see Lemma, this is qualitatively similar to making the same statement about
Z itself. We discuss a closely related point in more detail below.

Before we state Assumption (R2), we will define some needed notation. For any matrix A €
RVN*PN denote the empirical Gram matrix by 3(A):

$3(4) = %ATA € RPVXPN, (6.1)

Notice that if A has centered columns then ﬁl(A) is the estimated covariance matrix. Let ey and
ean be the smallest and largest eigenvalues of 3(Z).(Since 3(Z) is random, ey and ey are as
well.)
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Assumption (R2): Assume ejy is almost surely upper-bounded by a constant for all N and

[PN + ANSN

hly — 0, where
and =25 denotes almost sure convergence. Also, assume limpy_,oo A N\/E =0.

Kock (2013) points out that requires the design matrix to be full rank, so this assumption
requires that py grows slower than N, Ay does not grow too quickly, and ey does not vanish too
quickly. (In practice, in finite samples Ay can be selected by cross-validation or a criterion like
BIC, similarly to the lasso.) Under the qualitative assumption that the eigenvalues of E(Z ) and
$(GNZ) are “close," (R2) roughly requires that Gy Z is full rank, and we can provide sufficient
conditions for this to hold. First, the singular values of G are bounded from above and below by
positive constants for all N (see Lemma in the appendix), so Z being full rank is enough for
GnZ to be full rank. For Z to be full rank, we require at least dy -+ 1 observed units in each cohort
(see Lemma in the appendix), all of the marginal cohort probabilities must be large enough
relative to the growth rate of dy as N — oo, and the distribution of X; must be well-behaved as
N — 0.

Assumption (R3): There exist constants 0 < by < by < oo such that by < minjes {|{(DnBYy);|} <
maxjes {|(DnBy);l} < b1

The lower bound in Assumption (R3) is essentially a signal strength assumption.

Note that we allow sy — oco and py — oo as long as the above assumptions are satisfied.

We are now prepared to state our consistency theorem.

Theorem 6.1 (Consistency of FETWFE). Assume that Assumptions (CNAS), (CCTSB), and
(LINS) hold, as well as Assumptions (F1), (F2), S(sny), and (R1) - (R3). Let ¢ > 0.

(a) Suppose that either Assumptions (CTSA) and (CIUN) hold or Assumption (CCTSA) holds.
Then for any set of finite constants {1y},

T
>N e Fare(r,t) = rarr(r,t)| = Op (min{hy, My})
reR t=r

and

d N,
SN vw <NT?ATT(7”J) — TrrarT(r, t)) ‘ = Op (min{hy, hiy}),
reR t=r T
where

I /pn
hy = —_—
N E€1N N

(6.3)

and Ny is as defined in (6.2).

(b) Suppose Assumption (CCTSA) holds and dn = d is fized. For all N and allr € {0}UR, assume
all of the eigenvalues of Cov(X; | W; =) are bounded between Apin > 0 and Apay < 00. Then
for any set of finite constants {1y} and any fized x in the support of X,

T
D> W (Foarr(r,t, @) — rearn(r,t, 93))‘ = Op(min{hy, Iy }).

reR t=r

4This can be made formal by noting that centering the columns of G Z can be characterized as multiplication
on the left by a centering matrix C, then bounding the singular values of C. See, for example, Section 8.1 of [Ding
(2024)) for further details.
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Further, if 7p(x) is an estimator of mp(x) that satisfies |7, (x)—m,(x)| = Op(an) for a decreasing
sequence ay for each r € {0} UR and all x in the support of X;, then

a Ao(@) .
DD Sy ATt @) — F(@)roare(n t @)

reR t=r r'eR ﬂ—?"'(m)

= (’)p(min{h]\/, th} V aN).

Proof. Provided in Section [E] of the appendix. O

Theorem [6.T]shows that all of our causal estimators are consistent and characterizes their rates of
consistency. In particular, it also shows that the classes of marginal parallel trends estimators
and are consistent under either (CCTSA) or (CIUN) and (CTSA) for the marginal average
treatment effects and (4.9). Although we require (CCTSB) to hold regardless of whether
(CIUN) holds, (CCTSB) also depends only on the observed outcomes and is testable. In the next
section, we show that under mild assumptions FETWFE automatically provides a valid estimate of
whether (CIUN) holds (by estimating whether the &; coefficients all equal 0).

To interpret the rate of convergence min{hy,h'y}, consider the upper bound hy from .
Suppose the minimum eigenvalue ey is bounded away from 0 with high probability, which happens
under relatively mild assumptions in our py < NT setting (see our more detailed discussion later

in Section about Assumption R6). Then Op (min{hy, hy}) = Op (N/pN/N>; see Lemma in
the appendix.

In general we will focus more on ¢ € (0,1) as required by Theorems and but we
note that Theorem holds for any ¢ > 0. This is useful because the convex lasso (¢ = 1) and
ridge (¢ = 2) optimization problems, for example, may be more tractable on very large data sets
than the nonconvex bridge estimator with ¢ < 1.

To give a concrete example of an estimator #(x), in the setting of Theorem [6.1|(b) where dy = d
is fixed, the multinomial logit model is 1/ V/N-consistent for the generalized propensity scores by
standard maximum likelihood theory under correct specification. If this model is overly simplis-
tic or d is large relative to N, regularized machine learning methods with theoretical convergence
guarantees—like deep neural networks (Farrell et al. [2021, see Lemma 9¢), random forests (Gao
et al., [2022), the ¢1-penalized classifiers of Levy and Abramovich (2023), or the group lasso multi-
nomial logit model of |[Farrell (2015)—would also work. On the other hand, since the cohorts have
a natural ordering, we could add more structure by using an ordinal response estimator like the
proportional odds model (McCullagh, [1980)).

It may be possible to relax Assumption (LINS) so that linearity only has to hold approximately,
along the lines of e.g. Condition ASTE in Belloni et al.| (2014)). (At a high level, we might expect
that if approximate linearity holds so that the error due to misspecification is on the same order as
the estimation error of the population least squares model, we can achieve convergence at the same
rate as when the linearity assumption holds exactly.)

It may also be possible to relax the fixed d assumption in part (b) by using high-dimensional
central limit theorems like those in |Lopes| (2022) and |Chernozhukov et al. (2023), to name two
recent examples among many papers containing such results.

Lastly, we point out that under Theorem the generalized propensity scores and treatment
effects can be estimated on the same data sets; that is, the full data set can be used for both.
Intuitively, this is because these estimators are used for the distinct tasks of estimating the effects
TcarT (1, t, ) and estimating the weights used to combine them in a weighted average. For technical
details, see the proof of Theorem in Appendix [E]

In the appendix, we present an extension of Theorem|6.1] Theorem which proves consistency
for a set of estimators that allows for much broader functions of the estimated cohort membership
probabilities than the classes and . This result includes, for example, all of the estimands
from |Callaway and Sant’Annal (2021)) as special cases.
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6.2 Restriction Selection Consistency

Again, we first state some additional needed regularity conditions and then present our selection
consistency result, Theorem Theorem shows that with probability tending towards one
FETWFE identifies the correct restrictions, resulting in fusing together parameters that equal each
other, screening out irrelevant covariates, and improving estimation efficiency. At a high level,
Assumptions (R4) and (R5) add the following requirements:

e Assumption (R4) is most plausible if the covariates have bounded support and if dy is not
increasing in V. Intuitively, this means that in finite samples results relying on Assumption
(R4) will be most likely to hold when NT is reasonably large compared to py, though we
show in the simulation studies in Section [7] that in practice the conclusion of Theorem [6.2]
seems to hold even when NV is not all that large and py is fairly close to NT'.

e Assumption (R5) is a technical assumption that does not require much more than (R2). (R5)
is easier to satisfy if dy is increasing only slowly in N and if the sparsity sy is fixed. (In finite
samples, we would expect better results if py and the sparsity sy are small relative to NT'.)

Assumption (R4): There exists a positive constant epayx < 0o such that esy < epax almost
surely (recall from Section [6.1] that eqy is the largest eigenvalue of 3(Z)).

A sufficient condition for Assumption (R4) is that the distribution of X; has bounded support
in the sense that || X;||2 < B almost surely for some B < co.

Assumption (R5):
2—
Ay equ a.s.

\/qu?\fq

We will briefly examine how Assumption (R5) interacts with Assumption (R2). For simplicity,
assume the minimum eigenvalue ejn > ¢ for some ¢ > 0 with probability tending towards 1, so
that we can ignore ejy asymptotically (using a similar argument to the one in the proof of Lemma
in the appendix). Then Assumption (R5) is equivalent to the deterministic condition

Q.

1

]\/717(1/2 — 0.
NQ/QpN

If we also assume sy = s is fixed, we have from Assumption (R2) that

)\—N —0 and lim AN

N N—)ooNl/QZO.

We will require ¢ € (0,1), and we see that under these assumptions for (R5) and (R2) to hold
simultaneously we require N9/ Qp}\,_q/ % to grow slower than N/2; that is, py must grow slower than

2/(2-0)
1/2
(%) _ NO-0)/@-a)
N4a

Even if e1y is not bounded away from 0 with high probability, Assumption (R5) requires that
e1n does not vanish too quickly. As we discussed in reference to Assumption (R2), this requires
that the probability of being in any one cohort does not vanish too quickly as N — oo. It also
requires that Ay not decrease too quickly.

Notice that other than these relatively mild regularity conditions on the eigenvalues of ﬁl(Z ), we
do not require a condition like the irrepresentable condition (Zhao and Yu, [2006) or neighborhood
stability condition (Meinshausen and Biithlmann, 2006]) that are required for selection consistency
of the lasso. However, our restriction selection consistency result will only work for ¢ < 1; we do
not prove selection consistency of FETWFE with a lasso (¢ = 1) penalty.
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Theorem 6.2 (Selection consistency). For the FETWFE estimator ,é(q) defined in (5.4), define
4 . 5(2)
$:={jelpnl: (DNB"); #0}

to be the set of nonzero values in DN,[;(q). Recall from Assumption S(sy ) that

§=1{jclpy): (DnBY); #0}.

Assume that Assumptions (CNAS), (CCTSB), and (LINS) hold, as well as Assumptions (F1), (F2),
S(sn), and (R1) - (R5). Assume q € (0,1). Then imy_yo0 P (S = S) =1.

Proof. This is immediate from Theorem |C.1|(c) in the appendix. OJ

Theorem [6.2] shows that FETWFE fulfills its promise to identify the correct restrictions in
accordance with our ¢, penalty structure, as discussed in Section This serves our goal of improving
estimation by avoiding unnecessarily estimating parameters that are in fact equal.

FETWFE also screens out irrelevant covariates and interactions. As mentioned in Section [3.2]
if Assumptions (LINS) and (CIUN) both hold than the &; coefficients must all equal 0. If this is
true, in large enough samples FETWFE will estimate &} to equal exactly 0 with high probability.

The proof of Theorem relies on an extension of Theorem 2 of [Kock) (2013) (Theorem in
the appendix) to show that not only does the bridge estimator exclude false selections, it also selects
all of the relevant components of D y37% with probability tending to 1. Theorem requires no
added assumptions from Theorem 2 of Kock| (2013]).

One consequence of Theorem is that if 7ao77(r,t) = 0 for any r, then

lim P (7A'ATT(7“, t) = O) = 1.
N—o00
The same is true of all of the other causal estimators. This is stronger than convergence in probability
to 0, and this stronger notion of convergence turns out to be a key ingredient in the proof of Theorems

and to come.

6.3 Asymptotic Normality and Oracle Property

Our asymptotic convergence results (Theorems and below) require one additional regularity
condition, an eigenvalue condition which does not require much more than Assumptions (R2) and
(R5).

Assumption (R6): The minimum eigenvalue of

E S (2Dy)] (6.4)
is greater than or equal to a fixed § > 0 for all N sufficiently large, and

AN

61N\/N

Further, for all N and all » € {0} UR, all of the eigenvalues of Cov(X; | W; = r) are bounded
between Apin > 0 and A\pax < 0.

The assumption that the minimum eigenvalue of is bounded away from 0 is fairly mild
since we already require f](Z ) to be full rank and for its minimum eigenvalue to not vanish too
quickly, and the minimum singular value of Dy is bounded from below by a positive constant; see
Lemma in the appendix. Further, this assumption is stronger than necessary for the sake of
interpretability; we only require a bound on the minimum eigenvalue of a different matrix for
all N. This condition holding for is sufficient but not necessary.

cop(1). (6.5)
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Condition is another assumption that requires e;ny to not vanish too quickly, which is
qualitatively similar to Assumptions (R2) and (R5). Holding s = sy fixed (as is required in
Theorems and and ignoring the distinction between almost sure convergence and convergence
in probability, is more restrictive on the growth rate of Ay than (R2) since (R2) requires

AN
Nein

while (6.5 requires
AN

VNein

However, if e1x is bounded away from 0 with high probability, using a similar argument to the one
in the proof of Lemma in the appendix, (6.5)) is essentially equivalent to the other requirement
in (R2) that limy_y00 ANy/Sn/N = 0 (in the setting of Theorem where sy = s is fixed). If

the smallest eigenvalue of E [2(Z )} is bounded away from 0, one can show that the asymptotic

— 0.

distribution for the minimum eigenvalue of E(Z ) has support bounded away from 0 in our setting
where X; has finite fourth moments and py < NT (Marchenko and Pastur, |1967). If we also
assume that X; is subgaussian (a weaker assumption than requiring X; to have bounded support),
under Theorem 5.39 from Vershynin| (2012) ey is bounded away from 0 with high probability for
finite IV large enough relative to py.

6.3.1 Oracle Property

Next we show that under Assumptions (R1) - (R6) the estimators (5.9) and (5.10]) are both oracle
estimators (Fan and Li, 2001; Fan and Peng, [2004), converge at a 1/v/N rate (faster than the
guarantee from Theorem , and are asymptotically Gaussian.

Theorem 6.3 (Oracle Property of FETWFE). Assume that Assumptions (CNAS), (CCTSB), and
(LINS) hold, as well as Assumptions (F1), (F2), S(s) for a fized s, and (R1) - (R6). Assume
q € (0,1). Suppose that either Assumptions (CTSA) and (CIUN) hold or Assumption (CCTSA)
holds.

For an arbitrary set of finite constants {1}, if at least one of the Topy(r,t) with a nonzero
s monzero, then the sequence of random variables

T
VNT Z Z Yrt(Tarr(r,t) — Tarr(r,1))

reR t=r

converges in distribution to a mean zero Gaussian random variables with variance that depends only
on the s parameters of the model with all restrictions correctly identified.

Further, if Tarr(r,t) and the probability ratios N,/N; are estimated on two independent data
sets of size N, then the sequence of random variables

T
VNT Z Z Uit <]]\\;T?ATT(7“, t) — wptaTT(T,S t))

reR t=r

also converges in distribution to a mean zero Gaussian random variable with variance that depends
only on the s parameters of the model with all restrictions correctly identified.

(If all of the Torp(r,t) with nonzero 1.y terms equal 0, both sequences of random wvariables
converge in probability to 0.)

Proof. Provided in Section [E] of the appendix. O
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Theorems and leverage novel (to the best of our knowledge) extensions of Theorem 2
from Kock! (2013)) that establish finite-sample variance estimators, including when the weights in a
linear combination of the estimated coefficients are themselves estimated; see Theorem [F.5] in the
appendix.

Theorem [6.3] (and, more directly, Theorem |C.1(d) and (f) in the appendix) show that even
if py — oo FETWFE converges at a 1/ V/N rate and its asymptotic covariance matrix depends
only on the s parameters of the correct model. That is, FETWFE estimates the model with the
same asymptotic efficiency as an OLS-estimated ETWFE estimator that knows the py — s correct
restrictions. FETWFE leverages the possible restrictions in the ETWFE estimator to improve
efficiency without requiring the practitioner to make assumptions on which restrictions to choose,
which could induce asymptotic bias if the wrong restrictions are chosen or compromise asymptotic
efficiency if not enough restrictions are chosen. This addresses the need to consider both bias and
variance when estimating treatment effects (Gelman and Vakar, 2021]).

In Remarkwe mentioned that the inclusion of the parameters in our regression allows for
unbiased estimation of treatment effects under both (CCTS) and unconfoundedness of the untreated
potential outcomes, but under unconfoundedness the parameters equal exactly 0 and are inefficient
to include. However, Theorem shows that when coefficients that equal 0 are included, FETWFE
sets these coefficients equal to exactly 0 with high probability and estimates the nonzero coefficients
with the same asymptotic efficiency as if those coefficients were omitted from the model. FETWFE
is therefore a good model to choose if one wants to maximize robustness without compromising
asymptotic efficiency. The same is true if (CIUN) holds and the regression estimands & all equal 0,
or if any irrelevant covariates are included in the regression. So practitioners do not need to hesitate
to include a possibly relevant covariate that could be helpful for the plausibility of Assumption
(CCTSB) or (CCTS) as long as Z has full column rank.

6.3.2 Asymptotically Valid Confidence Intervals

Theorem is conceptual and yields insight on the kind of behavior we can expect from FETWFE
in large samples. The following result, which has the same assumptions as Theorem is more
practical and provides explicit formulas for variance estimators for asymptotically valid confidence
intervals of treatment effect estimates.

Theorem 6.4 (Asymptotic Confidence Intervals for FETWFE). Assume that Assumptions (CNAS),
(CCTSB), and (LINS) hold, as well as Assumptions (F'1), (F2), S(s) for a fized s, and (R1) - (RG).
Assume q € (0,1). Suppose that either Assumptions (CTSA) and (CIUN) hold or Assumption
(CCTSA) holds. Let {11} be an arbitrary set of finite constants, and for all of the below results,
assume at least one of the Torr(r,t) corresponding to a nonzero vy is nonzero (otherwise, all of
the below sequences of random variables converge in probability to 0).

(a) For the estimator (5.9) it holds that
NT L .
5 S S wnGara(r 1) — mara(r 1) S N (0, 1),
UN ' reR t=r

where @](VC) is a finite-sample variance estimator defined in (E.7). (All variance estimators
depend only on the known o2 and the observed data.)

(b) Suppose one set of data of size N is used to estimate the cohort probabilities N, /N, and another
independent data set of size N is used to estimate each Topp(r,t). Then for the estimator ([5.10)
it holds that

T
NT N, -
N Z Z Yrt <NT7'ATT(7’7 t) — ApTarT(r, t)) i> N(0,1),

Un reR t=r
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where @ﬁﬂ s a finite-sample variance estimator defined in (E.11)).

(c) Suppose a single set of data of size N is used to estimate both the cohort probabilities N, /N,
and each Torp(r,t). Then the estimator (5.10) is asymptotically subgaussian: the sequence of
random variables

T
NT N, -
W E E Yrt <N:TATT(7"7 t) —7T7~TATT<7";t)>
N

reR t=r

converges in distribution to a mean-zero subgausstan random variable with variance at most 1,
~C, (cons)t . . . . . .
where 05/ " is a finite-sample conservative variance estimator defined in (E.12]).

Proof. Provided in Section [E] of the appendix. O

Theorem shows that we can form asymptotically valid 1 — « confidence intervals with esti-
mator Ty and variance estimator vy with

. _ o ON = _ o N
T —<I>1<1——)\/—T ¢>1<1—7) N
N AR 2) VVNT

where ®(-) is the distribution function of the standard normal distribution.

Theorem (b) requires data splitting for asymptotic normality of the estimator . How-
ever, the data used for estimating the marginal cohort probabilities do not need to include observed
responses. In some domains like public health and medicine where difference-in-differences has many
potential uses (Rothbard et al., [2023; Wing et al. 2018), such unlabeled data may be more widely
available than labeled data (Candés et al., 2018| Section 1.3.2). In a setting like this, asymptotic
normality can be achieved without reducing the amount of data used to estimate the model. (It is
straightforward to adjust the variance estimator appropriately if the sample sizes of the two data
sets are not equal.)

Theorem (c) does not require sample splitting, at the price of sacrificing asymptotic normality
for mere asymptotic subgaussianity and necessitating a conservative variance estimator. Because a
subgaussian random variable can be defined as a variable X satisfying P(|X| > z) < 2exp{—2?/K?}
for some K > 0 for all x > 0 (Vershynin, 2018, Proposition 2.5.2(a)), the tails of such a variable
decay at least as quickly as a Gaussian random variable, so we might expect 95% confidence intervals
to have similar asymptotic validity to the confidence intervals from part (b). In practice, we show
in the simulation studies in Section [7] that these confidence intervals do seem to retain validity.

We cannot test the null hypothesis of treatment effects equalling 0 under Theorem [6.4] since
these test statistics are not asymptotically normal if the estimated coefficients all equal 0; instead
they converge in probability to 0 (even after scaling by v/ NT).

Theorem in the appendix is a generalization of both Theorems and for the classes of
conditional average treatment effects estimators and in the fixed dy = d setting under
the assumption that an asymptotically Gaussian estimator of the generalized propensity scores (like
the multinomial logit or proportional odds models) is available and an extra split of the data is
available to estimate the cohort covariate means.

CIN(@N;Oé) = N (6.6)

7 Simulation Studies

To test the efficacy of FETWFE under our assumptions, we conduct simulation studies in R using
the simulator package (Bien, 2016). We choose parameters that bear resemblance to the empirical
application from Section III of (Goodman-Bacon| (2021) (N = 51,7 = 33, R = 12,dy = 3), which
we explore in Section We use fewer cohorts for simplicity of presentation, more covariates to
increase py in compensation for the smaller R, and more units to avoid realizations where no units
are assigned to a cohort by random chance. We generate data with N = 120 units, 7" = 30 time
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periods, R = 5 cohorts entering at times {2,...,6}, and dy = 12 features, which results in a total
of py = 2209 covariates and NT = 3600 observations. To generate a B3 such that DyBY is
sparse, we generate a single random sparse 8% € RPN then transform this into a coefficient vector
BN = D]_VIB}‘V to use across all simulations. We generate 8% by taking a py-vector of all 0 entries
and setting each entry equal to 2 randomly with probability 0.1. We set the sign of each term
randomly, but since each entry of 8% is a sum of terms in 6%, we bias the signs to avoid treatment
effects that are too close to 0: individual nonzero terms in 8% are positive with probability 0.6 and
negative otherwise.

On each of 700 simulations, we randomly generate N independent realizations of X ~
N(0,1,,) for the time-invariant covariates. We randomly assign treatments with probabilities
(mo, 71, ...,mr) = (1/(R+1),...,1/(R+ 1)), where

. {]P’(Wi = 0), r=0, 1)

P(W; ), TETR,

are the marginal probabilities of treatment assignments. To ensure the model is estimable, in the
rare instances where there are no untreated units or one cohort has no observed units, we draw
another set of random assignments.

After drawing covariates and treatment assignments, we construct Z. Then we draw N indepen-
dent random effects ¢; ~ N'(0,5) as well as NT independent noise terms u;;y ~ N(0,5) to generate
€@) = ¢ilr + u(;.) and finally generate y = Z,@}‘V + €.

Besides FETWFE, we also consider three competitor methods. The first is ETWFE, estimated
by OLS on Z. We also consider bridge regression on Z directly penalizing 3 rather than penalizing
Dy (BETWFE). For both FETWFE and BETWFE, we follow the experiments of |[Kock| (2013)
and use g = 0.5, selecting the penalty Ay over a grid of 100 values (equally spaced on a logarithmic
scale) using BIC. We implement bridge regression for both BETWFE and FETWFE using the
R grpreg package (Breheny and Huang, [2009). Finally, we also consider a slightly more flexible
version of , where we estimate the model

Jit=vrtn+ X6+ 1 H{W=r}1{t >} + e
reR

by OLS (TWFE _COVS). (Notice that adding unit-specific covariates to Model induces collinear-
ity. Fitting the model instead on cohort fixed effects, like ETWFE, also matches, e.g., Equation
3.2 in |Callaway and Sant’Anna; (2021)). See also the discussion around Equation 2.5 in [Sant’Anna,
and Zhao|2020.) The inclusion of covariates might make it seem more plausible that Assumptions
(CNAS) and (CCTS) could hold in this model, though Wooldridge (2021, Section 6) points out
that adding time-invariant covariates does not change the estimates of the treatment effects. Sep-
arate treatment effects for each cohort, while insufficient to avoid bias and capture the variation
in treatment effects, should improve estimation relative to and allows for the estimation of
cohort-specific treatment effects to compare to the other methods.

7.1 Estimation Error

We start by evaluating the error of each method in estimating the average treatment effect .
The assumptions of Theorem are satisfied, so we expect FETWFE to estimate the treatment
effects more accurately than ETWFE, which will suffer from high variance; BETWFE, which does
not assume the correct form of sparsity; and TWFE COVS, which is asymptotically biased. We
estimate the average treatment effect using the FETWFE estimator with ¥, from , as
well as analogous estimators using the competitor estimated regression coefficients and observed
cohort counts.

We calculate the squared error of each average treatment effect estimate for each method on
each iteration. Boxplots of the results are displayed in Figure We also provide the means and
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standard errors for the squared errors of each method in Table [I Table [2] contains p-values for
paired one-tailed t-tests of the alternative hypothesis that the squared error for FETWFE is less
than the squared error for each competitor method; all results show significantly better performance
for FETWFE at the 0.05 significance level.

These results show that even if most of the restrictions we would naturally consider hold and
we are only interested in overall average treatment effect , a simple model like TWFE COVS
is an unsuitable estimator. This aligns with the conclusions of previous works, as we discussed in
the introduction. We see that ETWFE has better estimation error, though in practice it still does
not perform as well as FETWFE because it estimates about ten times as many parameters as are
needed, leading to imprecise estimates.
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Figure 3: Boxplots of squared errors for each treatment effect estimate across all 700 simulations. Vertical axis is on
a log scale.

Table 1: Means and standard errors for the squared error of the estimator of the ATT (4.11) for each method across
all 700 simulations in the first simulation study from Section m

FETWFE ETWFE BETWFE TWFE_COVS
0.0399 (0.00263)  1.19 (0.633)  0.339 (0.00336)  0.938 (0.0395)

Table 2: p-values from paired one-tailed t-tests of the alternative hypothesis that the FETWFE ATT estimator
has a lower squared estimation error for the ATT (4.11) than each competitor method calculated across all 700
simulations in the first simulation study from Section |7 (Low p-values indicate better predictive performance for
FETWFE.)

ETWFE BETWFE TWFE COVS
0.0343 1.24e-320 1.68¢-86

In Appendix [B] we also present estimation error results for the cohort-specific average treat-
ment effects 7ap(r) as defined in for each of the five cohorts, and estimation error for the
coefficients of B} corresponding to the interaction effects, p*. These results show that FETWFE
outperforms the competitor methods for these estimands as well.
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7.2 Restriction Selection Consistency

Next, we examine the extent to which we can trust FETWFE to select the correct restrictions, as
we know it does with asymptotically high probability under Theorem In the same experiment
as before, on each simulation we calculate the percentage of restrictions FETWFE successfully
identifies among the treatment parameters. In particular, we calculate the percentage of entries of
DgYy that FETWFE successfully estimates as either zero or nonzero.

On average across the 700 simulations, FETWFE successfully decides whether to use a restriction
or not in 95.0% of the py possible cases, with a standard error of 0.025%. Of the true restrictions
(that is, the entries of D@} that equal 0), on average 97.5% (0.021%) are correctly identified.
This suggests that FETWFE is effective at identifying restrictions in practice, which contributes
to FETWFE’s success in estimating treatment effects that we saw in the previous section. (Figure
in Appendix [B] shows a boxplot of the proportion of restrictions successfully identified across all
700 simulations.)

To get a better sense of the asymptotics, we conduct an additional simulation study in the same
way as the first one, but with T = 5E| R = 3,dy = 2 (resulting in py = 50), and N = 1200
observations (resulting in 300 observations per cohort in expectation). The sparse 87 is generated
as before, but with entries each equalling 0 with probability 0.5. Again, we conduct 700 simulations.
In this second simulation study, FETWFE successfully decides whether to use a restriction or not
in 99.3% (0.042%) of the py possible cases across the 700 simulations, and on average FETWFE
identifies 98.5% (0.096%) of the true restrictions.

7.3 Asymptotic Distribution

Finally we investigate the asymptotic distribution of the FETWFE estimators. On each simulation,
we estimate nominal asymptotic 95% confidence intervals for the cohort average treatment effects
using and the variance estimator from Theorem (a). In the first simulation study, we find
coverage rates of 0.791 for the » = 2 cohort (standard error 0.015), 0.884 for the r = 3 cohort
(standard error 0.012), 0.854 (0.013) for the r = 4 cohort, 0.803 (0.015) for the » = 5 cohort, and
0.850 (0.014) for the r = 6 cohort. We see that the coverage is unsatisfactory for FETWFE in this
relatively small sample size, where in expectation 20 units are observed in each cohort.

We also estimate conservative confidence intervals for the average treatment effect with the
conservative variance estimator from Theorem [6.4(c), yielding a coverage rate of 0.993 (0.001).
That is, the conservative confidence intervals seem to achieve the desired coverage level in practice,
even though the asymptotic distribution of the test statistic is not known to be Gaussian (merely
subgaussian).

Lastly, we examine the non-conservative estimator from Theorem (b): on each simulation
study, we generate N independent unlabeled samples where only cohort assignments (drawn from the
same distribution as the IV labeled units) are observed, and we use these to estimate asymptotically
exact confidence intervals for the average treatment effect. The resulting coverage is 0.986 (0.001).
The coverage may be better for the average treatment effect than the cohort average treatment
effects because the number of observations that are relevant for estimating the overall average
treatment effect is much larger than that for each of the cohort average treatment effects.

In the second simulation study, described previously in Section we find coverage rates of
0.944 (0.009) for the r = 2 cohort, 0.941 (0.009) for the r = 3 cohort, and 0.930 (0.010) for the third
cohort. The conservative confidence intervals for the average treatment effects have coverage 0.997
(0.001), and the asymptotically exact confidence intervals have coverage 0.973 (0.002). Overall, the
coverage rates are close to the nominal 95% level in this finite N setting. This is especially promising
because we are using heuristics to solve the FETWFE optimization problem, as discussed in Remark

5Notice that increasing T increases the number of observations while also increasing the number of treatment
effects and interactions to estimate. So we might expect larger T" to have a roughly neutral effect on the convergence
properties, while greatly increasing the computational cost of simulations with large N.
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5.2

8 Empirical Application

We analyze the data from [Stevenson and Wolfers| (2006), as collected in the divorce data set from
Flack and Jee| (2020). [Stevenson and Wolfers| estimate the causal effect of unilateral or “no-fault"
divorce laws on suicide rates among women. The data set consists of observations from N = 51
states (including the District of Columbia) for T" = 33 years, along with demographic covariates.
The response variable is the aggregate state suicide rate among women by year (as in the first column
of Table 1 of Stevenson and Wolfers||2006). See Stevenson and Wolfers| (2006) and |(Goodman-Bacon
(2021} Section IIT) for more details on the data.

We remove states treated at time 7' = 1 from the data, leaving N = 42 observations. 5 states
are never treated, and R = 12 cohorts are treated at various times. Similarly to the analysis in
Goodman-Bacon| (2021}, Section IV(B)), we consider the time-varying covariates murderrate (state
female homicide rate), lnpersinc (natural log of state personal income per capita), and afdcrolls
(state welfare participation rate), including the values from time ¢ = 1 as time-invariant controls.
However, murderrate is missing for some observations at ¢ = 1 so is omitted, leaving dy = 2
covariates. In total, we have NT' = 1386 observations and py = 908 coefficients to estimate.

We estimate the variances o2 (the variance of the unit random effects) and o2 (the variance of
the added noise) using the estimators from [Pesaran| (2015, Section 26.5.1) with ridge regression. We
use FETWFE with ¢ = 0.5 to estimate the marginal average treatment effects, again leveraging the
R grpreg package as in the simulation studies and selecting Ay by BIC. We estimate that the overall
average percent change to the suicide rate for women is —3.76%, which is similar to the estimate of
—2.52% (standard error 1.09%) that Goodman-Bacon| (2021) calculates when using similar controls.
Applying Theorem (c), we estimate a conservative standard error of 4.70%, yielding a conservative
95% confidence interval of (—12.97%, 5.45%) for the average treatment effect.

In Table [3] we present point estimates for the estimated average treatment effects for each of
the cohorts. (We omit standard errors since the individual cohorts have very small sample sizes.)
We estimate that four cohorts have non-zero treatment effects, with the 1970 cohort (consisting of
California and Iowa) having by far the largest treatment effect estimate. We emphasize that these
individual estimates are likely less reliable than the average treatment effect estimate since most
cohorts have a small number of units.

Table 3: Cohort average treatment effect estimates from the empirical application in Section@ targeting estimand

Tarr(r) as defined in (4.10)).

Cohort 7arT(T)

1969 0%
1970 -40.142%
1971 0%
1972 0%
1973 -3.466%
1974 0%
1975 0%

1976 -4.703%
1977 -5.338%

1980 0%
1984 0%
1985 0%
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9 Conclusion

In this work, we have proposed the fused extended two-way fixed effects estimator for difference-in-
differences with staggered adoptions. Our estimator leverages the fact that the extended two-way
fixed effects estimator includes coefficients that are likely to be similar (for example, because of
their proximity in time), but it selects appropriate restrictions automatically rather than relying on
hand-selected restrictions, which could be biased. FETWFE retains the asymptotic unbiasedness
(and normality) of ETWFE but leverages sparsity for large efficiency gains. In particular, we showed
that our estimator is consistent, selection consistent, asymptotically Gaussian, and has an oracle
property for several classes of heterogeneous marginal and conditional average treatment effects.
Finally, we demonstrated the usefulness of FETWFE in practice in both simulation studies and an
empirical application.

9.1 Future Work

Throughout the paper we have mentioned places where our work might be relatively straightforward
to extend. Here we specify some other possible extensions. It would be useful to develop theory
allowing for FETWFE to be estimated when the design matrix Z is deficient in column rank; for
example, when py > NT. One could extend our method to this setting by suitably adapting the
marginal bridge estimator of Kock| (2013), which involves a screening step to remove irrelevant
covariates before estimating a regression on the reduced design matrix in a second step. This allows
for consistency and asymptotic normality of the second-step estimator under similar assumptions
to those that we have used in this work. Alternatively, consistency (but not asymptotic normality)
could be established under weaker assumptions in the ¢ = 1 case by suitably adapting theory for
lasso estimators like Corollary 2 from |[Negahban et al.| (2012).

Another potentially useful extension would be relaxing the parallel trends assumption to allow
for heterogeneous trends as described in [Wooldridge (2021}, Section 7.2). This requires adding extra
parameters to the ETWFE estimator, but FETWFE is well-poised to adapt to this setting because
it can automatically restrict to 0 any parameters that are added unnecessarily.
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In Appendix [A] we investigate in more detail the relatively plausibility of conditional and
marginal parallel trends, how Assumption (CIUN) interacts with these assumptions, and how we
can achieve consistency of FETWFE for marginal average treatment effects under either form of
parallel trends if (CIUN) holds. We present additional results from the simulation studies from Sec-
tion [7]in Appendix [Bl We state Theorem [C.I], which Theorems [6.1], [6.2] [6.3}, and [6.4] all depend on,
in Appendix[C] and we prove it in Appendix [F] In Appendix D] we state Theorem which shows
the consistency of FETWFE for broader classes of estimators than those considered in Theorem [6.1]
Theorem [D.2)similarly extends Theorem[6.4] and Theorem [D.3]shows that two classes of conditional
treatment effect estimators are asymptotically Gaussian and provides consistent variance estimators
for constructing asymptotically valid confidence intervals, analogously to Theorem for marginal
treatment effect estimators. We prove the results from Appendix [D] along with Theorems [6.3]
and [6.4] in Appendix [E] In Appendix [G] we provide proofs for results that were stated but not
proven in Appendix [A] and supporting results used in Appendix [E] We prove supporting results for
Theorem in Appendix [H] Finally, in Appendix [[| we state and prove some technical lemmas.

A More on Parallel Trends and Assumption (CIUN)

In Section we discuss the plausibility of marginal and conditional parallel trends in relation to an
assumption of marginal or conditional (respectively) independence of the treatment and the poten-
tial outcomes. The latter assumptions imply the former, which motivates difference-in-differences
estimators like FETWFE as more plausible than identification strategies that rely on stronger
untestable assumptions.

We point out that no such strict hierarchy exists to relate marginal and conditional parallel
trends in Section [A:2}—there exist settings where either assumption can hold without the other
holding. Investigating this sheds light on when conditional or marginal parallel trends may be more
plausible. We later show (Theorem that conditional parallel trends is necessary to estimate
conditional average treatment effects via FETWFE, but there are estimators that are consistent
for marginal average treatment effects under either conditional or marginal parallel trends. So
it is natural to wonder what conditions allow an estimator to be consistent for marginal average
treatment effects under either assumption, and whether this might be possible for FETWFE. In
Section we explore when this might hold, ultimately investigating Assumption (CIUN) in more
detail and showing how it affects the consistency of regression . These ideas underlie the proof
of Theorem

A.1 Relationships Between Unconfounded Treatment Assignment, Marginally
Randomized Treatment Assignment, and Parallel Trends Assumptions

In this section we present Proposition [AI] which relates the plausibility of several assumptions on
the potential outcomes. Ultimately, this motivates difference-in-differences estimators like FETWFE
as having more plausible untestable assumptions than methods that rely on unconfoundedness (like
matching) or randomized assignment.

We consider an assumption of unconfoundedness of the untreated potential outcomes, which we
define in this setting as

74(0) LW, | X; i€ [N],ted{l,...,T}. (A1)

This requires that treatment assignment is independent of the untreated potential outcomes condi-
tional on the time-invariant (pre-treatment) covariates X,. |Abadie| (2005, Section 3.2.2) considered
a similar assumption in the 7" = 2 case. As we discuss in more detail later in this section, it has
previously been noted that the assumption of unconfoundedness (Imbens and Rubin, 2015, Def.
3.6) that is common in causal inference is a stronger assumption than (CCTS).

Sometimes unconfoundedness is taken to be a stronger assumption that all of the potential
outcomes are independent of treatment status conditional on covariates; such a condition would
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imply . Shaikh and Toulis (2021, Assumption 2.1) is one example of a work that uses such a
stronger assumption in a setting with continuous treatment status.

We note that different notions of unconfoundedness have been considered in the difference-in-
differences setting. For example, Imbens and Wooldridge (2009, Section 6.5.4) consider uncon-
foundedness in a two-period difference-in-differences setting with no covariates, where the lagged
outcome is conditioned on rather than covariates. Similarly, Callaway and Li| (2023)) consider uncon-
foundedness conditional on several lagged time-varying variables. Ding and Li (2019) and Lindner
and McConnell (2019)) consider an ignorability condition where the untreated potential outcome is
independent of treatment assignment status conditional on covariates and the lagged outcome.

We also refer to an assumption of marginal independence of the untreated potential outcomes
and treatment status,

g]it(O) 1L wW; 1€ [N},tG{l,...,T}. (AQ)

Completely randomized assignment, an assumption considered by, for example, |Athey and Imbens
(2022, Assumption 1) and Roth and Sant’Anna) (2023, Case 1), is sufficient for .

Lastly, we say that (CCTS) or (CTS) holds in a transformation-invariant sense if or
(respectively) hold under any transformation h(g;(r)) of the potential outcomes such that the ex-
pectations exist. Some works have expressed concern that parallel trends assumptions are fragile
because they may hold only if the response is not transformed, or only under a specific transfor-
mation (Meyer, |1995; |Athey and Imbens| 2006; Kahn-Lang and Lang} 2020). Roth and Sant’Anna
(2023) investigate in detail when marginal parallel trends assumptions are transformation-invariant
in the T" = 2 setting, and they point out that their arguments extend straightforwardly to the
arbitrary T setting as well as to conditional parallel trends assumptions. Proposition explicitly
draws attention to an implication of their Propositions 3.1 and 3.2 when extended to these more
general settings.

Proposition A.1. Assume that the conditional expectations in (3.1) and (3.2)) exist and are finite.

(a) Unconfoundedness of the untreated potential outcomes is a strictly stronger assumption than
conditional parallel trends: (A.1)) is sufficient for Assumption CCTS to hold in a transformation-
invariant sense, but (CCTS) does not imply unconfoundedness of the untreated potential out-
comes.

(b) Marginal independence of treatment status and the untreated potential outcomes is a strictly
stronger assumption than marginal parallel trends: (A.2)) is sufficient for Assumption CTS to
hold in a transformation-invariant sense, but (CTS) does not imply (A.2]).

Proof. (a) Under unconfoundedness , for any ¢ € [N], t € {1,...,T},r € R almost surely it
holds that
E[h(it) (0)) | Wi, X5 = E[h(g(ir) (0)) | X4] (A.3)

for any arbitrary h(-) such that the above expectation exists. For (CCTS) to hold with transfor-
mational invariance, we need that for any h(-) such that the expectations exist and any i € [N],
te{2,...,T},r € R, almost surely

E[h (@) (0)) = h(#a1)(0) | Wi, Xi] = E[R(§(it)(0)) — R(Y(i1)(0) | X

But this is immediate from (A.3). We show that the reverse implication does not hold by
constructing a counterexample. (CCTS) can be rearranged as

E[Fir)(0) | Wi, Xi] = E[Fir) (0) | Xi] = E[g1)(0) | Wi, Xi] — E[gi1)(0) | X] vt € [T].

—~

Ad)

Suppose that for all ¢ € {1,2,...,T}, it holds that E[gg(0) | Wi, Xi] — E[g)(0) | Xi] =
f(W;, X;) almost surely for an arbltrary f(-,-) that is not 1dent1cally 0. Then from (A.4) we
see that (CCTS) will hold. However, unconfoundedness does not hold since (A.3) with h(-) as
the identity function is violated.

o

:‘

38



(b) This proof is similar. Under marginal independence of treatment status and the untreated
potential outcomes (A.2)), for any ¢ € [N], t € {1,...,T},r € R almost surely it holds that

E[A(7t)(0)) | Wi] = E[A(gr)(0))] (A.5)

for any h(-) such that the expectation holds. It is immediate that for any such h(-) and any
i€ [N], t € {2,...,T}r € R, almost surely E[A(f)(0)) — h(fn) (0)) | Wi] = Elh(Gan (0)) —
h(J¢i1)(0))], so (CTS) holds with transformational invariance. On the other hand, (CTS) can
be rearranged as

E[F(it)(0) | Wil = E[g(1)(0)] = E[g(51)(0) | Wi] — E[g(;1)(0)] vt € [T]. (A.6)

If for all ¢ € {1,2,...,T} we have E[g;)(0) | Wi] — E[g)(0)] = g(W;) almost surely for an
arbitrary g¢(-) that is not identically 0, then (A.6) holds but (A.5) with h(-) as the identity
function is violated. So (CTS) holds but marginal independence of treatment status and the

untreated potential outcomes does not.
O

Since unconfoundedness often seems more plausible than marginal independence of the potential
outcomes and treatment status, Proposition (a) and (b) considered together suggest an intu-
ition that conditional parallel trends may often be more plausible than marginal parallel trends.
Proposition also points out that difference-in-differences estimators are strictly more robust
than identification strategies that rely on assumptions of completely randomized assignment or
unconfoundedness.

Proposition [A.1|(a) verifies that (CCTS) is a strictly weaker assumption than unconfoundedness.
As we mentioned earlier, this is a fairly straightforward observation that has been noted before; for
example, Abadie| (2005); [Heckman et al.| (1997), and Heckman et al. (1998]) mention that this fact
holds in the T = 2 case. Besides the previously mentioned intuition that Proposition [A.Tj(a) and (b)
provide that conditional parallel trends may be more plausible in many applications than marginal
parallel trends, we also draw attention to the facts in Proposition (a) to point out explicitly
that difference-in-differences identification strategies like FETWFE that rely on (CCTS) are more
robust than methods like matching on time-invariant covariates that rely on an unconfoundedness
assumption (Abadie and Imbens, 2006; Imbens and Rubin, [2015)).

The implications of Proposition (b) are analogous, and previous works have also shown that
random or “as good as random" treatment assignment is sufficient for (CTS) (Athey and Imbens,
2022; Roth and Sant’Annay, 2023; |Ghanem et al., 2024]).

A.2 Neither Conditional Nor Marginal Parallel Trends is Strictly More Plau-
sible

Proposition showed that (CTS) and (CCTS) are strictly more plausible than (respectively)
marginal independence of the potential outcomes and treatment and unconfoundedness. Theorem
shows that (CTS) and (CCTS) cannot be related in this way—mneither is strictly more plausible
than the other.

Theorem A.2. Assume that the conditional expectations in and exist and are finite.
Neither of conditional parallel trends or marginal parallel trends is a relaxation of the other: As-
sumption CCTS (conditional parallel trends) does not imply Assumption CTS (marginal
parallel trends), nor does (CTS) imply (CCTS).

Proof. Provided in Appendix [GI}
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We prove Theorem [A.2] by providing counterexamples where one of the parallel trends assump-
tions holds but the other does not. We briefly provide some intuition behind the counterexamples
here in order to highlight some of the relative strengths and weaknesses of each assumption.

(CCTS) may hold when the time-invariant covariates have a time-varying effect on the potential
outcomes, while (CTS) will not hold. This seems plausible if external conditions change that
change the relevance of some features for the response. Ham and Miratrix| (2022)) and |Callaway and
Karami (2023]) touch on closely related issues, investigating settings where parallel trends does not
hold because time-invariant confounders have time-varying effects on the potential outcomes. We
also expand on related ideas in Section [A23]

On the other hand, (CCTS) requires parallel trends to hold on every subgroup of X ;. But (CTS)
can hold if this is violated and parallel trends holds merely on average across the distribution of the
covariates. That is, for any r € {0} U R, the quantity

E[gt)(0) = 71y (0) | Wi = 7, Xi] — E[gir)(0) — 91y (0) | X4 (A7)

may be positive on some subgroups of X; if this is canceled out by ED being negative on other
subgroups such that holds after marginalizing the left side of @ across the distribution of
X ; conditional on W; = r and the right side across the distribution of X; conditional on W; = 0.
In this particular sense, (CTS) allows for more variation in the time trends across the distribution
of X; than (CCTS). We also emphasize that both (CCTS) and (CTS) allow for heterogeneity in
the sense that the values of E[g;1)(0) — 7¢;1)(0) | Wi, X and E[g4)(0) — §(;1)(0) | X;] may vary

However, if does not hold, holding exactly after marginalizing appropriately may
seem somewhat implausible. Nonetheless, it could be the case that is not close to holding,
but approximately holds. Relaxing (CTS) by allowing small violations has been considered
in recent works on sensitivity analyses for difference-in-differences estimation (Manski and Pepper,
2018; Ban and Kedagni, |2022; |Rambachan and Roth| [2023; |Ghanem et al., 2024). That said,
Ghanem et al. (2024 Section 7.2) point out that adjusting for covariates (that is, performing a
sensitivity analysis under an assumption of conditional parallel trends that may not hold exactly)
can result in smaller plausible ranges of marginal average treatment effects.

Overall, this suggests an intuition that (CCTS) may be somewhat more plausible in practice than
(CTS), but since neither assumption nests the other, an ideal estimator would be asymptotically
unbiased under either assumption. We discuss this in more detail in the next section.

A.3 Parallel Trends, Assumption (CIUN), and Regression (/1.5

Theorem motivates interest in estimators of marginal average treatment effects that are consis-
tent under either conditional or marginal parallel trends. We have seen that Assumption (CIUN)
is helpful for this—under the conditions of Theorem [6.I, FETWFE consistently estimates hetero-
geneous marginal average treatment effects under either conditional or marginal parallel trends if
(CIUN) holds. In this section we fill in more detail about (CIUN), build some intuition for its role
in the consistency of difference-in-differences estimators, and establish the consistency of regression
(1.5) under (CIUN).

We first introduce a related assumption that, unlike (CIUN), is not directly testable.

Assumption (CIU) (“conditional independence of trends of the untreated potential outcomes"):
Almost surely for all » € {0} UR, i € [N], and any ¢t € {2,...,T},

E [93)(0) = §1y(0) | Wi = 7] = E [§an) (0) — Gy (0) | Wi =7, X4] .

(CIU) is similar to (CIUN), but it requires the trends in the untreated potential outcomes to be
mean-independent of X; for units in all cohorts, so it cannot be tested.
It is immediate that (CCTS) and (CTS) are equivalent under (CIU).
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Proposition A.3. Under (CIU), conditional parallel trends (CCTS) and marginal parallel trends
(CTS) are equivalent.

Proof. We can apply (CIU) on each side of (CTS) to immediately yield that for any i € [N], r € R,
and any t > 2,

E[g(it)(o) - ??(11) 0) | Wi =r]= E[?(it)(o) - ﬂ(ﬂ)(o) | Wi = 0]
— E[7aity(0) — 91y (0) | Wi = r, Xii] = El[fiir)(0) — a1y (0) | Wi = 0, X3].

O

One implication of Proposition is that any method that consistently estimates the marginal
average treatment effects under either (CCTS) or (CTS) is consistent under both assumptions if
(CIU) holds.

Although (CIUN) does not guarantee the equivalence of (CTS) and (CCTS), under (CIUN)
conditional and marginal parallel trends are still connected.

Proposition A.4. Suppose (CIUN) holds. Then conditional parallel trends (CCTS) implies marginal
parallel trends (CTS).

Proof. Applying (CIUN) to one side of (CCTS), we have that for any i € [N], r € R, and any ¢t > 2,

E[7aity(0) — 91y (0) | Wi = 1, Xi] = E[g(ar)(0) — F(iny (0) | Wi = 0, X ]
( 1)(0) | Wi =1, X;] = E[fr)(0) — gny (0) | Wi = 0]
= E [E[ju)(0) — g1y (0) | Wi =7, X3] | Wi = 7] = E [E[jt)(0) — G2y (0) | Wi = 0] | W = r]
7 | = Elgair)(0) — G2y (0) | Wi = 0].

O

Proposition shows that any method that consistently estimates the marginal average treat-
ment effects is also consistent under (CIUN) and (CCTS).

Notice that Assumptions (CIU) and (CIUN) are closely related to the time-varying effects of
the covariates on the potential outcomes that we mentioned in our discussion of Theorem [A.2] in
Section [A.2] which can cause marginal parallel trends to fail to hold even if conditional parallel
trends holds. Proposition shows that (CIUN) rules out such settings.

Next we present a key result that underlies Theorem and in turn Theorems and
0.4l

Theorem A.5 (Assumption (CIUN) and the Consistency of Regression [L.5). Assume that (CNAS)
and (3.6|) from (LINS) hold.

(a) (Consistency under conditional parallel trends.) The following are equivalent: (i) conditional
parallel trends after treatment (CCTSA) holds, and (ii) for all r € R and all t > r, for the
regression estimands 1), and py, defined in it holds almost surely that the conditional
average treatment effects Toar(r,t, X;) defined in (1.6) equal 75+ (X,; —E[X; | W; =r]) | p,.

(b) (Consistency under marginal parallel trends and CIUN.) If (CIUN) and marginal parallel trends
after treatment (CTSA) hold, then for all v € R and all t > r the regression estimand 75, is
equal to the marginal average treatment effect Taorp(r,t) from (1.1))..

(c) (Identifying the bias-inducing covariates under CTSA if CIUN does not hold.) Suppose (CTSA)
and (3.5)) from (LINS) hold. Then for any r € R andt € {r,..., T},

= Tarr(r,t) — (E[X; | W =r] —E[X; | W; =0])" &
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Proof. The proofs of parts (b) and (c) are provided in Appendix Part (a) follows from
Wooldridge (2021} Sections 6.3 and 6.4), but for illustrative purposes we provide a proof in our
notation here. For all »r € R, ¢t > r and any @ in the support of X,

ot + i:ﬂ:t
9 E [Geiny (r) — Gy (r) | Wi =7, X = ] — E [ (0) — §(1)(0) | Wi = 0, X; = ]

) Elji (r) | Wi = r, X, = @] — (E[gm)m) Wi=r X, = al

+ E[giry (0) — §1)(0) | Wi = 0, X = m]>

= E[gaey(r) | Wi =r, X = @] = E[§, (0) | Wi =1, X; = ]
= TCATT(T,t,w), (A.8)

where in (a) we used (3.6) from (LINS), in (b) we used (CNAS), and (c) follows from rearranging
(CCTSA).
U

A.3.1 Discussion of Theorem [A5]
Theorem [A.5|(a) and (b) show the consistency of regression (1.5)): if (LINS), (CNAS), and (CIUN)

hold, any estimator that is consistent for the regression estimands in is also consistent for
the marginal average treatment effects under either conditional parallel trends after treatment or
marginal parallel trends after treatment. Theorem a) and (b) applies to ETWFE immediately
under the conditions of Theorem 6.1(ii) in [Wooldridge (2021]), which shows that the ETWFE esti-
mator of 7, is consistent. It also applies to FETWFE in light of Theorem |C.1j(b), which is used to
prove Theorem [6.1]

Theorem |A.5(c) shows that it is specifically the covariates X;1{t = t'} for t' € {2,..., T} (which
correspond to regression estimands &) included in regression that induce an asymptotic bias
in the estimated marginal average treatment effects Tapr(r,t’) if (CIUN) does not hold. Suppose we
assume that from (LINS) holds and X; and W; are not mean-independent; in particular, for all
re€ R wehave E[X; | W, =r| AE[X,; | W; = O]El Then if (CCTSA) and (CIUN) both do not hold,
not only does Theorem|A.5((a) show that there is no hope of estimating conditional average treatment
effects, Theorem [A.5(c) shows that in general including the covariates X;1{t = '} in a regression
induces bias in the estimated average treatment effects (since if (CIUN) does not hold and
from (LINS) does then & # O for at least some t). This is true even if (CTS) holds and the marginal
average treatment effects are estimable (by, for example, model (6.15) in |Wooldridge|[2021], which
omits these covariates). That is, the covariates X;1{t = t'} for ¢’ € {2,...,T} are “bad controls," in
the language of |Cinelli et al.| (2022). This observation aligns with the observation that Wooldridge
(2021} Section 6.3) makes that including time-invariant covariates and their interactions with cohort
dummies has no effect on the estimated marginal average treatment effects—it is specifically the
inclusion of the covariate/time dummy interactions that changes the estimand for each 7.

Notice that these covariates correspond exactly to the kind of effect of the covariates on the
untreated trends that is ruled out by Assumptions (CIU) and (CIUN), as well as the time-varying
effects of the covariates on the potential outcomes that we mentioned in our discussion of Theorem

[A92lin Section [A2]

5Notice from Theorem c) that 7% = 7arr(r,t) if and only if either E[X; | W; = r] = E[X,; | W; = 0] or

; = 0. There is an interesting connection here: it is also true that (CCTS) implies (CTS) under either independence
of X; and W; or (CIUN), which under (LINS) is equivalent to £&; = 0. The latter fact is from Proposition[A-4] Under
independence of X; and W;, the distribution of X; conditional on W; = r is identical to the marginal distribution of
X for all r € {0} UR, so we can marginalize each side of across the marginal distribution of X; to yield .
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However, if (3.5) holds, we see that under (CIUN) the coefficients & must all equal 0. In this
case, Theorem |A.5|c) shows that no harm is done to asymptotic unbiasedness by including those
coefficients in the regression, and any estimator that is consistent for 7% from ( is consistent for
7arT (7, t). (This aligns with part (b), which shows that if (CIUN) holds then we can consistently
estimate the marginal average treatment effects under (CTSA) with regression [L.5])

As we showed in Theorem under the required assumptions no harm is done to the asymptotic
efficiency of FETWFE by including irrelevant covariates (as we mentioned earlier in Remark ,
like when (CIUN) holds and all of the &; equal 0.

Theorem [A.5{(c) has similarities to Theorems 4.1 and 5.1 from Ham and Miratrix| (2022)), which
analyze the T'= 2, R = {2} and arbitrary T, R = {T'} cases, respectively. In particular, their
estimand E[#£,] matches our estimand 7%, under our assumptions, and they also identify the bias
of this estimand in order to investigate when conditional parallel trends might be more plausible
than marginal parallel trends. Besides the fact that we consider a more general staggered adoptions
(arbitrary R) setting, they also consider different structural equations for the potential outcomes (for
example, they omit interactions between the covariates and treatment status or cohort membership,
though they do allow for time-varying coefficients on the covariates) and they consider a setting
with a latent confounder.

B Additional Results For Simulation Studies

Table [ contains results for the cohort-specific squared estimation errors for the cohort-specific
average treatment effects 7o (r) as defined in . We see that on average FETWFE outperforms
every method for most cohorts, except that BETWFE outperforms FETWFE on average for cohort
2. This is because the true treatment effect for Cohort 2 is close to 0 (0.069), so BETWFE’s direct
penalization of the treatment coefficients directly towards 0 happens to be useful. In addition, this
difference in the mean outcomes seems to be driven by outliers—we see from the boxplots in Figure
(] that in the median case FETWFE still outperforms BETWFE.

Table 5] contains p-values for paired one-tailed t-tests of the alternative hypothesis that FETWFE
has lower squared estimation error than the competitor methods, showing that the differences are
statistically significant at the 0.01 level in all settings except for the Cohort 2 BETWFE estimate
and the last two ETWFE estimates, which are not significant because the ETWFE estimator has
very high variance (see Table .

Table [6] contains results for the sum of squared errors of all methods’ estimates of the treatment
interaction coefficients p*. We see that FETWFE outperforms every method. Table |7 contains
p-values for paired one-tailed t-tests of the alternative hypothesis that FETWFE has lower squared
estimation error than the competitor methods, showing that the differences are statistically signifi-
cant at the 0.05 level.

Figure[d] depicts a boxplot of the proportion of the px possible restrictions that FETWFE selects
correctly in the first simulation study. Figures [ [6] [7] [l and [9] display boxplots of these squared
errors, similar to Figure [3] for the average treatment effect. These plots also indicate that FETWFE
typically outperforms the other methods.

C Theorem

Theorem connects the bridge regression theory of [Kock (2013) to the difference-in-differences
theory of [Wooldridge (2021). It also makes use of some extensmns of the theory of Kock! (2013

(Theorem Theorem |F.5). Equipped with Theorem Theorems [6.1} u -, E and [6.4] ﬂ are

relatively straightforward to prove.

Theorem C.1. (a) (Correct specification.) Suppose Assumptions (CNAS), (CCTSB), and (LINS)
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Table 4: Means and standard errors for the squared errors of estimates of Tarr(r) by each method for each cohort in
the simulation study from Section [j

FETWFE ETWFE BETWFE  TWFE_COVS
Cohort 2 0.035 (0.006)  1.502 (0.312) 0.008 (0) 7.265 (0.163)
Cohort 3 0.037 (0.004)  0.943 (0.19)  0.425 (0.011)  1.881 (0.091)
Cohort 4  0.129 (0.009)  0.856 (0.179)  3.492 (0.016)  1.269 (0.062)
Cohort 5 0.093 (0.007)  4.12 (3.079)  4.794 (0.011)  1.685 (0.082)
Cohort 6  0.068 (0.005)  3.212 (2.016)  3.759 (0.016)  0.949 (0.049)

Table 5: p-values for paired one-tailed t-tests of the alternative hypothesis that the FETWFE estimate of Tarr(r) has
lower squared error than the competitor methods for each cohort in the simulation study from Section[?}

ETWFE BETWFE TWFE COVS

Cohort 2 1.14e-05 1 8.2e-206
Cohort 3 8.06e-06 2.35e-145 1.85e-72
Cohort 4  0.000119 0 3.89e-63
Cohort 5 0.118 0 1.12e-68
Cohort 6 0.0795 0 8.71e-60

Table 6: Means and standard errors for the summed squared errors of estimates of the treatment interaction coefficients
p* by each method for each cohort in the simulation study from Section [j

FETWFE ETWFE BETWFE
0.529 (0.00827)  38.1 (18.3)  4.82 (0.0119)

Table 7: p-values for paired one-tailed t-tests of the alternative hypothesis that the FETWEFE estimates of the treatment
interaction coefficients p* have lower summed squared error than the competitor methods for each cohort in the
simulation study from Section []

ETWFE BETWFE
0.02 0
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Figure 4: Boxplot displaying proportions of correct treatment effect restriction decisions correctly made by FETWFE
across each of the 700 simulations from the first simulation study in Sectionn
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Figure 5: Boxplots of squared errors for each method’s estimate of TarT(2) across all 700 simulations. Vertical axis
is on a log scale.
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Figure 6: Boxplots of squared errors for each method’s estimate of Tarr(3) across all 700 simulations. Vertical axis

is on a log scale.
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Figure 7: Boxplots of squared errors for each method’s estimate of Tarr(4) across all 700 simulations. Vertical axis

is on a log scale.
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hold. Then for alli € [N], t € [T], r € R,
Eljan | Wi =0, Xl = 0"+ + X (k" + &)  and
~ * * * * * * * o T *
E[y(zt) | Wi=r, XZ] =10 +%tv +X2T(K’ +£t + Cr) + ]]-{t 2 T}(Trt + X(ir)prt)a

where X (;;) = X; — E[X; | W; = r], for identifiability we define the time-dependent parameters
to equal 0 at t = 1, and recall that n*,~;, etc. are the regression estimands defined in (LINS).

(b) (Estimation consistency.) In addition to the assumptions from part (a), suppose Assump-

tions (F1), (F2), S(sy), and (R1) - (R3) hold. Then for any q > 0, HB(q) - Byl =
Op (min{hy, Ky }), where hy is defined in (6.3) and Iy is defined in (6.2)).

(¢) (Selection consistency.) Define
N = DnB%N (C.1)

and 07 = DNB(q), In addition to the previous assumptions, assume that ¢ € (0,1) and
) 4(@) p

Assumptions (R4) - (R5) hold. Then limpy_,o0 P (éfgc = 0) = 1. (This also implies that O@gc —

0, limy_,00 P (\/NTégg = O) =1, and limy_, P (\/NTUJT\,égB = 0) =1 for any sequence of
finite vectors vy € RPN.)

(@)

Further, let Sy := {j é§q) # 0}, and similarly let Sy C [pn] be the set of components of @y
that are nonzero. Then R
lim P (Sy =8y) =1

N—oo

(d) (Asymptotic normality and oracle property.) In addition to the previous assumptions, assume
Assumption (R6) holds and Assumption S(s) holds for a fired sy = s, so Sy = S is fized as well.
Let {1 N }¥_; be a sequence of real-valued vectors where for each ¥y € RPN, (py)s = o € R?
is fived and finite and (Y n)py\s = by, where {by}F_, is any sequence of constants where
each by € RPN™3 contains all finite entries. Then if o # 0,

N -1
VNT$ L0 — 0%) 4 N <0, o*aT (Cov (ZD3) ys) a> ,

where Cov (ZD]_VI)(”)S is the columns and rows of the covariance matriz corresponding to the
nonzero components of @ .

(e) (Asymptotic normality with feasible variance estimator.) Maintain the assumptions from part
(d). For a random matriz A € RNTXPN with centered columns, define

_ 1+
Cov(A) := WA A (C.2)
to be the sample covariance matriz of A. For any Ax C [pn] such that Ay # (), consider
Cov ((ZD]_Vl)(..)AN), the estimated covariance matriz of the columns of ZD]_V]L corresponding
to An. For sets (AN)S_,, define a(An) € RANI to be a fired, finite vector for each unique
An, and define the sequence of pn-vectors {1 (AN)}F_; to have components in the entries

corresponding to An equal to a(An) and remaining entries by, (An) all finite (but otherwise
arbitrary). Define the sequence of random variables Ui (An) to equal

% — NT — . ('d)N(AN)Té(q) - 17[’1\7(5)T‘9>'FN>
a(An)T (Cov ((ZD3)yay)) el An)

if Ax # 0 and Cov ((ZD]_Vl)(‘.)AN) is invertible and 0 otherwise. Then if a(S) # 0,

Ui(Sy) % N(0, 1).
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(f) (Asymptotic normality when o is estimated independently from é(q).) Maintain the assumptions
from part (e). For sets (AN)J_y, let @n(An) € RN be a sequence of random variables for
each Ay with the properties that for a given data set, A= A" implies &n(A) = &n(A") and

VNT(05)T (6n(S) — @) % N (0., vy ()

for some vy () > 0. Define the sequence of random vectors {4 5 (AN)}S_, to have components
in Ax equal to &(Ay) and components by (An) in the components corresponding to [py]\ An
that are all almost surely finite for all N. Define the sequence of random variables

Us(Ax) = VNT - ($(An) T8 = () T65)
Assume &y (Apn) and é(q) are estimated on independent data sets of size N. Then if o # 0,

Us(Sn) SN (O, o*a’ (Cov ((ZD]_\,I)(._)S))_1 a+ vw(a)) :

(9) (Asymptotic normality when o is estimated independently from é(q) with feasible variance es-
timator.) Maintain the assumptions from part (f). Define the sequence of random wvariables
Us(An) to equal

NT
N (AN)

if AN #0, &(An) # 0, and Cov ((ZD]_VI)(..)AN) is invertible and 0 otherwise, where

(P An) T8 — i (S)TOx)

on(An) = o2a(An)" (GO\V ((ZDj\,l)(,,)AN))il &(AN) + ty(a) (C.3)

and vy (o) is an estimator of vy (o) that satisfies Uy (o) 2, vy(ar). Assume an(An) and 6%

are estimated on independent data sets of size N. Then if a # 0,
Us(8n) % N(0,1).

h) (Asymptotic subgaussianity when o is estimated on the same data set as é(q) with feasible
Yy g Yy

variance estimator.) Maintain the assumptions from part (g). Define the sequence of random
variables Us(An) to equal

NT

b A(@) «
g (B (A T8~ (5) 6%
oy (An)
if Ax # 0, &(Ay) # 0, and Cov ((ZDJ_VI)(.A)AN) is invertible and 0 otherwise, where 65\(,30"5) (An)
1s defined as

UQ@(AN)T (6-0?/ ((ZDJ_Vl)(..)AN)> ' &(Apn)

+ 2\/a2d(AN)T (C/\ov ((ZD;vl)(..)AN)) " a(Ay)in(@) + du(a). (C.4)

Assume & (An) and 09 are estimated on the same data set of size N. Then if o # 0, Uy(Sn)
converges in distribution to a mean-zero subgaussian random variable with variance at most 1.

Proof. Provided in Section [F] m
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D Extensions of Main Results

Theorem is an immediate consequence of the following more general result that allows for
estimands that include broader classes of functions of the marginal cohort membership probabilities
or propensity scores.

Theorem D.1 (Consistency of FETWFE; extension of Theorem . Assume that Assumptions
(CNAS), (CCTSB), and (LINS) hold, as well as Assumptions (F1), (F2), S(sn), and (R1) - (R3).
Let ¢ > 0.

(a) Suppose that either Assumptions (CTSA) and (CIUN) hold or Assumption (CCTSA) holds.
Then for any set of finite constants {1y},

T
Z Z Urt (Tarr(r,t) — Tarr(r,t))

reR t=r

= Op (min{hN, hﬁv})

and for any differentiable function f : [0, 1]FTY — R that is pointwise finite and has a Jacobian
Ve RETDXE gt (om0, Trp) that exists and is nonzero and finite,

T
Z Zwrt (fr(frm fr?"17 cee 77%TR)7A-ATT(T7 t) - fr(ﬂ'Ov Tpqy e 77TT‘R)TATT(T7 t))

reR t=r

where @, := N, /N for all T € R, hly is defined in (6.2), and hy is defined in (6.3).

(b) Suppose Assumption (CCTSA) holds and dn = d is fized. For all N and allr € {0}UR, assume
all of the eigenvalues of Cov(X; | W; = r) are bounded between \pip > 0 and Ay < 00. Then
for any set of finite constants {1y} and any fized x in the support of X,

= Op (min{hN, h’N}) ,

T
Z Z Ure (TFoarr(ryt,x) — Toarr(r,t, m))‘ = Op(min{hy, W'y }).

reR t=r

Further, for any x in the support of X;, let #(x) be an estimator for m,(x) satisfying |7, (x) —
7.(x)| = Op(an) for a decreasing sequence ay for all v € {0} UR, and let a, and b, € RF+!
be finite vectors satisfying a, 7w(x) > 0 and b w(x) > 0 for any x in the support of X;. Then

.
> Zwrt <a m() Foarr(rt @) — o ﬂ-(w)TCATT(r,t; w))‘

reR t=r ) b;l—ﬂ-(m)

= Op(min{hy, iy} Van).

Proof. Provided in Section [E] O
Theorem is a similar generalization of Theorem

Theorem D.2 (Asymptotic Confidence Intervals for FETWFE; extension of Theorem. Assume
that Assumptions (CNAS), (CCTSB), and (LINS) hold, as well as Assumptions (F1), (F2), S(s)
for a fized s, and (R1) - (R6). Assume q € (0,1). Suppose that either Assumptions (CTSA) and
(CIUN) hold or Assumption (CCTSA) holds. Let {1y+} be an arbitrary set of finite constants, and
for all of the below results, assume at least one of the Topp(r,t) corresponding to a nonzero ¥y is
nonzero (otherwise, all of the below sequences of random variables converge in probability to 0).
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(a) For the estimator (5.9) it holds that

T
% SN wn(Fare(r t) — Tare(r ) S N(0,1),

UN " reR t=r

where U(O) is a finite-sample variance estimator defined in (E.7). (All variance estimators

depend only on the known o and the observed data.)

(b) Suppose one set of data of size N is used to estimate the cohort probabilities N, /N, and another
independent data set of size N is used to estimate each Tapr(r,t). Then for any differentiable
function f : [0,1)Ft1 — RE that is pointwise finite and has a Jacobian Vf € REFDXE 44
(M0, Tpyy - - -y Trp) that exists and is nonzero and finite, it holds that

N A d
o0 ZZW Fr Foogs gy ooy Toog ) FATT( ) = fr (Tops Topgs + ooy ) TaT(r, 1)) = N(0, 1),

reR t=r

where ﬁﬁﬁ is a finite-sample variance estimator defined in (E.11]).

(c) Suppose a single set of data of size N is used to estimate both the cohort probabilities N, /N,
and each Farr(r,t). Then for any differentiable function f : [0,1)%FY — RE that is pointwise
finite and has a Jacobian Vf € READXE qt (w7, ... 7., that exists and is nonzero and
finite, the estimator 18 asymptotically subgaussian: the sequence of random variables

20 (m)w ZZW Fr Forgs gy ooy o) FATT E) = [ (Tpy s T+ s Ty ) TATT(T, 1))

reR t=r

converges in distribution to a mean-zero subgaussian random variable with variance at most 1,

Ac . : . ‘ ‘
where 65 (" s g finite-sample conservative variance estimator defined in (E.12)).

Proof. Provided in Section [E] O

Theorem shows the asymptotic normality of two classes of conditional treatment effect esti-
mators, analogously to Theorem [D-2] and provides consistent variance estimators for constructing
asymptotically valid confidence intervals. It also provides sufficient assumptions for the FETWFE
estimators of conditional average treatment effects to converge at 1/v/N rates.

Theorem D.3 (Asymptotic Confidence Intervals for conditional average treatment effects in FETWFE).
Assume that Assumptions (CNAS), (CCTS), and (LINS) hold, as well as Assumptions (F1), (F2),
S(s) for a fized s, and (R1) - (R6). Assume q € (0,1), and assume dy = d is fized. Let {1y}

be an arbitrary set of finite constants, and for both of the below results, assume at least one of the
TearT(r, t,®) corresponding to a nonzero 1y is nonzero (otherwise, all of the below sequences of
random variables converge in probability to 0).

(a) For Toarr(r,t,x) as defined in (5.5), suppose one set of data of size N is used to estimate each
cohort conditional covariate mean X, and another independent data set of size N is used to
estimate each %,Ef) and ﬁffi) via the FETWFE regression. Then for any set of finite constants

{Yrt}rerietr,.., 1y and any fized T in the support of X, it holds that

% > 2% (Foarr(rt, ) — Tearr(r,t,®)) % N(0,1),

N reR t=r

where v(C CATT) s q finite-sample variance estimator defined in (E.13)).
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(b) Assume we have an estimator (7to(x), T, (x),. .., 7y (x)) of the generalized propensity scores
(mo(x), 7y (), ..., T p(2)) that satisfies for any fived x in the support of X;

VN (o) — mo(a), 7y, () — 70 (), . .. () — T () 4 N(0,X,)

for some finite positive definite X € RETVXEFD - Assume we also have available a consistent
estimator 3, that converges entrywise in probability to X.. Suppose one set of data of size N
is used to estimate each cohort conditional covariate mean X ,, another independent data set of
size N 1s used to estimate each ﬂgf) and pﬁ’) via the FETWFE regression, and a third indepen-
dent data set is used to estimate the generalized propensity scores. Then for any differentiable
function f : [0,1]F1 — RE that is pointwise finite and has a Jacobian Vf € REHDXRE 44

(mo(x), Ty (), ..., T p(x)) that exists and is nonzero and finite, it holds that

CCATTTK‘ ZZ%:& fr 7Tr1 7Tr2( ) '77}TR(m))%CATT(Tat>w)

reR t=r
d
—Ir (7T7“1 (w)7 Ty (33), s WTR(w)) TC'ATT(Tv t, x)) - N(Ov 1),
(C;CATT,x) ‘ . ‘ ‘
where Oy is a finite-sample variance estimator defined in (E.16)).
Proof. Provided in Section [E] O

It is trivial to extend Theorem to show that these classes of conditional average treatment
effect estimators enjoy oracle properties analogous to those of Theorem [6.3] Theorem [D-3] applies
immediately to the classes of conditional average treatment effects estimators (| P ) and . 5.7)) by the
same argument we used to prove Theorem . since the Jacobian Vf € R(E+XE

0 0 . 0
Zr’ER\rl T (:I:) —Try (113) —Trp (ZB)
(Cpermi @) (Cper (@)’ (S yrer m (@)’
‘ 1, () .  ER\rg Wr’(wg o — T () i
V.f = (ZT‘IER T, (1:)) (ZT’GR () ;l:)) (ZT‘/ER T (a:))
(Crermr (@) (Cper e (x)) (Xrer ™ (w))
at (mo(x), 7, (x),..., T, (x)) and exists and is nonzero and finite by Assumption (F2).

E Proofs of Main Results

We present two lemmas we will use in the following proofs.

Lemma E.1. The number of treatment effects 2 is at most (T — 1)2. Further, after re-ordering
the columns of Z, we can write Dy as

diag (DM (R), DT 1), 14y, 14y @ DY(R), 14, @ DN(T 1), DP)(R), I, @ DP(R)), (E.1)
where DW(t) € R is defined in (G.4) and D (R) € R¥*Y s defined in (G.5). Further, Dy

is invertible, and D&l can be written as
diag (DO(R) ™, (DO(T = 1)) Tay, Tay @ DY(R) ™ Lay 0 (DT~ 1)),
(DDR)™ Loy © (DD(R)). (E.2)

Finally, both Dy and D' consists of blocks of size at most (T — 1)? x (T — 1)%. For Dy the
entries of these blocks are either —1, 0, or 1; and for D]_\,1 the entries of these blocks are either 0
or 1. Both matrices equal 0 elsewhere.
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Lemma E.2. Under Assumption (R3), maxjepy{|(B¥);i1} < (T —1)%b;.

Proofs of both results are provided in Appendix [G.2}

E.1 Proofs of Theorems [D.1] and [6.1]
We start by proving Theorem which leads almost immediately to a proof of Theorem

Proof of Theorem[D.d]. (a) Observe that under our assumptions our model is correctly specified
due to Theorem |C.1|(a). Recall that due to Theorem under our assumptions the regression
estimands correspond to our causal estimands.

Examining our estimator 7apr(r,t) for the average treatment effect for a unit in cohort r at
time ¢ from (j5.8)), we see that we can then apply Theorem [C.1|(b) to immediately obtain that
for every r € R and t > r,

. (@) .

fd) = <18 = Billa = Op (minfhn, hy}) . (E3)

|TaTT(r, ) — TATT(7, 1) = — Tyt

Similarly, for any deterministic fixed linear combination of average treatment effects, using (E.3))
and Theorem we have that for our class of estimators (5.9) and estimands (4.8)),

T T
DD mdare(rt) = >0 urare(r,t)

reR t=r reR t=r

T
< Z Z |Ure| | TaTT (7, t) — TATT (7, 1)

reR t=r
= Op (min{hy, My}),

where we used the fact that T is fixed (and upper bounds R).

Next we characterize the rate of convergence of each f,(7g,@,,..., 7). Because by as-
sumption f(-) has a finite Jacobian Vf € REFVXE at (7 . ... ,Trp) that exists and is
nonzero and finite, we have by the asymptotic normality of the maximum likelihood estimator

(%, N]\;l , N]\? e N]:,R> (Theorem 14.6 in Wasserman|[2004) and the delta method (Theorem

3.1 in [van der Vaart/|2000) that

0,V 'EuVF)

VN (f(70, Forys s Trg) — (70, Ty ooy Trg)) = N
N0, e VT Ve,

d

=
/ PN o d

— N(fr’(ﬂ(]aﬂ-?“l?' . 'a7T7'R) - fr"(ﬂ-077r7“17 cee )ﬂ-rR)) —

for any ' € [R], where

mo(1 — 7o) — 0Ty i —TOTrp
. —7T(?7TT1 (1 — Ty ) : —7Tr.17rrR c RERHDX(R+1) (E.4)
— T g — Ty Tr gy s (1 —mp)

and e, € R is the selector vector with a 1 in the r*® entry and zeroes elsewhere. Therefore by
Theorem 2.4(i) in van der Vaart| (2000) and Proposition 1.8(iii) in (Garcia-Portugués (2023), we
have that for all r € [R]

VN | fr(Fos forgs - oy Trg) = Fr(T0s Trgs ooy g )| = Op (1)

g |fT(ﬁ0afrT1? s 77AI_T‘R) - f?‘(ﬂ-077r7‘17 o 77TTR)| = OP (\/%) . (E5)
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Finally, for our class of estimators (5.10) and estimands (4.9)), we have

T
SN i fe(Fosfry s g JPATT(r ) = Yptfr (70, Ty - g ) TATT (7, )

reR t=r
T
= |3 W[ om0, Ty eg) (Farr(r,t) — Tarr(r, 1)
reR t=r
+ (f’l”(ﬁ-OJ fr’/’17 cee )7%7"}3) - f?“(ﬂ-O) 7T7"17 e 771-1”3)) TATT(ru t)
+ (f’l”(ﬁ-Oa 7?r’f'17 s )ﬁ-?”R) - f?“(ﬂ-O) 7r7”17 e 77TTR)) (%ATT(T7 t) - TATT(Ta t))] ‘

T
Z Z¢rt(fr(7r07 Trys e oo Trg) [TATT (75 1) — TATT(T, 1) +

<
- reR t=r
| fr (70, Trry s o ooy Toppy) — fr(0s Ty ooy T )| TATT(7, T)
+ [ fr(Fos Forys - 77}7‘12) — fr(m0s Trys - - >7T7’R)| |7aTT(r, ) — TATT(7, )] )

—~

a

= Op(min{hy, by }) + Op(1/VN) + Op(min{hy, 'y })Op(1/VN)

Y Op(min{hy, by},

~

where in (a) we used that all the f,(mo, 7y, ..., 7r,) and Ta77(r, t) are finite, (E.3)), and (E.5));
and in (b) we used that 1/v/N = O(hy) since ey is upper-bounded by a constant and py is
nondecreasing.

(b) Again, using Theorem [A.5

rearr(rt,@) =75+ (ph) | (@ —E [ Xy | Wi=7]) =75+ (o) (2 — p,),

where p, :=E [ X ). | Wi = r]. Using this and (5.5) we have

|TeaTT(r,t,®) — TCarT(r, T, )|

* ~N -~ T *
Lt @ =X by — (@ - )| P
A * T /A * 5 \ ! /A * ~V T &
Trgg) — Trt + (113 - ur) (prt - prt) + (u‘r - XT) (p’rt - prt) - (XT - ur) Prt

2 (r — X)) (B~ pit)‘ (X — ) P

~(q
Trt

*
Trt” = Trt

+

T /A *
+ ‘(CL‘ - Hr) (prt - prt)

29—l = wlls 15n = PEllo + [ 1r = Xl 180 — OEella + 11X = by 105l

Op(min{hy, Wy }) + Op(min{hx, Ky}) + Op (1/VN) Op (minfhn, hiy}) + Op (1/V/N)
Op(min{hy, 5 }),

where in (¢) we applied Cauchy-Schwarz and (d) follows from Theorem |C.1} the fact that || p}||,
is fixed and bounded since d is fixed and each coefficient is finite due to LemmalE.2] and Lemma

E3t

Lemma E.3. For each r € {0} UR, let 1, € RY be constant vectors, with b, # 0 for at least
oner =r1*. For all N and all r € {0} UR, assume all of the eigenvalues of Cov(X; | W; = r)
are bounded between Apin > 0 and Ajper < 00. Then

\/N Z ’lP: (Yr - p’r) i>N(0,UR),

re{0}UR

o4



where

szcoxnyr)zp
- ¥ BT

re{0}UR
Further, for any r € {0} UR,

_ 1
1%l =0 ().
Proof. Provided in Appendix O

Next, for any deterministic fixed set of constants {1}, the above result gives us

Z Z @Z)rtTCATT(T t, CL’ Z Z ¢rt7'CATT(7" t :1:)

reR t=r reR t=r
T
< DY Wl lFearr(r.t, @) — oarT(r, ¢, )]
reR t=r
= Op(min{hy, Ky }). (E.6)

Finally, we have

STa
ZZW( — (i;)TCATTTtCU ZZ%“ ﬂi Tearr(r,t, @)

reR t=r b reR t=r
a m(x
= ZZ%t[( T ( )) (fearr(r, @, t) — Toarr(r, t, )
reR t=r b, ()
a!#(x) alw(x)
+ | = — =L T rt,x
[bjfr(m) bjﬂ(x)] carr(rt, @)
a!#(x) alm(x)
+ | = L T 7, &, t) — T r,t,x
[bTTA o b:ﬂ'(w)] (rextr(r, @, 1) — Toarr(ryt, @)
T T
a, w(x) .
< Z¢rt[ = ( )\ carr(r, @, t) — Tearr(r, t, )|
reR t=r bT TF(QS)
a'#(x) alm(x)
+ | = — = T r.t,x
b A@)  blm(m)| AT )
a'#(x) alm(x)
+ | = — = T r, @, t) — T rt,x
b A b () |TcaTT( ) — TeaTT( )

A
N

Op(min{hy, hiy}) + Op(an) + Op(an)Op(min{hy, hy})
(’)p(min{h]\/, th} vV CLN),

—~
~
-

where in (f) we used Proposition 1.8 from Garcia-Portugués (2023) and in (e) we used (E.6),
the fact that [¢),¢| is bounded for any fixed & for all » € R due to Lemma [E.2] the fact that
|rcarr(r,t,x)| and a, 7 (x) /b 7(x) are bounded for any fixed &, and Lemma

Lemma E.4. For any x in the support of X;, let & (x) be an estimator for m.(x) satisfying
|7 () — o (2)| = Op(ay) for a decreasing sequence ay for allr € {0} UR. Let a and b € R+
be finite vectors satisfying a' w(x) > 0 and b 7(x) > 0 for any = in the support of X;. Then

a'#(x) a'w(x)

b i(z) b w(x)

= O]p (aN) .
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Proof. Provided in Appendix [G.2 O
The proof is complete.
O
Proof of Theorem[6.1]. In light of Theorem to prove part (a) it is enough to note that
Fory
ZTET\’, o
Trg
JrlFo gy, mog) = | 2R
Frp
ZTGR r
(where 71, = N,/N) is pointwise (that is, almost surely) finite and show that its Jacobian at
(70, Ty .-, Try) exists and is nonzero and finite. The Jacobian at (mg, 7y, ..., 7Trp) is
0 0 0
ZrE’R\rl ﬁ’" _ 7Ar'r2 o ﬁrR
2 2 ~ 2
(Zrer ) 2rer ”f) (Zrer )
_ ﬁrl reR\rg T _ ﬁrR R+1)xR
(Z'r'ER 7Arr)z (27'672 7}74>2 (Z'r'ER 7}’")2 < R( )X ’
_ ﬁrl _ 7Ar'r2 Z'rER\rR Ttr
~ \2 .~ \2 ~ \2
(Zrer 7“") (Zrer 7”) (ZreR r)

notice it is nonzero as required.
Part (b) is immediate from Theorem [D.1j(b) using a, = e,, the selector vector with a 1 in the
rth position and zeroes elsewhere, and b, = (1,1,...,1)". O]

E.2 Proofs of Theorems 6.3, and

Next we prove Theorem[D.2] Then we will use this result to prove Theorem[6.4] and finally Theorem
0.0k

Proof of Theorem[D.3. By Theorem the average treatment effect Topr(r,t) is equal to the
regression estimand 7;5,. We will prove Theorem by applying Theorem [C.1fe), (g), and (h) with
particular choices of vectors ¢ and ¥y

L

(a) Let i(r,t) be the index of the row of Dy corresponding to (that is, the column of Z

corresponding to this regression coefficient), so that

.(q) (9)

Trt

= (DNl)i(r,t)-é

and
Tt = (D]_Vl)i(r,t)-e}k\f'

We can see from Lemma that each row of DJ_\,1 contains at most (7 — 1)? nonzero entries,
all of the nonzero entries equal 1, and the entries corresponding to the s relevant features will

. _ T. . .
stay fixed even if py — 0o. So the vector ¥ = ((D Nl)i(r,t),-) is a valid choice for Theorem

C.1(d) - (h). In fact, any fixed, finite linear combination of rows (Djvl)i(r’t)’. is a valid choice.
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We therefore have from Theorem |C.1j(e) that if at least one of the nonzero components of
(DZ_\,I),-(nt)’. corresponds to one of the s features in S,

NT — "( ) — * d
\/ HATTort ((DNl)i(nt),-e Y- (DNl)i(r,t),ﬂN) - N(0,1)
N

NT . .
= —rrog (Farr(r,t) — 7arr(r, t) = N(0,1),
oy
where 1
~ATT;r, _ — _ - B
Un t = Uz(DNl)i(r,t),S (COV ((ZDNI)()S>) <(DN1)i(r7t)73A)T7
Cov(") is defined in (C:2) and (DN ity s € RISl is a row vector that contains the S| com-

ponents of the i(r,t) row of D]_\,1 corresponding to the selected features. Similarly, for any
deterministic fixed set of constants {1}, since

T
ZsztT:tzzszt zrt 0N>

reR t=r reR t=r

we can choose 1/)5\?) =D R Z?:T 7/’7”1?(1)]7\[1);;7»,15),. to establish that

NT R
(©) ((ng?))T((’(q) - O*N)) 4 N(0,1)
Un

NT o . .

A ) Z Zwrt(TATT(V’, t) — Tarr(r,t)) = N(0,1),
UN' reR t=r
where . B
o= o? (@\)s) (Cov (2D 0s)) @) E7)

We will prove the convergence of the results with estimated cohort probabilities by applying
Theorem [C.1(g). Consider the random vector

INARRNES N AC ST S . Z Gre(DyD)igry. € RPN (E.8)
reR
and define
Cyn _
,l:bg\f ) = Z fT(’]TTlaTrrza .. ﬂ-TR Zth z(r t) € RPN
reR
so that
~(C; A)\T *
(by' )0 — (7)o
T
Z Z f?" 7T7“1’7T7"27 [ )ﬁTR)%ATT(T7 t) - fT(TrT177TT25 L) aﬂ-?“R)TATT(Ta t)) .
ER t=r
We have assumed that the (7, T, ..., 7,,) values (and therefore 1,[35\? 7Ar)) are estimated on an

A(9)

independent data set from the one used to estimate 6

VNT(9)F (5 s — @ ™)s)

. It remains to show that
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is asymptotically normal and to identify a consistent estimator for the asymptotic variance.
First we establish asymptotic normality. Because by assumption f(-) has a finite Jacobian

Vf € RETDXE at (7 7., ... ,Trp) that exists and is nonzero and finite, using the asymp-
. . . . . . r T N .
totic normality of the maximum likelihood estimator (%, NNl , NN2 Y NR) (Theorem 14.6 in

Wasserman| 2004) and the delta method (Theorem 3.1 in jvan der Vaart|2000) that

\/N(f(ﬁ-o,ﬁ-rlv"-aﬁ-m:g) 7f(7r077r7”17"',7r1”3)) i) N(())vaszf)’

where X, was defined in (E.4). Then

VNT(O)E (5 s — @8 )s)

= VNT(0%)S (Z [fr(Trys Torgy e oo s Trg) — fr(Try, Trgy o ooy Trg) Zﬂlrt )i(rt) 5)
reR

= VNT(O03)§ (M [f(Fris Fraso s o) = F(rs o))
& NO,MTVFTEyVEM),

where

Z;:rl ¢T1t(DNi)i(T1,t),S
Zt:rZ wTQt(D]_V )’i(TQ,t),S
M = c RRXS.

EZ‘:TR wTRt(D]_\[1>’i(TR,t)7S

Further, we can estimate this covariance matrix by V (Ay) defined for any Ay C [px] by

V(An) =T N(Ay) VF S0 VFNI(Ay), (E.9)
where .
Zt " %Z)m(val)z r1t) AN
A Zt o wrzt(D]_\/ )z (ra,t), AN
NI(Ay) = ; € RPXMAN,
ZZ;TR ert(D]_Vl)i(rR,t),AN
No(N — No) —NoNy, . —NoN,p,
N 1 _NONT‘ Nr (N _Nr ) e _Nr NT‘
Sur = 5 o T C e RUEADX(EHD) — (F 10)
—NoN,p, —Ny, Nyp, <o Npp(N = Nyp)

and V f' is defined by replacing each instance of 7, in Vf with its estimator .. Using the

consistency of é(Q) and the sample covariance matrix, the continuous mapping theorem yields

that

@ IV(8)8Y 2 1035 (V'S ™) IS0 (V'S ™) s(07)s,

where ), was defined in (E.4). It follows from Theorem [C.1fg) that if at least one of the
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C; .
nonzero components of ¢§V ™ corresponds to one of the s features in S, we have

NT ~(C; )\ T A0 C;m
o (@8 T - @ )Tey ) S A0, )
— Acﬂ. Z ZIth fr 7Tr177T7“27-"77%TR)7A_ATT(T7t) - fr(ﬂ'rl;ﬂ'rza-- . 77TTR)TATT(T7t))
reR t=r
4 N, 1),
where
Cit (Cs 7))\ T . -1 ~(C; 7) AD\T v ey a@
o =By )L (Cov (2D 1s)) @n s+ @) IVS)EO)s  (B11)

(c) Part (b) follows from the same argument as part (a) but applying Theorem |C.1{(h) to yield the
stated convergence when using the conservative variance estimator

~C, (cons);
UN

A~ ~

~(C: # _— 1 o A X
= 2@y )L (Cov ((ZD3)1s)) (BN s+ @IV (SO

+ M 02BN L (Gov ((ZD3)05)) @Y s 05V @) (B12)

(Recall that the random vector 'lﬁg\?’ ") was defined in Equation and the covariance matrix
estimator V' (S) was defined in Equation )

O

Proof of Theorem[6.4, Part (a) is immediate from Theorem [D.2|(a). To prove parts (b) and (c),
in light of Theorem [D.2[b) and (c) it suffices to show that (N, /Nr,..., N,,/N;) is almost surely
finite and has a Jacobian at (mg, 7y, ..., T, ) that exists and is nonzero and finite, which we already
showed in the proof of Theorem

O

Proof of Theorem[6.3 In the case where the treatment effects are nonzero, this result follows from
the same arguments that we used in the proof of Theorem but applying Theorem |C.1{(d) and
(f). The oracle properties persist even in the case that the treatment effects equal 0 because, as
noted in Theorem in this case the random variables scaled by v/ NT converge in probability
(and distribution) to 0. O

E.3 Proof of Theorem [D.3

(a) From Theorem under our assumptions the regression estimands correspond to our causal
estimands. Similarly to the proof of Theorem[D.2] we will prove the result by applying Theorem
C.1[g) and Lemma Let i(r,t,x) denote the indices of d rows of Dy corresponding to

,E)T? (that is, the columns of Z corresponding to the indicator variables for those regression
coefficients), so that

p:t = (Dji\fl)i(r,t,a:)ge*N)
and for any r € R, t > r, and « in the support of X,
rearr(rt, @) = 75+ (@ —B[X, | Wi =1))" p},
= (D]_Vl)i(r,t),- >|]<\7 + ((IZ - ]E[XZ | Wz = T])T (D&l)i(r,t,w),-e}‘
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Define

(GOATT) ,_ Z ZW ( Dy, + (@ —E[X; | Wy =1])" (D]_Vl)i(r,t,m),->

reR t=r
and
c CATT) _ B
~ Y S (O i), + (@ = X) (D irra). )
reR t=r
o)
(C;CATT), T (C:CA 4
TT\T g+ .
(B )70 — (T Ty, = > W (Fearr(r,t, @) — Tearr(r,t, @)
reR t=r
Since é( 2 and each X, are estimated on two independent data sets, é(q) is independent of

(C;CATT
¢ N ). So to apply Theorem (g) we need to establish the asymptotic normality of

~(C;CATT ; T o : : : . .
VN (¢§V ) _ q,bg\?’CATT)> 0’ and identify a consistent estimator for its asymptotic vari-
ance. Applying Lemma [E.3] we see that

. T
_ \/ﬁ(’wCCATT dJ(CCATT) *N

where
YGATT TZ (AT TCov(X, | Wy = r)ap AT
R ]P)(Wl = T‘)
for
’(/)CATT Z wrt N z(r,t,:c) Z wrtprp reR.

Notice that each ngTT is strictly positive and finite because each Cov(X; | W; = r) is assumed
to be finite and have a strictly positive minimum eigenvalue under Assumption (R6) and each

()

P(W; = r) is strictly positive under Assumption (F2). Also, by the consistency of 8" and each

N, /N and Cov(X; | W; = r), along with the continuous mapping theorem, we have that
CATT — ~CATT
e Z )" Cov(X; | Wi = r)ap, P, CATT
N,/N R

reR

where

ACATT
- Zwrtprt ) S R
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Then from Theorem g) we have

NT C;CATT), T 4(9) C;CA *
—(C.OATT) ((TPN )70 — (p T e, ) = N(0,1)
Un
NT L d
— WZZW (Tcarr(r,t, ) — Tearr(r,t, @) — N(0,1)
Un reR t=r

for

» (GOATT - B -1 .(C;CcATT
U}gﬁ;ATT) — JQ(IPEV ))T <COV ((ZDNl)()S‘)) 1/’§V )
ACATT pOATT

T ov =T
+T27:z )"Coy (NT/NW e : (E.13)

(b) Observe that

Z Zd’rtfr 71'1“1 7T7"2( ) '77TTR($))TCATT(T’t7 CL‘)

reR t=r

) S A —) (P

reR t=r

+ <D;V1>,T(m) (@ —E[X; | W; =1]) )0

= Zanfr T (@), Ty (@), T () (5) T O

reR t=r
= () o
where
Wi = (D), + (D )ipsw), (® —E[X; | W =1]) € RP (E.14)
and

A = ZZwrtfr 71 (@), T,y (@), g (@) 5 € R

reR t=r

Define the estimators

P = (DD)ie + (D )iy (= X7) (E.15)
and

CCATTﬂ' ‘ Zzl/’”fr (T, (X, Ty (), - .7ﬁrR($))@E:t

réR t=r
and notice that
(C;CATT, 7)., T 4(9) C;CATT,x *
(B )70 — (s ey
Z Z¢rt f?“ 7Tr1 7Tr2( ) . ,frrR(ﬂL‘))%CATT(T‘,t,ZU)
réR t=r
— fr (mp (), Ty (), ... g () ToATT (T, L, :c))
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C;CATT
Since by assumption each #,.(x) and X, is independent of 9 , qbg\, ™ |

é(Q)

is independent of

, and the result follows from applying Theorem |C.1[g) if we can show that
(C;CATT,x) C;CATT,m
VNT(0)" (T O

is asymptotically normal and identify a consistent estimator for the asymptotic Variance. Show-
) (C;CATT,n) Qp(c;CATTJ))
N

<¢N

into a term that converges in probability to 0, a term that has an asymptotic distribution de-
pending on VN (YT — ur) (asymptotically normal due to Lemma , and a term that de-
pends on the 7, (x) predictions (asymptotically normal by assumption and application of the
delta method). Then the sum converges to a normal distribution because of the independence
of each #,(x) and X, and Slutsky’s theorem.

ing this is conceptually straightforward—we can decompose v NT' (07

However, the calculations are sufficiently tedious that we defer the work to the proof of Lemma

[E5]
Lemma E.5. Under the assumptions of Theorem [D.5(b),

VNT(0%)T (’(p]VOCATTﬂ _wg\?;CATT,ﬂ)) i}N(()’UE%C,»cATT,W))

for

U(C;CATT,ﬂ-) _ Z (,l'bTOATT; pTOb)TCOV(XZ' | W,; = T)’I,DTCATT" prob

T T
i BV = 1) +T IV SV,

reR

¢CATT Prob s defined in , and X, was defined in the statement of Theorem , Further,
(C CATT;m) , defined in 1) is a consistent estimator for UE%C CATT,m),

Proof. Provided in Appendix [G.2] O

Then from Lemma and Theorem |C.1|(g) we have

NT (G;CATT,m)\ T (C;CATT,x «\ d
m (("/’N )70 — (p ))TBN) 5 N(0,1)
— CCATTw) ZZ%t fr (Fr (@), oy (), Trg (@) ToaTT (1, T, T)
reR t=r

— fr (e (), Ty (@), - ., T () ToATT (7, 1)) S N(0, 1),
for

o ﬂ ~(C;CATT,x o~ — (OATT R
UJ(VC,CATT, ). (¢ )) (Cov ((ZDNl)(A.)‘é)) d)N )

§{OATTm) (E.16)

F Proof of Theorem

Before we prove the individual statements, we outline our general approach. Notice that the as-
sumptions leading to equation (6.33) in |Wooldridge| (2021}, Section 6.3) are satisfied, so we have for
any i € [N]

E [ﬂ(i-) | Wi, Xi| = Z;.).8%, (F.1)
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where the subscript (i-) refers to the T observations corresponding to unit ¢. (This verifies part (a)
of Theorem , though we also provide a proof in our notation below.) We propose estimating the

bridge regression ([5.4)),

B(q) = arg min {Hy — ZBH% + /\NHDN,BHZ} :
BERPN

We proved in Lemma that the differences matrix Dy is invertible. We can therefore solve ([5.4))

through the reparameterization é(Q) =D NB(Q), solving for

6\ — argmin {|ly — ZD'6|5 + An|0]1¢}
OcRPN

using standard bridge regression. Then B(q) = D]_Vlé( O

rani and Taylor, 2011} Section 3).

Having cast as a standard bridge regression optimization problem, our results will follow
from Theorem 1, Lemma 3, and Theorem 2(ii) from Kock| (2013) if we show the assumptions are
met in our setting where

is identical to the solution to (5.4)) (Tibshi-

Yin = §4),
Xin = Z(i-)-D]_Vla
Bo= Oy,

N = ¢lr,

EiN = U,

Yin = Y,
X,y = Z;)Dy,
Xy = ZD},

Wy = (ZDy) (s,

iy = B((ZDy")(s):

€N = o~ 1/26(1),

v = q, and

kn = sn,
where the left side of each equation uses the notation from Kock (2013 and the right side uses
the notation in our setting. We focus on the random effects setting of Kock (2013) because we
cannot perform the forward orthogonal deviations transform since Z (and ZD 1) contain (linear

combinations of) time-invariant covariates and cohort indicators.
Now we are prepared to prove each statement.

(a) As mentioned earlier, under our assumptions correct specification is immediate from Equation
(6.33) in Wooldridge| (2021}, Section 6.3). We also provide a derivation for the correct specifica-
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tion here in our notation. Observe that for any i € [IV],
E [ga1) | Wi, X = z]

= I{W; = 0}E [g)(0) | W; =0, X; = x| + Z {W; =7}E [§i)(r) | Wi =7, X; = ]
rTeER

—
S}
~

= 1{W; =0}E [gun(0) | W; =0, X; = z] + Z {W; =7}E [§1)(0) | W =7, X; = x|

reR
© 10w, = 0y (n* + an*) +3 Wi =r) (n* Yt (K4 4:))
reR
— e kYW, =) (u;f + ng;s) , (F.2)

reR
where in (a) we used Assumption (CNAS) and in (b) we used (3.3)) and (3.4]) from (LINS). Next,
for any t € {2,...,T} and ¢ such that W; =0,
E (g | Wi = 0, X5
E [§0)(0) = §1)(0) | Wi = 0, X = 2] +E [§31)(0) | Wi = 0, X; = ]

() * * * *
= /e +mT(€t + K",

where in (¢) we used (3.5)) from (LINS) and (F.2]). Then for any i such that W; =r € R\ {2}
and t € {2,...,r — 1},

—~
~

—~
)
-

—
Q
=

= it (K E)

where in (e) we used (CNAS), in (f) we used (CCTSB), and in (g) we used (F.2]) and (3.5
from (LINS). Finally, for any 7 such that W; =r e R and t € {r,..., T},

E [y | Wi =7, X; = x]

= E[gj(il)‘Wi:T,XZ‘:CC]—i-E[ﬂ(it)(O) )’W—O Xz—w]
+E[§(it)(7“)—ﬂ(i1)(7‘)|W1;=7“,X¢=$] - [ﬂ(n)( ) = Gy (0) | Wi = 0, X; = x|
O v T (6 4+ E) A+ T+ B, (F.3)

where in (h) we used (F.2) and (3.5) and (3.6) from (LINS). Therefore regression (1.5) is
correctly specified and (F.1|) holds.

First we will show that Assumptions (FE1) - (FE3), (RE4), (A1), (A3), (A5), and (A6) from
Kock| (2013)) are satisfied. Then we will show that the conclusion of Theorem 1 in Kock (2013])
about 0% leads to our statement about 3%. We will use three lemmas:

Lemma F.1. The smallest and largest singular values of D n are bounded as follows: oma(Dy) <
3 and opmin (Dy) > T\/ﬁ

Lemma F.2. Under Assumption (R1) it holds that
E [(Z(i.),D]—Vl);’;t) <ks Yi€[N],jelpn]te[T]

for some finite kg > 0.
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Lemma F.3. Under the assumptions of Theorem[C.1)(b),

- 1
pix = M (£ (2DF))) = sewv  and

P2N = Amaz <2 (ZD]_VI)) < enN- 27°.

The proofs of all three of these lemmas are provided in Appendix [H Now we will verify one
assumption at a time.

In our notation, Assumption (FE1) from [Kock| (2013) requires that (Z (i-)- Dy}, ¢, wy),
are iid. This is satisfied by our Assumption (F2) since zZ (i-)- 18 a deterministic, invertible
function of (W;, X;), and D]_V1 is also deterministic and invertible conditional on (W;, X;).
Assumption (FE2) requires that E[(ZDy )(zt) ] and E[u? u ;) are finite for all i € [N],j €

[dn],t € [T]. We assumed the latter in Assumption (R1). We proved that the former is
satisfied in Lemma [F.2

Next, Assumption (FE3) requires that
E [u(i,) | Z@.).Dil,ci} =0 and
Var [u(i.) | Z(i.).D]_Vl,cz} = oIy, i € [N],
and Assumption (RE4) requires
E [c,- | Z(i.).Df\,l} = 0,
Var [ci | Z(i.)‘D]_Vl} = o2,

and that o and o2 are known and finite. Our Assumption (Fl) is sufficient for this because
conditioning on W;, X; is the same as conditioning on Z ; ) D by the following argument.

Because D Nl is invertible, the o-algebra generated by Z (i-)- D N , (Z (i.),D]_\,l), contains
the same information as o(Z (i)-)- Similarly, for each (W;, X;) there is only one valid
Z(Z) , and every valid Z( ). corresponds to a unique (W;, X;)—that is, the mapping from
(Wi, X;) to Z( )- is also invertible, so o(W;, X;) = 0(Z;.).).

Our Assumptions (R1), (R2), and (R3) exactly match assumptions (A1), (A3), and (A5),

respectively, from |Kock (2013) (in our setting where we assume 7 is fixed).

Finally, Assumption (A6) in Kock| (2013) requires that

DN + ANSN as.
Npin

0,

where p1y is the smallest eigenvalue of the random matrix s (Z D]_Vl). Under Lemma
the smallest eigenvalue of 33(Z), e;y, is within a constant factor of p;y, so our Assumption
(R2) suffices to satisfy this condition.

We have shown that the assumptions of Theorem 1 in Kock| (2013)) are satisfied, so we have

B(Q)

— 0y|l2 = Op (min{hy, Wy }). Finally, part (2) is proven because ) is within

a constant factor of Hé(q) —0%||2:

18 ~ Byl = D5 (6 - 6x) |, < DXl

0(q

< TVaT Ho - o3|, -

where in the last step we applied Lemma [F.1]

65



(c¢) In light of the results from part (a), part (c) follows from Theorem below, which extends
Lemma 3 from Kock| (2013), under our assumptions. In particular, we will show that our
Assumptions (R4) and (R5) suffice for |Kock (2013)’s Assumptions (A4) and (A7), as well as
the needed part of Assumption (A2) for Lemma 3, in Kock! (2013).

Theorem F.4 (Extension of Lemma 3 from [Kock |2013). Under the assumptions of Lemma 3
from|Kock (2015),

pr (59 1
Proof. Provided in Appendix [H] O

Remark F.1. It appears that the strategy for the proof of of Theorem [F.4) could be used to
analogously extend Lemma 2, and Theorem 2(i), in | Huang et al.| (2008).

Again we verify one assumption at a time.

e Although Lemma 3 from Kock (2013) requires their Assumption (A2) in the statement
of the theorem, examining the proof we see that a lower bound on the minimum eigen-
value is not needed—the only thing that is needed is an almost sure upper bound on the
maximum eigenvalue of ((Zval)(,‘)S), the empirical Gram matrix of the columns of
Z D]_\,1 corresponding to the relevant features in 8% . (In the proof, note the use of 7 on p.
140, and note that 7y is not needed.) Our Assumption (R4) is sufficient for this, since we
assume the maximum eigenvalue of the empirical Gram matrix for Z, ean is finite, which
ensures that the maximum eigenvalue of the Gram matrix for the full Z D&l is finite due
to Lemma This maximum eigenvalue upper-bounds the maximum eigenvalue of the

submatrix 3 ((ZD]_\,I)(._)S) .

e Our Assumption (R5) matches Assumption (A4) in [Kock (2013)) in our setting where
Ty =T is fixed.

e Finally, we show that Assumption (A7) in |Kock (2013) is satisfied under our Assumption
(R4). We need to show that

€2N
e1ny ] =X = 0,(1).
PN

But since ey < egp, almost surely
[ean ey el 1
Ny — <y = <y EE =0 — |,
PN PN PN PN
so einyean/pn = Op(1).

So the first part of the result is now immediate. It only remains to show that

Jim P (VNT8S! =0) =1.

From part (c), we have that lim,,_, P (ég@ = O) =1, so using {V NTéfgg =0} = {éfgg =0},
. Al A\ 7@ _ A\ _
Jim P <\/NTGSC = 0) ~ lim P (056 = 0) ~1.

(d) To prove parts (d) - (h), we will present an extension of Theorem 2(ii) from Kock| (2013)
that yields our result when in applied in our setting. Then we will show that the needed
assumptions are satisfied to conclude the proof. In particular, our extension (a) obtains the
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asymptotic convergence of linear combinations of the coefficients of both relevant and irrelevant
features; (b) establishes the asymptotic convergence of a statistic formed using the estimated
Gram matrix on the selected set of coefficients, not the population covariance matrix of the
true active set; (c) is like (a) when ) is estimated rather than known and is independent of
Bn; (d) is like (b) when 9y is estimated rather than known; and (e) is like (d) when By and
1ﬁ n are estimated on the same data set, so they are dependent.

Theorem F.5 (Extension of Theorem 2(ii) from Kock [2013). Suppose the assumptions of
Theorem 2(ii) from Kock (2015) are satisfied.

(a)

(b)

(c)

(Asymptotic normality when coefficients equal to 0 are included.) Let {1 }3_, be a se-
quence of real-valued vectors where 1y € RPN has the structure (o', b)) where o € R¥
is a fived, finite, nonzero vector and {by}_, is any sequence of constants where each
by € RPN=F contains all finite entries. Then

-1
VNTHL By — Bo) S N (o,a%ﬁ (ngn E [Ew]) a) -

(Asymptotic normality when coefficients equal to 0 are included and the covariance matriz
and selected set are estimated.) Define a function o that maps any A € P(N) to a fized vec-
tor a(A) € (R\ {0}, Define the sequence of vectors {1y (AN)}SS_, to have components
in Ay equal to a(An) and components {bn(An)}F_, in the components corresponding to
[pn] \ An that are all finite for all N (but are otherwise arbitrary). Define the sequence of
random variables Uy(.A) to equal

1 NT R
- _ ’ d) (A)T ﬁ_ﬁ )
7\ @A) (B(X(10)  ald) (P75 )

if A# 0 and ﬁ](X(..)A) 1s invertible and 0 otherwise, where B is the bridge estimator of
Kock (2015, Section 3). Let Sy = {j: ﬁNj # 0} be the estimated selected set on a data
set of size N, and suppose By # 0. Then if a(S) # 0, the sequence {Ub(S’N)} converges in
distribution to a standard Gaussian random variable.

(Asymptotic normality when coefficients equal to 0 are included and the weights are esti-
mated.) For any A € P(N), suppose that &n(An) is a random vector with the property
that for a given data set, A = A" implies &n(A) = &n(A’). Define the sequence of ran-
dom vectors {1 (AN)}F_, to have components in Ay equal to Gn(Ax) and components
{bN(AN)}3S_, in the components corresponding to [px]\ An that are all almost surely fi-
nite for all N (but are otherwise arbitrary). Assume that for any fived By € RPN with the k
entries in the S positions finite and the remaining entries all equal to 0,

VNTB] ($(S) =¥ (S)) & N(0,04(bo, S)).
Define the sequence of random variables U.(A) to equal
VNT ($n(A)T By = on (Ao )
where By is the bridge estimator of [Kock (2015, Section 3). Assume &y (An) is independent

of By. Let Sy = {j: BNj # 0} be the estimated selected set on a data set of size N, and
suppose By # 0. Then

-1
Ue(Sv) & N (0702‘“ <N“L“ E [Em]> a+ Uzp(ﬂo,S)) .
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(d) (Asymptotic normality when coefficients equal to 0 are included and the weights, covariance
matriz, and selected set are estimated.) Define &n(An) and the sequence of random vec-
tors {h n(AN)YS_, as in part (c), and assume they have the same properties. Define the
sequence of random variables Ug(A) to equal

NT (. TA T
i) (BB — ()T 50)
if A#0, fl(X(,.)A) is invertible, and &n(A) # 0; and equals 0 otherwise; where By is the
bridge estimator of |Kock (2013, Section 3),

~

in(A) = o*a(A)T (B(X A))_l &(A) + 6,8y, A), (F.4)

and ﬁ¢(BN,A) is an estimator of vy (Bo, A) that satisfies %(BN,S) 2 vy (B0, S). Assume
Gn(Ap) is independent of By, and suppose Bo # 0. Then Ud(SN) converges in distribution
to a standard Gaussian random variable.

(e) (Asymptotic subgaussianity when coefficients equal to 0 are included and the weights, covari-
ance matriz, and selected set are estimated.) Let the sequence of random variables U (A)
be defined the same was as Ug(A), except that we assume that &n(An) is estimated on the
same data as ﬁN, so they are not independent, and we use a different variance estimator:

NT

U(A) = | ———
ﬁg\;ons) (A)

(P (A By — ox(A)T o)

(unless ﬁ](\fom) (A) is not well-defined or equals 0, in which case Us(A) = 0), where

’[}](\?OTLS)(A) — (72&(./4)—'— (i}(X()A))_l @(.A) + fhp(BN:A)

+ 2%72a<A>T (B(X(0) " &lA) 3By, A (F.5)

is a conservative variance estimator. Assume again that @w(BN,S) LN vy (B0, S) and By # 0.

Then Ue(Sn) converges in distribution to a mean-zero subgaussian random variable with
variance at most 1.

Proof. Provided in Appendix [H] O

Remark F.2. It appears that the strategies used to prove Theorem [F.5 could be used to analo-
gously extend Theorem 2(ii) in|Huang et al.| (2008).

It only remains to show that the assumptions of Theorem are satisfied in our setting. First,
we note that Kock (2013) states on p. 123 that a fixed T' is enough to satisfy the last two
assumptions of Theorem 2(ii). We have already shown that Assumptions (FE1), (FE2), (FE3),
(RE4), (A1), (A3), (A4), (A5), (A6), and (A7) in Kock (2013)) are satisfied. Due to Theorem
3(i) from Kock| (2013), our fixed T setting ensures that the uniform integrability assumption
of Theorem 2(ii) from [Kock| (2013) is satisfied. We have assumed fixed sparsity in Assumption
S(s), and on p. 122 Kock| (2013)) explains why our fixed T" setting satisfies all of the remaining
assumptions except for (A2).

We conclude by showing that the conditions implied by Assumption (A2) in Kock| (2013) are
satisfied. |Kock| (2013) makes an assumption that the minimum eigenvalue of the empirical
Gram matrix of the columns of Z D]_\,1 corresponding to the nonzero features in 0%,

1

_ T _
NT ((ZDNl)(..)S) (ZDNI)(..)S,

68



is bounded away from 0 almost surely. Call this minimum eigenvalue e;sy. This assumption is
used in two places, both in the proof of Theorem 2(ii).

(a) On p. 142, this assumption is used to establish that
-1

q 1 bo '\ SN p
= — Ve 0

2 15 < 2 > N NT

1 A

o LA

e1sN v IN

)

where the first equivalence follows because the removed quantities are constant under our
assumptions (specifically, that T and sy are fixed). Note that our assumption ([6.5)) ensures
that this condition holds for the full empirical Gram matrix due to Lemma The
minimum eigenvalue of the full empirical Gram matrix lower bounds ejsy, so is
sufficient for this condition to hold.

(b) The assumption is used again on p. 144 of |Kock (2013]), where it is sufficient for the
minimum eigenvalue of the (population) matrix

S -1
E[$((ZD3)0s)] (F.6)
to be bounded away from 0. This is a submatrix of (6.4]), so the minimum eigenvalue of

(6.4) is a lower bound for the minimum eigenvalue of E [f] <(ZD;VI) (--)S)] . Therefore our

assumption in (R6) that the minimum eigenvalue of (6.4]) is bounded away from 0 is enough
to satisfy this assumption.

So our Assumption (R6), in combination with all of the previous assumptions, is enough to
apply Theorem and the proof is complete.

G Proofs of Results Stated in the Appendix

In Appendix we prove results that were stated but not proven in Appendix[A] In Appendix
we prove supporting results for our main theorems.
G.1 Proofs of Results from Appendix [A]

Proof of Theorem[A.3 First we provide a counterexample to show that (CCTS) does not imply
(CTS). This counterexample is inspired by discussions in Sections 2 and 3 of |Callaway and Karami
(2023) that touch on closely related issues. For simplicity, let 7' = 2 and R = {2}. Assume that
treatment status is not independent of the covariates, so E[X; | W; = 2] # E[X,; | W; = 0].
Consider a setting where from Assumption (LINS) holds with &5 # O:

E [(i2)(0) — 51y (0) | W; = 0, X;] = + X & a.s,
and the same condition holds for the untreated potential outcomes of the treated units:
E [?](12) (0) — 37(1'1)(0) | W; = 27Xi] =7 + X?E; a.s.

(CCTS) holds since E[fi2)(0) — §(i1)(0) | Wi = 2, X;] = E[§2)(0) — (1) (0) | Wi = 0, X;] almost
surely. But for r € {0,2},

E[7(i2)(0) = (1) (0) | Wi = 7] = E [E [§i2)(0) — §i1)(0) | Wi = 7, Xi] | Wi = 7]
= 7 +E[X; | W; =r]"&3,
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s0 E[g(i2)(0) — 91y (0) | Wi = 2] # E[gi2)(0) — 1) (0) | Wi = 0] since E[X; | W; = 2] # E[X; |
W; =0].

Next we show an example where (CTS) holds but (CCTS) does not. Let R = {2,...,T'}, and
suppose X; has a discrete distribution, only taking on values x; and xo. To simplify notation,
define Gt = §i1)(0) — §;1)(0) for all t € {2,...,T}. Then (CTS) is equivalent to

E[Gu | Wi = E[Gy], ie[N)te{2,. .. T}
— E[Git‘WiZO]Z E[Git‘Wi:T], TER,iE[N],tG{Q,...,T} (Gl)

and (CCTS) is equivalent to, for all ¢ € [N] and ¢t € {2,...,T},

E[Gi | Wi, Xi] = E[Gi | X ]
=  E[Gq|W,=0,X;=aj]= E[Gy |Wi=rX;=g;], je{l2reR (G2

Our goal is to construct an example where (G.1)) holds and (G.2) does not hold. Suppose that for
some a >0, for all i € [N], t € {2,...,T}

= ra, reR.

ElGi | Wi =0,X; =x1] = —a,

EGi | Wi=r,X; =21 = —ra, reR,
E[Gy | W; =0,X; = x3] = a, and
E[Gy | Wi =1, X; = x9]

By inspection, one can see that (G.2)) does not hold. We are done if we show that (G.1|) does.
Suppose W; and X; are independent: let P(W; = w, X; = z;) = 1/(2[R+ 1]) = 1/(2T) for
w e {0} UR and j € {1,2}. We have

E[Gt | Wi = 0]
1

+ E[Gzt ‘ W,=0,X; = :L'Q]]P(WZ‘ =0,X; = :]22))

=0
and for any r € R,
E[Git | Wi = 7]
1
= 57 = Bl | Wi =r. Xi =[PV =, Xi = 1)

+ E[Git | Wi=r X, = .’BQ]]P)(Wi =rX;= :IZQ))

1 1
= T —ra - — L
( ra 2T+7‘a 2T>

= 0.
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Proof of Theorem[A.5(b) and (c). For any r € R and t € {r,..., T},
Tt
= Bl + (Xi —E[X; | W =) pfy | Wi = 7]

a

= E[E [§un (r) — gany(r) | Wi =r, X;] | Wi = 7] = E [E [§()(0) — G0y (0) | Wi = 0, X3] | Wi = 7]

—
N

—~
=
=

EWMMMIm:nXﬂHﬂzﬂ—EKH%MWHﬂand

+M%Mm—ammnwa=mxw>um=ﬂ (@3)

—
O
N

= E [E[g(zt)(r) ‘ Wi =T, Xz] ’ Wi = 7’] — E[(E[g(ll)(()) ’ Wi =T, Xz]

E[g(it)(0) = g1y (0) | Wi = 0]> | W, = r]

= E [ () | Wi =7] (E 0) [ Wi =]+ E[g(it)(o)_g(il)(g)|Wi:0]>
(Z)E[ n(r) | Wi =r] —E [§u(0) | Wi = 7]
:TATT(T,t),

where in (a) we used (3.6) from (LINS), in (b) we used (CNAS), in (¢) we used (CIUN), and in (d)
we used (CTSA). This proves part (b).
Next we prove part (c). Observe that under (3.5) and (3.6) from (LINS), for any » € R and

t€{r,..., T}, starting from (G.3)) we have

*
Trt

:Emmmw\m:hXﬂH%=ﬂ—EKM%MWH%=nXA

M%mm—mmmumzaxo|m:@

—
('b
~

:EmeW\m:hXﬂUWZﬂ—EKE%MWHﬂanA

+ﬁ+Xerm:4

E [ (r) | Wi =] = (Elja (0) | Wi = 1] +77 +EIX, | Wi =€)
2 E [ (r) | Wi = r] = (Elany (0) | Wi = 1]
+E [1)(0) — G651y (0) | Wi = 0, X = E[X; | W; JH)

= E [§n)(r) — Gy (0) | Wi = 7] —E [y (0) — a1y (0) | Wi = 0]
+E [Jt) (0) = i) (0) | Wi = 0] —E [g(ir) (0) — §i1y(0) | Wi = 0, X = E[X; | W; = r]]

mare(r,) + B [E [71)(0) = F0)(0) | Wi = 0,X,] | Wy = 0] — (77 +E[X; | Wy = 1] 7€)

—~
~

—
Q
~

—
>
=

TarT(r,t) + E [%* + X/ &\ W= 0] - (7;‘ +E[X; | W; = T]TSI)
= marr(n b))+ +E[X; | Wi =0] & — (’Y: +E[X; | W; = r]TSZ‘)
= rarr(rt) + (E[X; | Wi = 0] - E[X; | Wi =])" &,

where in (e), (f), and (h) we used (3.5)) from (LINS) and (g) uses an equality we found under (CTSA)
in the proof of part (b) above as well as (3.5) from (LINS).
O
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G.2 Proofs of Supporting Results for Main Theorems

Proof of Lemma[E-. First, 20 < (T — 1)? because treatment effects are interactions between the
R < T — 1 cohort indicators and (at most) 7' — 1 treatment times.
Next, for any ¢t € N, define

1 -1 0 0 0 0
0 1 -1 0 0 0
00 1 =1 -0 0

pYey=\. . . . | er* (G.4)
00 0 0 1 -1
00 0 0 0 1

Note that this is the linear transformation we apply to several groups of coefficients in 3. For
example, for the vector of cohort fixed effects if v € RE,

vy =11

DY (R = : ,
VR —VR-1
VR

which are the transformed coefficients to which we apply an ¢, penalty. We similarly penalize v as
well as ¢, the coefficients for the interactions of the cohort fixed effects and covariate j (separately
for each of the d covariates) and §;, the coefficients for the interactions of the time fixed effects and

covariate j. So if we rearrange the columns of Z corresponding to the cohort-covariate interactions
so that all of the cohort interactions with the base effect of feature j = 1 come first, then the cohort
interactions with feature 2, and so on, we can write this Rdy x Rdy block diagonal part of Dy as
I;,® D(l)(R), where ® denotes the Kronecker product. We can likewise rearrange the columns of
Z and write the part of Dy corresponding to the time-covariate interactions as I dy ® D(l)(T —1).

We penalize the coefficients k directly, so this part of D can be represented simply as I, .

Next we consider the matrix D) (R) we use to transform the base treatment effects 7 for ¢;
penalization. The matrix D®)(R) has a similar structure to D™ (#), except that we directly penalize
each cohort’s first treatment effect, not the last one, and we penalize each cohort’s first treatment
effect towards the previous cohort’s first treatment effect. So denoting R = (r1, 79, ...,rg), D@ (R)
has a nearly block diagonal structure

pYmT o 0 0 0
ur) DY) 0 0
DOR):=| o U DY@ - o 0 eRTT  (G.5)
A1) o\ T
0 0 0 U(rr) DV(R)

where D(z) := DY(T —r, + 1) and

U(w) = ( -1 01%(T—w) > e RI—wH)x(T—w+1).
Or—wyx1  O(T—w)x(T—w)

Then D® (R)T yields the transformed treatment effects to which we apply an ¢, penalty, and
similarly, for every j € [dn], D®? (R)pj yields the transformed coefficients of the interactions
between the j™ centered covariate and the treatment effects. Putting this all together, after re-
ordering the columns appropriately we can write Dy as (E.1)).
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Next we show that these matrices are invertible by explicitly presenting their inverses. One can
verify by matrix multiplication that

1 11 1
011 1
D(l) (t)_l —10 0 1 1 € Rtxt’ (G6)
0 00 1
Similarly,
o'yt o .. 0 0
ﬁ s Di 2 L 0 0
()= [T P . S| ©n
J J > ~ 1
U(?‘1,TR) U(TQ,TR) U(TR—l,TR) D (R)T
where
1 00 --- 0
ﬁ(w1,w2) = 1 O O o | € R(T—wa+1)x(T—wi+1)
1 00 --- 0

Finally, using the properties of block diagonal matrices and the fact that D(l)(t) and D® (R) are
invertible, we have from (E.1) that D]_\,1 is

diag (D(R) ™, (DT = 1)) Loy Lay © DV (R) ™ Loy & (DO = 1)),

(DP(R) ™, Lsy, © (DA (R))™),

matching the expression from (E.2)).
Lastly, we show the claimed block diagonal structure of Dy and D]_\,l. Examining the expressions
for Dy and Djvl, it is clear that they are both block diagonal with blocks of size R <T —1, T —1,
and 20 < (T — 1)2. We have shown in this proof that all of the blocks contain entries equal to 0,
-1, or 1.
O

Proof of Lemma[E 3. By Lemma D,/ has a block diagonal structure with blocks of size at
most (T — 1)? x (T — 1)? containing entries that equal either 0 or 1, so |[Dy![loc < (T — 1)2, where
for a matrix ||||s denotes the maximum absolute row sum. Therefore

18N lle = 1PN 0¥ |e < 1PN | 103 e < (T = 1)%1,
where in the last step we used Assumption (R3). O

Proof of Lemma[E-3 To prove the result we will apply Theorem 5.1.7 in [Lehmann| (1999), which
we reproduce here:

Theorem G.1 (Theorem 5.1.7 from Lehmann|(1999)). Let a = (a1, ..., ax) be a vector of constants,
and let {UMN} and {AMNY be sequences of random variables, with U™ = ( 1(N), e U]E,N)) and
AW = (AgN), e ,A,(cN)). Suppose the sequence of random variables Ty = 25:1 ajU](N) converges
in distribution to a random wvariable T', the random variables AgN) LN a; for each j € {1,...,k},

() 1 7(N)
U;

and the random variables U](N) = Op(1). Then the sequence of random variables Z§:1 A;

converges in distribution to T.
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Given the joint probability distribution {(W;, X;)}¥,, consider the iid random variables Z;
defined by

Zi= Y par—o }m ~ELX, | W, =r)
re{0}UR ¢
B H{W;=r}
- TG%UR ]P)(‘/I/Z — )/ltb’l" ( l”"’/’) °

We have
E(Z] = E[EZ | Wi]] = E [Mwm (E[X | Wi] ~ E[X, | Wm] —E[)]=0

and

Var(Z;) = ]E[Z?] =E []E [Z’LQ | VV,H

_ 1 L
= E [(IP(WQ))QwWZ‘COV(X’ | I/Vz)q/,WZ:|
1
= Z W%TCOV(XZ- | Wi =), - P(W; =)
re{0}UR

= UR.

We can lower-bound vg uniformly across choices of 4,.: since 1), # 0 for at least one r = r* and by
assumption the smallest eigenvalue of Cov(X,; | W; = r*) is bounded below by some Api, > 0, we
L. Cov(X; | Wi = r*)ap,«

have )
Amin[|9,[[3
> > r 0
o= P(W; = ) =1 7
Similarly, since the largest eigenvalue of Cov(X,; | W; = r) < Apax for some finite Apyax for all
r € {0} UR and min,¢oyur{P(W; = )} > 0 by Assumption (R1), we can upper-bound vg by a
constant. So by the central limit theorem, for any choice of finite {1, } with at least one 1,.. # 0,

;N
ﬁzzi i> N(O;’UR)
1
= = Bav =y (Ko=) % N(O,0m)
N re{0}UR {i: I/Vzl r}
1 N, 1 d
— = L Xi—p | % NOvp)
VN clour P(W; =) N: {ZVVZT}
N, /N
— > VN (W/ )% (X, — 1) S N, vp). (G.8)

re{0}UR

Now consider the random variables

N N N
AN = (71'0‘ STy yoo s Trg )

Zz  H{W; =0} Zz]il HW; =} Zi\;l H{W; =rg}

N N N
= WO.FO’WTI‘Ni"”’WTR'Ni .
T1 TR
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By the continuous mapping theorem AWN) 2, (1,1,...,1). Further, let

v (Z“W O) g5 o — i = 0,30 2= i = ),

TT.
i=1 i=1 1

N =T
oy MViEralb e xk(x Wi:TR])>'

Vs
i=1 TR

Since from (G.8) we have
1 d
1-——UMN) 5 N(0,vR),
> ~ (0,vr)

re{0}UR

we have from Theorem

1 d
AN —_uN) 5 A0,
TE%UR T \/N r ( ’UR)

— > \/7¢T % N(0,1).

re{0}UR
Finally we prove the last claim. It follows from the above that
NIIX, — I3

converges in distribution to a generalized chi-squared random variable, so by Theorem 2.4(i) in
van der Vaart| (2000) and Proposition 1.8(iii) in (Garcia-Portugués| (2023]) we have

NIX; =3 = Op(1)

— 1
— X, — 3= —
H r l’l‘T”Q OP(N)
— |1 X o= O <1 >
ro b= PR\ UN )

Proof of Lemma[E4 For any r € R,

a'#(x) B a'7(x)

b'#(x) b w(x)
a'#(x) b w(x)—a w(x)b #(x)
b #(x)b ()

1
= 7019 an),
b7 (x) (an)
where in the last step we used our consistency assumption and the finiteness of a and b. We are

done if we can show that 1

b 7 (x)

= Op(1).
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That is, we want to show that for any € > 0 there exists a finite M, > 0 and N, > 0 such that for

all N > N,
1 1
P <TA > M€> <e — P <bT7*r(:1:) < > <e
b #(x) M.

Fix € > 0. By assumption, for any @ in the support of X; we have |[b' (#(x) — 7(x))| = Op(an),
so there exists a finite Me(l) > 0 and Ne(l) > 0 such that for all N > Ng(l),

. <|bT<fr<:c> (@) Mem) < —  P(5T#@) <bTr@) - MUay) <c
anN

Since by assumption b'mw(x) > 0, the result holds for N, > Ne(l) large enough so that for all
N > N, it holds that b' 7 (x) — MYay >0 (which is assured since ay is decreasing), and M, :=
1/ m(x) — MPay,). O

Proof of Lemma[E.5 Observe that

1&5\([3 ;CATT,m) 1/’(0 ;CATT, )
T
= Z Z fr 7rr1 777“2( ) . ,ﬁ'rR ¢rt¢rt Z fr 7Tr1 77'7"2( ) 5 Trp (:L')) Z wrt'lnb;t
reR t=r reR t=r
T
= Z Z fT 7rT1 7T7’2< ) . 77r7“R($>) 1/th (1/3:75 - "pit)
reR t=r
T
+ YN (e Ry (@), Ry (@), s g () = fr (o (), 70y (@), 7 (2))) Wiy
reR t=r
T
+ZZ f?‘ 7TT’1 7T7"2( ) '77%7“12(:13))_]07’ (77-7"1(:17)7777’2(:13)7'"77T7“R(w))>wrt (Q:Z':t_lb;t) )
reR t=r

where Q/G:t was defined in (E.15)) and 1/;; was defined in (E.14). We will show that after scaling by
v NT and multiplying by (G*N)T, terms of the first two forms converge in distribution to independent
Gaussian random variables, and terms of the third form converge in probability to 0.

e Applying Lemma [E.3] we have

Z fr (mry (@), 70y (), T () ZT: Ury ("Z’:t - "#;t)

reR t=r
= VNT Z f?" (7T7"1( y Ty (m 7TTR Z th 0* ( N )z(rt ), (YT - /'l’r))
reR

i> ./\/(0, UgATT; prob)’

where CATT; prob TC X | W: = CATT,; prob
CATT; prob . (wr ) OV( 7 | i T)’l:br

P(WZ = 7’)

rerR
for

pCATT prob . (o (@), Ty (T), .. T, (2 ZW Nitrta) - ON
= f <m1(x),%(m),...,WTR@))Z%,);, rewR. (G.9)
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e Next, using the assumed joint asymptotic normality of (wo(x), 7, (),..., 7y, (x)) and the
delta method (Theorem 3.1 in jvan der Vaart/|2000), we have for each r € R

\/ﬁ(fh (7%7“1 (.’B), 7ATT2(:E>7 ce 77%7"1{(%)) - fm (71—7'1 (m)77T7’2 (CC), s 77r7“R(:E>) LA

frr (Fr (@), Ty (), .., Torp (@) = frp (Tr (), Ty (), . .. ,WTR(QT)))
4 N(O,T-VfTEWVf)

Therefore

W(G*N)T Z (fr Fri (@), Ty (@), T (@) = fr (0 (@), 70y (), - T (0 Z Urery

reER

 VRTY (s oo (@) s @) @) — Fr (3 (@), s (@)oo 7o) S e O) 82

reR t=r

Y (o, T. ¢Ivﬂzﬂvmﬂ)

for

T T T
’(/)7T = (Z wmt(o}kV)T'lp:lt? Z wmt(e*N)T"p;gtv R Z wTRt(e*N)TwiRt>

t=r1 t=ro t=rpr

<Z¢T1t< Tre (T = [Xz'|Wi=7"1])Tpi1t>,...,

t’r‘l

Zwmt( Trpt + (T — [X¢|W¢:7“R])Tp:Rt)>_

tTR

e Finally, the above two results, along with Theorem 2.4(i) in jvan der Vaart| (2000) and Propo-
sition 1.8(iii) in |Garcia-Portugués (2023)), yield that for any r € R

T

(fT (7%7“1 (.’B), ﬁ'T2 (:13), T 77%7"1{("3)) - fT (7TT1 (:1:), Mo (.’B), <o Mrg (CC))) (GE)T Z ("ﬁ:t - d’;t)

0 (G5)o-(35) -2 (3)

SO

VNT(O8)" Y (fr (Fry (@), T (@), - g ()

reR

— fr (7, (@), Ty (@), T (@) i bt (B0~ w72

t=r

= TZZ% fr (Fery (), 7y (@), - - Torp ()

reR t=r

o (s (@), T (@), (@))) (03) T (B — w7
= VNOp (]if) ;
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and

VNT(O8)" D (fr (Fry (@), Fra (@), - ()

reER

— fr (7 (@), 700y (), - - - 777"3(513))) ZT:%: (&:t - Qp:t) 50

t=r
Putting this together and using the assumed independence, we have

\/N—( ) <¢]\? ;CATT,7) 1z)g\?;CATT,w)) $N<O’U%C;CATT,W))

for
CATT prob TC X | W, = CATT; prob
PG 3 ) CoviX: | Wi =r)yy +T -V SV,
PV = 1)
reR
Finally, consider the plug-in estimator
ACATT prob, T ~CATT; prob
~(C; T CO X W =T ~T AT A~ PUDN
Ty )Cov X, | Wi = i +T-9, VF SV F,, (G10)
N, /N,
reR
where
~CATT; prob ~
P, T = Zwmpi‘i, reRr,

Zr E’RWT
’(Z;Tl' = (Z¢T1t< 7”?35—"_( meﬁ%)w--a

t=r1

5 e (70 4 (2~ o) o) )

tTR

and V£ is defined by replacing each instance of 7, (x) in V f with its estimator 7, (x). Notice that

@%C;CATT’”) LN UJ(QC;CATT’W) by the consistency of the individual terms and the continuous mapping
theorem. O

H Proofs of Lemmas From Proof of Theorem

Proof of Lemma[F.1 Notice from (E.I)) and the expressions in the proof of Lemma that the /4
norm of each row or column of Dy is at most 3, so we have

Omax(Dn) < V|| Dn[[1| Dyl < V33 =3,

where for matrices ||-||; denotes the maximum absolute column sum of a matrix and ||-||o, denotes
the maximum absolute row sum. Now we lower bound o, (Dy). We have that for any matrix A

) > ! -
VIAT 1A

Recall our expression for val from (E.2)). The singular values of a block diagonal matrix are the
union of the singular values of the individual matrices on the diagonal, so it is enough to lower bound
the singular values of each of these individual matrices using and then take the minimum of
all of the lower bounds.

(H.1)

Omin (
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Using the expression for D(l)( t)~! from and .,
IDOOIDVO e £ = o (D) 211 (H2)

Therefore the maximum column ¢; norm of (D(2) (R))~! is 20, the ¢; norm of the first column
of (D@ (R))~1.

Similarly, using the expression for (D(2) (R))~! from , we see that the maximum row /¢;
norm, in the bottom block of (D (R))~!, is at most R—1+T —rr+1 < R+ 1, because each of
the R — 1 blocks of U matrices has a single 1 in each row and (D(l)(T —7TrRr+ 1)*1)T has a row of
T —rr+ 1 ones. So

PP R) L I(DP(R) oo < W(T +R)

1
— o (DOR) ) 2 e
W(T + R)
Using the fact that 20 < (T — 1)? from Lemma , we have
1 1

omin (DP(R))7) > (H.3)

(T -1)VT+R = (T —1)V2T -1

Finally, using (H.2|) and (H.3)), T" > 2, and the fact that the smallest singular value of the identity
matrix is 1, we have

11 1 1 1
win (D) > 1, > = '
Tmin (D) mm{R T-1 (T m/ﬁ} (T —1)V2T —1 ~ T\2T

O

Proof of Lemma@ We will first show that X; having finite fourth moments under Assumption
(R1) is enough for Z ;.. to have finite fourth moments as well. We will show that each entry of

VA (i-)- D]_V is a bounded linear combination of a finite number of elements of Z (i) and likewise for

GNZ (i-)- D;]l. Then the finite moments will follow using our Assumption (R1), Cauchy-Schwarz,
and Holder’s inequality.

Besides X;, the entries of ZZ consist of indicator variables and interactions of the indicator
variables with themselves and X ;. All of these terms are upper-bounded by the greater of 1 or
X ;. Using this, our assumption that E[X?).] is finite for all j € [py], and the fact that X; is

time-invariant, we have that for any fixed N, max;c(qy,c[m) {E[ ]} is finite.

Now we consider the entries of Z (i.).D]_Vl e RNTxpw, The columns of Z(i,).D]—V1 are linear
combinations of the columns of Z(i‘).; in particular, the j** column of Z(i,).D]_Vl is Z(i‘).(D]}l).j €
RNT | where (D]_Vl).j is the j* column of D&l. From and the expressions in the proof of
Lemma we see that Df\,l contains only entries that equal 1 or 0, so for any ¢ € [T] and j € [pn],

4

4
(Z(i')'D;Vl)Z(llt)j = |:<Z(i-)~(DN1)-j>(1t)] = Z Z(u)j/

{j’:(D;\,l)j/]-;éO}

From and the expressions in the proof of Lemma we have that D]_\,1 has a block diagonal
structure with blocks of size at most 20 < (7' —1)? (an upper bound we established in Lemma,
so this sum contains at most (T — 1)? terms before expansion. By the multinomial theorem, the
number of terms after expansion is therefore at most

(it
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T is fixed and finite, so the number of terms after expansion is finite as well. Therefore if we can
show that each summand after expansion has finite 4™ moment, we have shown that each entry of
VA (i,),DJ_Vl has finite 4"" moment.

This sum when expanded contains terms of the form Z? 1) Z(Q 1) ~(21t) , for j' #£ 3", Z?lt)j,Z(lt)jn,

Z(lt)] (1t) ,,Z(lt) o and Z(lt) /Z(lt) //Z(lt) /,/Z(lt) s (disregarding constant factors). We demon-
strate that each of these terms has finite fourth moment below using Cauchy-Schwarz and Holder’s
inequality:

e We have already shown that E[Z? (10);7] 18 finite.

1t)5/

° IE[Z( (1t ] \/E (1t) (1t) ], and terms of this form are finite using the finite fourth

moments of Z(Z.)..

e Recall that by Holder’s inequality, for any p,q > 1 such that 1/p+1/q¢ =1, if X and Y are
random variables with (E|X[P)"? and (E|Y|4)"/¢ finite then

E|XY| < (E[XP)? E]Y|9)"1.

Choosing p = 4/3 and ¢ = 4, we have

E[Z{i; Zani) < EllZang Pl Zans|] < (E {(|Z(1t)j’|3)4/3D3/4 (E [|Z(1t)j” 4})1/4
= <E|Z(1t)j’|4>3/4 (E|Z(1t)j” 4)1/4,

which is finite.

° IE[Z( 1)/ Z(lt) //Z(lt | \/E (10)7 \/IE (11) ”Z(21t)]”’] and we already showed that terms of
this form are finite.

o ]E[Z(lt) ’Z(lt) ”Z(lt)]”’Z(lt //// \/E (1t); }]E[Zglt) ’”Z(zlt)j””]’ and we already showed

that terms of this form are finite.

O

Proof of Lemma[F.3 Recall that for any matrix A, the eigenvalues of AT A are the squares of the
singular values of A. So Amin (ﬁ (ZD]_VI)T ZDZ_VI) = Omin (ZD]_VI)2 /(NT) and

/\max <]\71T (ZD ) ZD]_\/1> = Omax (ZD]_Vl)Q /(NT)7

and it is enough to bound the singular values of Z D;VI, which we can do with Lemma :

Lemma H.1. Let A and B be conformable real matrices where B has full column rank.

(a) (Theorem 2 in|Gingon|2007.)

(b) (Theorem 3.3.4 in |Horn and Johnson (1991).)

Omax (AB) < Omaz (A) Omax (B) .
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We bounded the singular values of the deterministic Djvl in Lemma . Using that and the
fact that xm0min (2)° = Amin (5pZ ' Z) = e1n, we have

1 _INT 1 1 2 —1)2
Amin <]VT, (ZDN ) ZDN ) > ﬁgmin (Z) Omin (DN )
1 -7+ 1\?
> A -
> Amm<NTZ z) (3>
> L,
=9 1N
where we used that from Lemma
1
Omax(Dn) < 3 — Umin(Dil) > 3

Similarly,

1 T 1 75 2
Amax [ == (ZDN T ZD) < Ao [ —2 ' Z (T\/QT) < eqy - 273
<NT( N) N)— <NT > = é2N ’
where we used that from Lemma

1

Umin(DN) > VAT

— Omax(DN') < TV2T.

ﬁ

O

Proof of Theorem[F.]. For clarity, we use the notation of [Kock (2013)). To extend Lemma 3 from
Kock (2013), we use a similar strategy to the one used to prove Theorem 11.3(d) in Hastie et al.
(2015). Since under Assumption (A5) from Kock| (2013) we have mini<j<ky{lB10j/} > bo, it is

enough to show that with high probability fan = 0 and [|Bx — Bn|lee < bo/2. That is,
{Bv=0}n {HBN -8y _ < 620} c {s=s}
—  {szshc {mvrobu{|av-a| > %}
£ r(s9)s e (fsojof v, )
< (o r0) o2 [ -], > )
where in (a) we used ||||os < |||l2. Lemma 3 from [Kock| (2013) establishes that
7 (i #0) .

and Theorem 1 in Kock (2013) (the assumptions of which are satisfied under the assumptions of
Lemma 3 in [Kock|2013)) establishes the consistency of Sy, which is sufficient for

. A b
(5], 8) =o.

So

N—oo

o< m 7 (545) < gm e (v #0) o i ([, > ) <o

proving the result.
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Proof of Theorem[F.3. (a) Again, for clarity we use the notation of Kockl (2013)). Since

VNTNY L (By — Bo) = VNTya' (Bin — Bro) + VNTNbN (Ban — B20)
= /NTya  (Bin — Bio) + VNTnbL fan,
if we can show that A
VNTNbiBan 20

then the result follows from Theorem 2(ii) from Kock (2013) (in particular, Equation 7.5 in the
proof) and Slutsky’s theorem. Theorem 2(i) from Kock (2013]) establishes that

li IP’(A - ):
Nl—r>noo IBQN 0

Since for any N
pN—k

{BQNZO}Q \/NTNZ‘bN ‘ 0,

we have
~ pNik ~
P(Bon = 0) <P (VNTy Y- |(bw);(Ban)s| =0 -
j=1
SO
pN—k
1> lim P | /NTy Z ) (by) 52N)_0 > lim P(ﬂzzv—o) 1,
N—oo

establishing

pN—k .

j=

Since this notion of convergence is stronger than convergence in probability, it follows that
pN—k .
VNTN > (by);(Ban); & 0,
j=1
proving the result.

(b) Since by the consistency of the sample covariance matrix and the continuous mapping theorem

1 T n 1 % T
T\ al®) (35X 1) ats) 7V a@)T lmvnEE) o)

by part (a) and Slutsky’s theorem we have that U,(S) converges in distribution to a standard
Gaussian random variable. Further, P(Uy(Sy) — Up(S) = 0) > P(Sy = S), so from Theorem
[F.4] we have
1> lim P(Up(Sy) — Up(S) =0) > lim P(Sy =S) =1,
N—o00 N—o00

which implies Uy(Sn) — Up(S) £ 0. Therefore by Slutsky’s theorem,

Up(Sn) = Up(S) + (Ub(S‘N) - Ub(8)> 4 N(0,1).
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(c) We begin by decomposing our sequence of random variables:
UeA) = VNT ($(A)B — ()T 50)
= VAT (9 ()75 = () o+ (B34 - wa(4) 6
= VAT ()" (5= o) + (9 () - w(0) o
+ ()~ ) (- 50) ). (H.4)

We examine these terms one at a time. By part (a),
~ d 71
VNT N (S) (B — Bo) & N (O,ozaT (A}un ]E[ElN]> a) .
—00

By assumption, for any Sy € RPY¥ with k entries nonzero and finite and the remaining entries
equal to 0,

VNT (0 (8) ~ %)) o S N (0, 04(50,5)).

Finally, similarly to|Kock| (2013) we partition %y (A) into component %, 5 (.A) that corresponds

~

to the nonzero coefficients £19 € R¥ and component 1,5 (A) corresponding to B9 = 0 € RPN 7K,
and likewise for ¥y (A). Then we have

(Bx () —wn () (5-50)
= (J’lN(A) - ¢1N(~A)>T (ﬁlN - 510) + (",EQN(A) - 'Ll)QN(.A))T (BQN — 520>
= <1.51N('A) - ¢1N(A))T (311\7 - 510) + (@52N(A) - ¢2N(A))T <82N> .

For the first term, applying Theorem 2.4(i) in [van der Vaart| (2000)) and Proposition 1.8(iii) in
Garcia-Portugués (2023)) termwise we have that

(Bun () = 1) (B = o) = 02 () 0 () =02 ()
IN IN Ny Vi N
~ T /4 1
= VNT (1/’1N(A) - ¢1N(A)> (ﬁlN - 510) = Op <\/N> :
For the second term, by a similar argument to the one we used in part (a), Theorem 2(i) from

~ T /.
Kock| (2013)) gives us that the vV NT ('(pQN(.A) — zngN(A)) (BQN) 2, 0. Putting this together,

VNT (4 (A) ~ o) (B fo) 20

Putting this all together, using Slutsky’s theorem and the independence of B and 1,5 N(S) we

have from (H.4) that
. —1
Uc(S) = N (0,02aT <A}1m E[ElN]> «a +v¢(ﬁo,5)) .
—00

Finally, the same argument we used in part (b) yields U(S) 4 N(0,02a” (limy_e E [Z18]) o+

vy (Bo, S))-
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(d) Using the consistency of the sample covariance matrix, the assumed consistency of &(S), the
assumed consistency of vy (fn,S), and the continuous mapping theorem,

1
N (S)
_ 1
- 1 N
VAT (30X 1) &) +u(3.5)
1

p
=

i

\/aT (im0 E[E1N])_1 a + vy (Bo, S)

so part (¢) and Slutsky’s theorem yield that Uy(S) = \/Aili(s)Uc(S) 4 N(0,1), where our finite-
N

sample variance estimator 0y (S) was defined in (F.4). Finally, the same argument we used in
part (b) yields Uy(S) 4 N(0,1).

(e) If By and ¥ ~(8) are estimated on the same data set, they are not independent. So by the
same argument we used in part (c¢) we still have

VAT @N(S)T(ﬁw ~ o)+ (B () —6n(9)) 5 °>

d

-1
- N <0,0-2aT (]\}gn E[ElN]) Ot) +N(0,U¢(ﬁ0,$)),

but because the two Gaussian random variables are neither independent nor do we know that
they are jointly Gaussian, we cannot say as much about the distribution of their sum. However,
due to Lemma we do know that they are subgaussian.

Lemma H.2. If X and Y are mean-zero subgaussian random variables, then X +Y is mean
zero and subgaussian.

Proof. Provided in Appendix[I| O

Further, since for any two random variables with finite variance by Cauchy-Schwarz
Var(X +Y) = Var(X) + 2Cov(X,Y) + Var(Y)
< Var(X) + 24/ Var(X)Var(Y) 4+ Var(Y),

we have that the above sequence of random variables converges in distribution to a subgaussian
random variable with variance at most

-1 -1
UQOzT < lim E[ZlN]> o+ 2\/U2OéT < lim E[ElN]> - ’Uw(,@o,S) + Uw(ﬁo,S).
N—o0 N—o0

Using the assumed consistency of 0y, (BN, S), we have by the continuous mapping theorem that

for @](\(;Ons) (A) as defined in (F.5)),
@§\c[ons) (8)

~ -1

= 2&(S)T (z(x(_,)s))_l &(S) + 0y (B, S) + 2\/02d(8)T (S(X(..)s)) &(S) - 0y (BN, S)

N—oo N—oo

—~1 -1
£> (7201—r ( lim E[ElN]> o+ Ud)(ﬁo,S) + 2\/02aT < lim E[ElN]) o - vw(ﬁo,S).
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Therefore by Slutsky’s theorem, U, (S) converges in distribution to a mean-zero subgaussian
random variable with variance at most 1. Finally, once again a similar argument to the one
we used in part (b) yields that U,(S) converges in distribution to the same random variable as
Ue(S).

O

I Statements and Proofs of Other Results

Proof of Lemma[H.3 The sum X + Y has mean zero due to linearity of expectation. To show
subgaussianity, it is enough to show that Eexp {t(X +Y)} < exp {K?t*} for some finite K for
all ¢ € R (Vershynin, [2018, Proposition 2.5.2). Because X and Y are subgaussian, we have that
E [exp {tX}] < exp {K%t*} and E [exp {tY'}] < exp {KZ¢*} for all t € R. So using these facts and
Cauchy-Schwarz, we have for any t € R

Eexp{t(X +Y)} = Elexp{tX}exp{tY}]
VE [exp {2t X }] E [exp {2tY}]
\/exp {Kgf . 4t2} exp {K}Q, . 4752}

= exp {2752 (K}"( + K%)} )

IN

IN

and the result is proven with K? :=2 (K)Z( + K%,)
O
Lemma 1.1. The smallest and largest singular values of G are bounded as follows: opmar(GN) <

V2 and 0 pmin (GN) > 0/\/To2 + o2,

Proof of Lemma([I.1. We will prove the result in a similar way to the proof of Lemma [F.1] By
properties of the Kronecker product, it is enough to bound the singular values of 2. We have

Omax(2) < VIQULIRlI < VIT-02 + 022 =T - 02 + 02,

where for matrices ||-||; denotes the maximum absolute column sum of a matrix and ||-||o, denotes
the maximum absolute row sum. We will use (1)) to lower-bound o, (). First we will find 271,
Observe that we can express {2 as

Q=0oIr+vv'
where v = (o, ...,0.) € RT. Therefore we can invert € using the Sherman-Morrison formula:
1 T1 10T
Q- 1 7 —Irvv’ SIr 1 1 —ZVV 1 I vo!
= i = — T— —————— = — T— 5 ——— 5
o2 1+v' LIv o2 1+ Hvlv o? 02+ To?
1_ _o2 o . o
02+To2 02+To2 02+To2
2 2 2
1| — e, 1 o
= 02+4To?2 024To? 024+To?
o : . .
__ o __ o . 17703
02+4To?2 02+4To?2 02+4To?2
Therefore
-1 2 2\ —1
1 o? o0+ 270
i () > ot (141 % ) (T2
o2+ Toz o2+ Toz

I e«
o? (02 + Tag) S o? (0'2 + Taz) B o?

o2+ 2T02 ~ 2(02+To2) 27
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Finally, using these results we have oy, <Q_1/2> > 1/y/To?+ 02 and opmax (9_1/2) < V2/0.

By properties of the Kronecker product, these bounds hold for Gy = oI @ QY2 as well after
multiplying by o.
O

Lemma 1.2. Suppose one treated cohort has fewer than dy + 1 units. Then Z does not have full
column rank.

Proof of Lemma[l.Z The treatment effect dummies can be seen as interaction effects between the
cohort dummies and (a subset of) the time dummies. In particular, the treatment effect for cohort
r at time ¢ is equal to the column for the r*® cohort dummy, but with entries for all times except ¢
set equal to 0. The T'— r + 1 treatment dummies for cohort r are mutually orthogonal and span a
(T — r 4+ 1)-dimensional subspace, and they occupy an N, (T — r + 1)-dimensional subspace, where
N, is the number of units in cohort r.

Because the covariates (like the cohort indicators) are time-invariant, the time-covariate interac-
tions are closely related to the treatment effect dummies. The covariate-time interactions for cohort
r lie in the same N, (T — r + 1)-dimensional subspace as the treatment effects for cohort r and
are either linearly dependent or span a subspace of dimension dy (T — r + 1). Z is rank deficient
in the former setting, so we assume the latter. Then the treatment dummies and covariate-time
interactions for cohort r span a subspace of dimension (dy +1)(7'—r + 1) within this N, (T —r+1)-
dimensional subspace. So if N, < dy + 1, these columns must be linearly dependent, and Z does
not have full column rank.

O

Lemma 1.3. Suppose e1n is bounded away from 0 with high probability: for some finite N*, ¢ > 0,
for all N > N* it holds that P(ein < ¢) < an for some vanishing sequence {an}. Let {Xn} be a

sequence of random variables, and suppose that Xy = Op(=1-/pn/N). Then Xy = Op(\/pn/N).

€1N

Proof of Lemma[l.3 By assumption, for every € > 0 there exists a finite MY > 0 and NV > 0
such that for all N > Ne(l),
P( eINXN

VPN /N

> M€(1)> <e.
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Now for all N > max{N*, Ne(/lg}’

(1)
P XN > Me/2
V/PN/N ¢
(1) (1)
X M, X M
=P \/% > 0/2 lein>c | Plegy >¢)+P ‘\/%‘ > 0/2 |ein <c | Pleiny < c)
PN PN
1)
X M,
S P \/% 0/2 ‘61N>C P(€1N20)+P<61N<C)
PN
(1)
X M,
<P \/pNW 61](72 |61N>C P(61N20)+P(61N<C)
N
eINXN (1)
=P \/ﬁ > Me/2 |eiv > c | Pleiny > ¢) + Plein < ¢)
N
X X
< P(% >M£}%|€1NZC>P(€1NZC)+P<;% >M€(/1;|61N<C>P(€1N<C)
PN PN
+Plerny < ¢)
X
e ( ) M;;g) 4 Bleny <)
N
< %—I—CLN.

Since ap is vanishing, there exists a finite N€(2) so that ay < ¢/2 for all N > NG(Q). Then we have
established that for any € > 0, for M, := M(l)/c and N, := max{N*, Ne(/lg, NE(Q)}, for all N > N, it

holds that

€/2
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