NBER WORKING PAPER SERIES

TWO-WAY FIXED EFFECTS AND DIFFERENCES-IN-DIFFERENCES ESTIMATORS
WITH SEVERAL TREATMENTS

Clément de Chaisemartin
Xavier D'Haultfoeuille

Working Paper 30564
http://www.nber.org/papers/w30564

NATIONAL BUREAU OF ECONOMIC RESEARCH
1050 Massachusetts Avenue
Cambridge, MA 02138
October 2022, Revised July 2023

Several of this paper’s ideas arose during conversations with Enrico Cantoni, Angelica
Meinhofer, Vincent Pons, Jimena Rico-Straffon, Marc Sangnier, Oliver Vanden Eynde, and Liam
Wren-Lewis who shared with us their interrogations, and sometimes their referees’ interrogations,
on two-way fixed effects regressions with several treatments. We are grateful to them for those
stimulating conversations. We are grateful to Yubo Wei for his excellent work as a research
assistant. We are also grateful to the editor, associate editor, and two anonymous referees for their
very helpful comments. The views expressed herein are those of the authors and do not
necessarily reflect the views of the National Bureau of Economic Research.

NBER working papers are circulated for discussion and comment purposes. They have not been peer-
reviewed or been subject to the review by the NBER Board of Directors that accompanies official
NBER publications.

© 2022 by Clément de Chaisemartin and Xavier D'Haultfoeuille. All rights reserved. Short sections
of text, not to exceed two paragraphs, may be quoted without explicit permission provided that full
credit, including © notice, is given to the source.



Two-way Fixed Effects and Differences-in-Differences Estimators with Several Treatments
Clément de Chaisemartin and Xavier D'Haultfoeuille

NBER Working Paper No. 30564

October 2022, Revised July 2023

JEL No. C21,C23

ABSTRACT

We study two-way-fixed-effects regressions (TWFE) with several treatment variables. Under a
parallel trends assumption, we show that the coefficient on each treatment iden-tifies a weighted
sum of that treatment’s effect, with possibly negative weights, plus a weighted sum of the effects
of the other treatments. Thus, those estimators are not robust to heterogeneous effects and may be
contaminated by other treatments’ effects. We further show that omitting a treatment from the
regression can actually reduce the estimator’s bias, unlike what would happen under constant
treatment effects. We propose an alterna-tive difference-in-differences estimator, robust to
heterogeneous effects and immune to the contamination problem. In the application we consider,
the TWFE regression identifies a highly non-convex combination of effects, with large
contamination weights, and one of its coefficients significantly differs from our heterogeneity-
robust estimator.

Clément de Chaisemartin

Department of Economics

University of California at Santa Barbara
Santa Barbara, CA 93106
clementdechaisemartin@ucsb.edu

Xavier D'Haultfoeuille
CREST

5 avenue Henry Le Chatelier
91764 Palaiseau cedex
FRANCE
xavier.dhaultfoeuille@ensae.fr
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Abstract

We study two-way-fixed-effects regressions (TWFE) with several treatment variables.
Under a parallel trends assumption, we show that the coefficient on each treatment iden-
tifies a weighted sum of that treatment’s effect, with possibly negative weights, plus a
weighted sum of the effects of the other treatments. Thus, those estimators are not robust
to heterogeneous effects and may be contaminated by other treatments’ effects. We further
show that omitting a treatment from the regression can actually reduce the estimator’s
bias, unlike what would happen under constant treatment effects. We propose an alterna-
tive difference-in-differences estimator, robust to heterogeneous effects and immune to the
contamination problem. In the application we consider, the TWFE regression identifies a
highly non-convex combination of effects, with large contamination weights, and one of its
coefficients significantly differs from our heterogeneity-robust estimator.

Keywords: differences-in-differences, two-way-fixed-effects regressions regressions, mul-
tiple treatments, heterogeneous treatment effects.

JEL codes: C21, C23.

1 Introduction

To estimate treatment effects, researchers often use panels of groups (e.g. counties, regions), and
estimate two-way fixed effect (TWFE) regressions, namely regressions of the outcome variable
on group and time fixed effects and the treatment. de Chaisemartin and D’Haultfeeuille (2020)
have found that almost 20% of empirical papers published by the American Economic Review
(AER) from 2010 to 2012 estimate such regressions.

Under a parallel trends assumption, TWFE regressions with one treatment identify a weighted

sum of the treatment effects of treated (g,t) cells, with weights that may be negative and sum
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to one (see de Chaisemartin and D’Haultfceuille, 2020; Borusyak and Jaravel, 2017). Because of
the negative weights, the treatment coefficient in such regressions is not robust to heterogeneous
treatment effects across groups and time periods: it may be, say, negative, even if the treatment

effect is strictly positive in every (g,t) cell.

However, in 18% of the TWFE papers published in the AER from 2010 to 2012, the TWFE
regression has several treatment variables. By including several treatments, researchers hope to
estimate the effect of each treatment holding the other treatments constant. For instance, when
studying the effect of marijuana laws, as in Meinhofer et al. (2021), one may want to separate the
effect of medical and recreational laws. To do so, one may estimate a regression of the outcome
of interest in state g and year ¢ on state fixed effects, year fixed effects, an indicator for whether
state g has a medical law in year t, and an indicator for whether state g has a recreational law

in year t.

In this paper, we investigate what TWFE regressions with several treatments identify. We
show that under a parallel trends assumption, the coefficient on each treatment identifies the
sum of two terms. The first term is a weighted sum of the effect of that treatment in each
group and period, with weights that may be negative and sum to one. A similar weighted sum
appears in decompositions of TWFE regressions with only one treatment. The second term
is a sum of the effects of the other treatments, with weights summing to zero. Accordingly,
with several treatments, coefficients in TWFE regressions may be contaminated by the effect
of other treatments, an issue that was not present with one treatment. As the weights sum to
zero, this second term disappears if the effect of the other treatments is homogeneous, but it
is often implausible that those effects are homogeneous. The weights attached to any TWFE
regression with several treatments can be computed by the twowayfeweights Stata and R
packages. Estimating those weights may be useful, to assess if a TWFE coefficient is robust to
heterogeneous treatment effects, and if it is contaminated by the effect of the other treatments

in the regression.

We consider simple examples with two treatments, to show that TWFE regressions may not
be robust to heterogeneous effects because they may leverage two types of “forbidden compar-
isons”, borrowing the terminology coined by Borusyak and Jaravel (2017). In a first example,
the coefficient on the first treatment leverages a difference-in-differences (DID) comparing the
outcome evolution of a group going from untreated to receiving both treatments to the outcome
evolution of a “control” group going from untreated to receiving the second treatment. If the
effect of the second treatment is the same in the two groups, those two effects cancel each other
out in this DID. But if the effects of the second treatment differ in the two groups, they do not
cancel each other out, and they contaminate the coefficient on the first treatment. In a second
example, the coefficient on the first treatment leverages a DID comparing the outcome evolution

of a group going from untreated to receiving the first treatment to the outcome evolution of a



“control” group that receives the second treatment at both periods. If the control group’s effect
of the second treatment is the same in the pre and in the post period, those two effects cancel
each other out in this DID. But if the control group’s effect of the second treatment changes
over time, those two effects do not cancel out, and they contaminate the coefficient on the first

treatment.

We then consider a TWFE regression that would omit the other treatments, and derive another
decomposition formula. In the presence of two treatments, a TWFE regression with only the
first treatment also estimates a weighted sum of the effect of that treatment in each group and
period, with weights that may be negative and sum to one, plus a weighted sum of the effects of
the other treatments, but with weights that do not sum to zero. Then, we use our decompositions
of the TWFE regressions with one and several treatments to derive the maximal bias of both
regressions for the average effect of the first treatment on the treated, under the assumption that
the effect of every treatment is bounded in absolute value by a (potentially large) constant in
every group and period. The ratio between the maximal biases of both regressions is independent
of that constant and can be estimated, thus allowing researchers to compare the maximal bias
of the two regressions. The ratio of the regressions’ maximal biases can either be smaller or
larger than one in practice, which means that controlling for more treatments may lead to a
more biased estimator than not controlling for them. Therefore, omitting a treatment from
the regression can actually reduce the estimator’s bias, something that cannot happen under

constant treatment effects.

Finally, we propose an alternative DID estimator that relies on common trends assumptions,
like TWFE regressions, but that is robust to heterogeneous effects and does not suffer from
the contamination problem, unlike TWFE regressions. Our estimator generalizes the DIDy;
estimator in de Chaisemartin and D’Haultfeeuille (2020) to instances with several treatments. To
isolate the effect of the first treatment, our estimator compares the ¢t — 1-to-t outcome evolution,
of switching groups whose first treatment switches from ¢t — 1 to ¢ while their other treatments
do not change, and of control groups i) whose treatments all remain the same, and ii) that had
the same treatments as the switching groups in period ¢ — 1. i) ensures that our new estimator
is robust to heterogeneous effects across groups of all treatments. ii) ensures that it is robust to
heterogeneous effects over time of all treatments. Our alternative estimator is computed by the

did_multiplegt Stata command, we refer the reader to the command’s help file for details.

Our estimator’s robustness may come at a high price in terms of external validity and statistical
precision. For instance, in our application in Section 6, we can only match a small number
of switchers to valid control groups meeting i) and ii). Then, there may be internal-external
validity and bias-variance trade-offs between our new estimator and less robust estimators, such
as the DIDy estimator in de Chaisemartin and D’Haultfeeuille (2020) or TWFE regressions

with several treatments. To account for the fact our new estimator may sometimes be estimated



on a small sample of groups, we propose, in addition to a standard confidence interval that
is asymptotically valid under weak conditions, another confidence interval that has both exact
coverage under a normality assumption and is asymptotically valid without such a normality

requirement, in the spirit of Donald and Lang (2007).

As an illustration, we use our results to revisit Hotz and Xiao (2011), who run TWFE regressions
of measures of daycare quality in state g and year ¢ on two daycare regulations in state g and
year t: the minimum number of years of schooling required to be a daycare director and the
minimum staff-to-child ratio. Focusing on the years-of-schooling treatment, we find that the
TWEFE regression with several treatments estimates weighted sums of effects with very large
negative weights attached to them, both on the treatment’s own effects, but also on the effects
of the other treatments in the regression. The TWFE regression with only the years-of-schooling
treatment has much smaller weights attached to it. As a result, the maximal bias of the TWFE
regression with several treatments is almost five times larger than that of the regression including
only the years-of-schooling treatment. Thus, the “short” regression seems preferable, at least
per our maximal-bias metric. We finally show that our heterogeneity-robust estimator is much
closer to zero than, and significantly different from, the coefficient of the TWFE regression with

several treatments.

The remainder of the paper is organized as follows. Section 2 discusses the related literature.
Section 3 presents the set up. Section 4 presents our decomposition results for TWFE regressions
with several treatments. Section 5 presents our alternative estimator. Section 6 presents our
empirical application. The Appendix gathers all proofs. The Web Appendix gathers several

important extensions, summarized in Section 5.4 of the paper.

2 Related literature
2.1 Connection with papers studying TWFE regressions with one treatment

Our paper is closely related to the recent literature showing that TWFE regressions with
one treatment variable may not be robust to heterogeneous effects (see de Chaisemartin and
D’Haultfoeuille, 2020; Goodman-Bacon, 2021; Borusyak and Jaravel, 2017). In particular, The-
orem S4 in the Web Appendix of de Chaisemartin and D’Haultfceuille (2020) studies TWFE
regressions with one treatment and some time-varying control variables. Under a parallel trend
assumption accounting for such covariates, de Chaisemartin and D’Haultfceuille (2020) show that
TWFE regressions with one treatment and some controls identify a weighted sum of the treat-
ment effects across all treated (g, t) cells. Our decomposition results are related to, but different

from, that result. The weighted sum in Theorem S4 of de Chaisemartin and D’Haultfeeuille



(2020) is identical to the first weighted sum in Theorem 2 below. On the other hand, the sec-
ond weighted sum in Theorem 2, the contamination term, does not appear in Theorem S4 of
de Chaisemartin and D’Haultfeeuille (2020). This is because the parallel trend assumptions are
not the same in the two results. When the other variables in the regression are treatments rather
than covariates (see below for the difference between a treatment and a covariate), one can show
that the parallel trends condition in Theorem S4 implicitly assumes that the effect of the other
treatments is constant, which is why the contamination term disappears.

2.2 Connection with papers studying linear regressions with several treatments

Our paper is also related to three papers that also consider linear regressions with several treat-

ments.

Firstly, our results complement the pioneering work of Sun and Abraham (2021). The au-
thors study the so-called event-study regression, an example of a TWFE regression with several
treatments, where the treatments are indicators for having started receiving a single binary-
and-staggered treatment ¢ periods ago. In those regressions, the authors show that effects of
being treated for ¢’ periods may contaminate the coefficient supposed to measure the effect of ¢
periods of treatment in the regression, and they provide a decomposition formula one can use
to quantify the extent of the phenomenon. If i) the K treatments we consider are indicators
for having started receiving a single binary-and-staggered treatment ¢ periods ago, and ii) the
treatment no longer has an effect after K 4 1 periods of exposure, then our Theorem 2 reduces
to Proposition 3 in Sun and Abraham (2021), provided no lags are gathered together in the
event-study regression they consider.!

Our decompositions extend their result, by showing that the contamination bias they first un-
covered is very pervasive: it can arise in any TWFE regression with several treatments, rather
than in event-study regressions only. In particular, our results apply to situations where the
treatments are different, potentially non-mutually exclusive policies, that may not be binary or
may not follow a staggered adoption design. Another difference with their work is that with non-
mutually exclusive treatments, the contamination weights do not sum to zero. We also provide
some novel intuition as to why contamination may arise with different, potentially non-mutually
exclusive treatments in the regression. Finally, we show that omitting the other treatments from

the regression may not necessarily increase the regression coefficient’s bias.

Secondly, Theorem 1 is also related to the pioneering work of Hull (2018). In his Section

2.2, the author studies TWFE regressions where indicators for each value that a multinomial

n their decomposition, Sun and Abraham (2021) gather groups that started receiving the treatment at the
same period into cohorts. Their decomposition can then be further decomposed, finally leading to the result in

our Theorem 2.



treatment may take are included in the regression, an example of a TWFE regression with several
treatments. Equation (15) therein is, to our knowledge, the first instance where a contamination
phenomenon was shown. However, the paper does not discuss this phenomenon. It also does not
give a decomposition formula, so one cannot use the paper’s results to compute the contamination
weights, and assess whether they are important in a given regression. Finally, the paper’s result
applies when the data has two periods, and in instances were the treatments in the regression

are indicators for each value that a multinomial treatment may take.

Thirdly, another related paper, released after ours, is Goldsmith-Pinkham, Hull and Kolesar
(2021), who show that a contamination phenomenon similar to that in Sun and Abraham (2021)
and in Theorems 1 and 2 below also arises in linear regressions with several treatments, and
a set of controls such that the treatments can be assumed to be independent of the potential
outcomes conditional on those controls. Their result is not nested within and does not nest the
results of Sun and Abraham (2021) nor ours: both Sun and Abraham (2021) and us assume
parallel trends rather than conditional independence. The weights in their decomposition are
functions of the variance-covariance matrix of the treatments conditional on the controls. An
interesting difference with our results is that under their conditional independence assumption,

the weights on the effect of the first treatment are all positive.

Overall, our four papers complement each other, and show that the contamination phenomenon is
very pervasive, as it arises under several identifying assumptions (parallel trends and conditional

independence), and irrespective of the nature of the treatments included in the regression.

3 Set up

We consider a panel of G groups observed at T periods, respectively indexed by g and t. Typ-
ically, groups are geographical entities gathering many observations, but a group could also
just be a single individual or firm. For every (g,t) € {1,...,G} x {1,...,T}, let N, denote the
population of cell (g,t), and let N =3, Ny, be the total population across all cells.

We are interested in the effect of K treatments. In this paper, we follow, e.g., Holland (1986);
Holland and Rubin (1987), and define as a treatment a variable that has a causal effect on
the outcome, in the sense that different values of that variable lead to different counterfactual
outcomes.? For every (k,g,t) € {1,..,K} x {1,..,G} x {1,...,T}, let D}, denote the value
of treatment k for group ¢ at period ¢, and let Dy, = (Dé:t)kg{l,.“’[(} denote a vector stacking
together the K treatments of group g at period t. For every k, let D, denote the values D;t can

take. For now, we assume that the treatments are binary: Dy = {0,1} for all k. This is just

2By contrast, a covariate may be statistically correlated to the outcome but does not have a causal effect on
it.



to simplify the exposition: our results can be extended to non-binary treatments, as explained

below.

For any d € {0,1}%, let Y, ,(d) denote the potential outcome of group g at period ¢ if D,; = d.
The observed outcome is Y, ; = Y, (D,,). Importantly, our notation does not necessarily rule
out dynamic effects of past or future treatments (the latter in case of anticipation effects) on
the outcome. The K treatments may for instance include lags of the same treatment variables.

We discuss this issue in more details after Theorem 2 below, and in Web Appendix Section 3.1.

We consider the treatments and potential outcomes of each (g,t) cell as random variables. For
instance, aggregate random shocks may affect the potential outcomes of group ¢ at period t,
and that cell’s treatments may also be random. All expectations below are taken with respect
to the distribution of those random variables. On the other hand, the populations of cells (g, t)

N, are treated as non-random throughout the paper.

Throughout the paper, we maintain the following assumptions. Below, we let 0 = (0, ...,0)
denote the vector of K zeros.

Assumption 1 (Balanced panel of groups) For all (g,t) € {1,...,G} x {1,....,T}, Ny > 0.

Assumption 2 (Independent groups) The vectors ((Yy(d))acqo,13%, Dy,t)ieqr,...ry are mutually

independent.

Assumption 3 (Strong exogeneity and common trends) For all (g,t) € {1,...,G} x {2,...,T},
1. E(Yg4(0) = Yg4-1(0)[Dy,1, ... Dy 1) = E(Yy(0) — Yg:-1(0)).
2. E(Y;4(0) —Y,:-1(0)) does not vary across g.

Assumption 1 requires that no group appears or disappears over time. Assumption 2 requires
that potential outcomes and treatments of different groups be independent, but it allows these
variables to be correlated over time within each group. This is a commonly-made assumption in
DID analysis, where standard errors are usually clustered at the group level (see Bertrand, Duflo
and Mullainathan, 2004). Point 1 of Assumption 3 is related to the strong exogeneity condition
in panel data models. It requires that the shocks affecting group g¢’s untreated outcome be
mean independent of group ¢’s treatments. For instance, this rules out cases where a group gets
treated because it experiences negative shocks, the so-called Ashenfelter’s dip (see Ashenfelter,
1978). Point 2 requires that in every group, the expectation of the untreated outcome follow the

same evolution over time. It is a generalization of the standard common trends assumption in
DID models (see, e.g., Abadie, 2005).

We now define the TWFE regression described in the introduction, as well as our estimand of

interest 3., the expectation of the treatment coefficient in the regression.?

3 Throughout the paper, we assume that the treatments D’;’t in Regression 1 are not collinear with the other

independhent variables in those regressions, so B re is well-defined.
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Regression 1 (TWFE regression with K treatments)

Let B = E [Bfe:|, where Bfe denotes the coefficient on D;t in a sample OLS regression of Yy,
on group fized effects, period fived effects, and the vector Dy, weighted by Ny ,.*

On top of the K treatments, the regression may also include some covariates. The decompo-
sitions below can easily be extended to this case, following the same steps as those used by
de Chaisemartin and D’Haultfeeuille (2020) to extend their decomposition of TWFE regressions
with one treatment to TWFE regressions with one treatment and some covariates (see Theorem
S4 therein).

D, = (D, ..., Drg4) be the vector collecting all the treatments in group g. Let Ny = 3, Ngﬁthlht
denote the total population of cells receiving the first treatment. Let D, = (D;yt, o Dgt)
denote a vector stacking together the treatments of cell (g,t), excluding treatment 1. Let ¢,
denote the residual of cell (g, t) in the sample regression of D;t on group and period fixed effects
and D, e

Dy =a+7,+ 0+ (Dy) ¢ + e (1)
If the regressors in Regression 1 are not collinear, the average value of ¢, across all (g,t) cells
with Dy, = 1 differs from 0: 3, py.p2 =1 (Ngt/N1)ege = ¥ (g (Ngt/N1)ej ;> 0. Then we let wg,

gt
denote ¢, divided by that average:

€git

Z(g,t):D;tZI (Ngvt/Nl)ggvt '

Wg,t =

4 TWFE regressions with several treatments
4.1 Decomposition results

4.1.1 Two treatment variables

For expositional purposes, we begin by considering the case with two treatments. For any

(g9,t) € {1,....,G} x {1,..., T}, let

Af],t = Yg,t(07 1) - Y;],t(ov O)

4 The regression could also be estimated using more disaggregated outcome data. For instance, groups may be
US counties, and one may estimate the regression using individual-level outcome measures. This disaggregated
regression is equivalent to the aggregated regression, provided Y} ; is defined as the average outcome of individuals
in cell (g,t), and the aggregated regression is weighted by the number of individuals in cell (g,t). Accordingly,

the results below also apply to disaggregated regressions.



denote the effect, in cell (g,t), of moving the second treatment from zero to 1 while keeping the

first treatment at zero. Let also
A;,t = Yq,t(la Dj,t) - Y;Lt(ov Dz,t)

denote the effect, in cell (g,t), of moving the first treatment from zero to one while keeping
the second treatment at its observed value. When one estimates a TWFE regression with two

treatments, a natural target parameter for By, the coefficient on the first treatment, is

Ng7t

darr = E
ATT N,

Dl _—
(g,t).Dgytfl

1
Agvt )

the average effect of moving D;t from 0 to 1 while keeping Dit at its observed value, across all
(g,t)s such that D}, = 1. dary is the ATT of D}, controlling for D?,. We now show that [y

does not identify d 477 in general.

Theorem 1 Suppose that Assumptions 1-3 hold and K = 2. Then,

N, N,
Bre =L Z ]\?t wg,tA;,t + Z ]\?i wg,tA?;,t . (2)
(gt):D} =1 ~ 1 (g):D2,=1 ~ 1

Moreover, Z(g,t):D;tzl(Ng,t/Nl)ww =1 and Z(W):Dg’t:l(Ngi/Nl)wgJ = 0.

Theorem 1 shows that the coefficient on D; , identifies the sum of two terms. The first term is a
weighted sum of the average effect of moving D, , from 0 to 1 while keeping D?, at its observed
value, across all (g,t) such that D;t = 1, and with weights summing to 1. The second term is
a weighted sum of the effect of moving D;t from 0 to 1 while keeping D;t at 0, across all (g, 1)
such that D2, = 1, and with weights summing to 0. If the effect of D?, is constant (A2, = 6°
for all (g,t)), this second term is equal to zero, but it may differ from zero if the effect of Dz,t is

heterogeneous.

Theorem 1 implies that there are two reasons why ;. may differ from d477. First, some of the

weights wy; may differ from one. When the weights w,, differ from one, one may have that

N,
E Z ]\Zt wg,tA;,t # OarT,

(g,t):D;’tzl

if the effect of D;, is heterogeneous across (g,t) cells. Some of the weights w,, could even
be negative, in which case F {Z(g’t):D;tzl(Ng’t/Nl)wg,tA;,t} does not satisfy the no-sign reversal
property: this quantity could for instance be negative, even if A;t > 0 for all (g,t). With two
treatments, negative weights can occur even in very simple designs, where there would not be

any negative weights in the absence of the second treatment. For instance, consider a standard



DID set-up without variation in treatment timing but with two treatments: some groups start
receiving the first treatment at a date 7, and a subset of those groups then start receiving the
second treatment at a later date 72. In the absence of the second treatment, one can show that
the coefficient on D;,t in the regression of Y,; on group fixed effects, period fixed effects, and
D;,t identifies the ATT of D;,t and does not have negative weights attached to it. On the other
hand, in the presence of the second treatment, one can show that 3¢ no longer identifies the
ATT of D;,t and may have negative weights attached to it (see Corollary 1 in de Chaisemartin
and d’Haultfoeuille, 2021, a previous version of this paper, for a formal statement and a proof

of these results).

The second reason why 8f. may differ from 0477 is that 8¢ may also be contaminated by the
effect of DZ ,: if that effect is heterogeneous across (g,t) cells, E {Z(g,t):Dg’tzl(Ng,t/Nl)wmA;t}
may differ from zero. Such a contamination phenomenon is not present in the presence of one
treatment only (see de Chaisemartin and D’Haultfceuille, 2020). Below, we give some intuition

as to why it arises.

Theorem 1 can be extended to non-binary ordered treatments, that may be continuous or dis-
crete. When D;, # 0,let S}, = (Yg.(D; ,, D2 ) =Yy4(0, D2 ,)) /D, , be the slope of cell (g,t)’s po-

g,t)
tential outcome function, when moving its first treatment from 0 to D;t, while keeping its second
treatment at its observed value. Similarly, when D2, # 0, let S, = (V,,(0, D?,)=Y,,(0,0))/Dz ,.

Finally, let

Dk
Eqit

9, it
wh, = g

T Y gy Nt/ N1)egi Dy’
for k = 1,2. If D}, and D?, are non-binary, one can show, following similar steps as in the proof
of Theorem 1, that

Ng,t 1 q1 Ng,t 2 Q2
Bre=FE Z leg,tsg,t + Z N, wg,th,t
(gvt):D;,t7é0 (gvt):Dg,t7§0
Moreover, Z(g’t):D;’#o(Ng,t/Nl)w;t = 1 and 2(977&):[)37#0(Ngﬂf/Nl)w;t = 0. Essentially, Theo-
rem 1 extends to non-binary treatments, replacing the average treatment effects A;t and A37t
by slopes of (g,t)-cells’ potential outcome functions, from a treatment of zero to their actual

treatment. The decomposition in the previous display does not assume a linear treatment effect.

4.1.2  More than two treatment variables

We now go back to the general case where K may be greater than 2. We let 07! = (0, ..., 0) be

the vector of K — 1 zeros. We also define

A:gll,t = YTQJ(LD;tl) - }/g,t<0a D_1)7

g:t

Al =Y,4(0,D; 1) = Y, (0,071,

10



A;}t is the effect, in cell (g,t), of moving the first treatment from zero to one while keeping the
other treatments at their observed values. A;tl is the effect, in cell (g,t), of moving the other

treatments from zero to their actual values, while keeping the first treatment at zero.

Theorem 2 below generalizes Theorem 1.

Theorem 2 Suppose that Assumptions 1-3 hold. Then,

N, N, _
Bre=E > ]\?t Wy, + > ]\?t WAy
(9:t):Dy ;=1 L (9:t):D, {#01 1
Moreover, Z(g,t):D;,tzl(Ng7t/N1)wg7t =1, and if K = 2 or the treatments D}, ..., DY, are mutu-

ally exclusive, Z(gvt):D;#O,l(Ng7t/N1)wg,t =0.

Theorem 2 is similar to Theorem 1, except that when K > 2, we do not always have

N,
Z ]\zt ww =0.

(g.t):D, {#01

The contamination weights on the effects of the other treatments may not sum to 0. Accordingly,
even if the effects of all treatments are constant, B e may still be biased for the first treatment’s
effect.

There are three special cases where the weights on the effects of the other treatments sum to 0.
The first one is when K = 2, as shown in Theorem 1. The second one is when the treatments
D2

g,tr
complementarity or substitutability between the treatments D

that for all (g,t), there exists (0} )r—s,.. x such that

e Dgt are mutually exclusive, as stated in Theorem 2. The third one is when there is no

2

21 DY, Specifically, assume

g,t7g,t*

K
E[A, D] = ;2 Dk o (3)

Then, we obtain Decomposition (4) below. The corresponding weights can be computed using

the twowayfeweights Stata command.

Corollary 1 Suppose that Assumptions 1-3 and (3) hold. Then,

— B Ngvt Al X Ng,t 5k 4
6f€ - Z N wgvt g:t + Z Z Nl wgvt g,t ° ( )

1 —
(g,t):D;ytZI k=2 (g,t):D’g“ytzl

Moreover, Z(g,t):D;,tzl(Ng,t/Nl)wgﬂg =1, and Z(g,t):D;t:l(Ng,t/Nl)wgi =0 for every k € {2,..., K}.
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On the other hand, when the treatments are not mutually exclusive and may be complementary
or substitutable /3 e could be biased even under constant treatment effects. This is because in

that case, Regression 1 is misspecified, and should include the interactions of the treatments.

Importantly, Theorem 2 does not necessarily rule out dynamic effects of past treatments on the
outcome; similarly, it can allow for anticipation effects. The treatments in the regression may
for instance be the current treatment, and some of its lags and leads. In that case, our potential
outcome notation allows the current treatment and its lags and leads included in the regression
to affect the outcome. Accordingly, the twowayfeweights Stata command can also be used
to compute the weights attached to distributed-lags regressions of an outcome on the current

treatment, and some of its lags and leads.

4.2 Intuition for, and a perhaps surprising implication of, the contamination bias

4.2.1 Intuition for the contamination bias

The reasons why TWFE regressions are not robust to heterogeneous treatment effects are
now well understood (see de Chaisemartin and D’Haultfceuille, 2018; de Chaisemartin and
D’Haultfeeuille, 2020; Goodman-Bacon, 2021; Borusyak and Jaravel, 2017). In this section,
we give intuition as to why ¢, may be affected by contamination bias. To do so, we start by
considering two very simple examples, one where contamination bias is absent, and the other

where it is present.

First, assume that there are three groups and two time periods. With probability one, no group
is treated at period 1, and at period 2 group 2 receives the first treatment while group 3 receives

the second treatment. Then, it is easy to show that

~

Bre =Yap —Ya1 — (Y12 —Y11). (5)

The right-hand side of the previous display is a DID comparing the period-one-to-two outcome
evolution of group 2, that starts receiving the first treatment at period 2, to that of group 1,
that is untreated at both dates. Therefore,

Bfe =L (}/2,2<17 O) - }/2,1(07 O) - (}/1,2(07 0) - Yl,l(ov 0)))
=FE (Y2(1,0) = ¥2,2(0,0)) + E (Y22(0,0) — ¥2,1(0,0) — (Y12(0,0) — ¥1,1(0,0)))
—E (¥aa(1,0) — ¥3(0,0)), Q

)

where the second equality follows from Assumption 3. Equation (6) is a special case of Equation
(2) in Theorem 1. In this simple example, Sy, is not contaminated by the effect of the second
treatment. It identifies the effect, in group 2 and at period 2, of moving the first treatment

from zero to one while keeping the second treatment at its observed value (zero). Because only
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group 2 at period 2 receives the first treatment, this effect is equal to d 477, the ATT of the first

treatment controlling for the second treatment.

Now let us consider another example, very similar to that above, but with a fourth group that
receives both treatments at period 2. Then, using the equivalence between TWFE regressions
and first-difference regressions with two periods and the fact that the first difference of the two

treatments are uncorrelated, we obtain

~ 1 1
Bfe = 5 (Yoo —Yo1 — (Yio—Yi1)) + B (Yoo — Y1 — (Yao —Y31)). (7)

The first DID in Equation (7) is the same as that in the right-hand side of Equation (5) and
it is unbiased for E (Y22(1,0) — Y52(0,0)). The second DID compares the period-one-to-two
outcome evolution of group 4, that starts receiving the first and second treatments at period 2,

to that of group 3, that only starts receiving the second treatment. Therefore,

E(Yig =Yy — (Va2 —Y31))
=E (Yip(1,1) = Y41(0,0) — (Y32(0,1) — ¥34(0,0)))
=E (Yi2(1,1) = Y3(0,1)) + E (Y42(0,1) — Y32(0,0)) — E(¥32(0,1) = ¥3(0,0))
+E (Y12(0,0) = Y4,1(0,0) — (Y32(0,0) — ¥3,41(0,0)))
=E(Yi2(1,1) = Yi(0,1)) + E (Ya2(0,1) = ¥32(0,0)) — E(¥32(0,1) = ¥352(0,0)) . (8)

Equations (7) and (8) imply that

Bfe :;E (Y22(1,0) — ¥55(0,0)) + ;E (Yio(1,1) = Ys2(0,1))
5B (Yia(0,1) — Yia(0,0)) — S F (¥3(0,1) — ¥3(0,0)). 9)

Equation (9) is a special case of Equation (2) in Theorem 1. fy. identifies the sum of two terms.
The term on the first line is the average effect, in groups two and four and at period two, of
moving the first treatment from zero to one while keeping the second treatment at its observed
value (zero in group 2, one in group 4). The term on the second line is a contamination bias term,
equal to the difference, between groups 4 and 3, of the effect of moving the second treatment

from zero to one while keeping the first treatment at zero.

The contamination bias appears in the second example because B e leverages a DID comparing a
group that starts receiving the first and the second treatments to a group that starts receiving the
second treatment only. With heterogeneous treatment effects, this comparison is contaminated
by the effect of the second treatment. On the other hand, if the effect of the second treatment
does not vary across groups, this contamination bias disappears. To our knowledge, our paper is
the first to show that TWFE regressions with several treatments leverage this type of “forbidden

comparisons”, using the terminology coined by Borusyak and Jaravel (2017).
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In the example with four groups, a simple solution to eliminate the contamination bias is to
add the interaction of the two treatments to the regression. One can in fact show the following,

slightly more general result. With only two time periods, and groups that do not receive any

1
g,t

and D;,th,t is not contaminated by the effect of the second treatment. In such cases,

of the two treatments in the first period, the coefficient on D;’t in the regression of Y, ; on D
D2,
the regression with the interaction term is preferable, as it makes the contamination problem
disappear. This result does not, however, translate to more general designs with more than two
time periods and where groups may receive the treatments at every period. It is easy to find
examples where adding the interaction to the regression actually increases the contamination
weights. This is the case for instance in the application we consider in Section 6: in the regression
without control variables and with the two main treatments (the minimum staff-to-child ratio and
the minimum number of years of schooling required for daycare directors), adding the interaction

between the two treatments actually increases the absolute value of the contamination weights.

In the first example, the two treatments are mutually exclusive so B e cannot leverage a “for-
bidden” DID comparing a group that starts receiving the first and the second treatments to
a group that starts receiving the second treatment only, which is why there is no contamina-
tion bias in this example. This does not mean contamination bias never arises with mutually
exclusive treatments. To illustrate this point, let us consider a third example with two groups
and three periods. Group 1 receives the first treatment at period 3, and Group 2 receives the
second treatment at periods 2 and 3. Then, because this regression is equivalent to a regression
of Y3, — Y1, on a constant, Dy, — D, and D3, — D3 ,, we obtain, after some algebra,

Bre =Yig = Yip — (Yog — Ya2). (10)

Accordingly, one can show that

Bfe =K (Y1,3(17 0) - }/1,3(07 0))
+E (3/2,2(07 1) - Yé 2(07 0)) - E (3/2,3(07 1) - }/2,3(07 O)) : (11>

)

Bfe is contaminated by the effect of the second treatment, because it leverages a DID where
the control group receives the second treatment at both dates. This second type of “forbidden”
DID is very similar to the late- versus early-treated DIDs due to which TWFE regressions
with one treatment are not robust to heterogeneous treatment effects (see de Chaisemartin and
D’Haultfeeuille, 2020; Goodman-Bacon, 2021; Borusyak and Jaravel, 2017). Note that if the
effect of the second treatment is constant over time, the contamination bias term disappears.

However, constant effects over time is often an implausible assumption.

Overall, TWFE regressions with several treatments are not affected by contamination bias in very
simple designs with two time periods, where groups are only treated in the second period, and

where the treatments are mutually exclusive. In designs with non-mutually exclusive treatments,
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contamination bias may appear because Bfe may leverage DIDs comparing a group that starts
receiving, say, the first and the second treatments to a group that starts receiving the second
treatment only. With more than two time periods, even if the treatments are mutually exclusive,
Bfe may leverage DIDs comparing a group that starts receiving, say, the first treatment, to a

group receiving the second treatment at both dates.

4.2.2 A perhaps surprising implication of the contamination bias

Theorem 1 has an important and perhaps surprising consequence for TWFE regressions with one
treatment where one seeks to estimate heterogeneous treatment effects. Oftentimes, researchers
run a TWFE regression with a treatment variable D, interacted with a group-level binary
variable I,, and with (1 — I,).° For instance, to study if the treatment effect differs in poor
and rich counties, one interacts the treatment with an indicator for counties above the median
income, and with an indicator for counties below the median income. Theorem 1 also applies to

those regressions. Specifically, one has

N, N,
I:1 _ 97t g$t
6fe =E Z N Wyt Ngy + Z N Wy +Ag
(gvt):ngt:LIg:l 1 (gvt):ngt:LIg:O 1

where 57" is the coefficient on Dy x I, and Ag; = Yy (1) =Y,,(0). The previous display implies
that the coefficient on D,, x I, is contaminated by the treatment effect in (g,¢) cells such that
I, = 0. In the example, the coefficient on the treatment interacted with the indicator for rich
counties is contaminated by the treatment effect in poor counties. This calls into question the

use of such TWFE regressions to estimate heterogeneous effects.

This contamination phenomenon disappears if the time fixed effects are interacted with I, in
the regression. Then, the coefficient on D,; x I, becomes equivalent to that one would obtain
by running a TWFE regression restricting the sample to groups such that I, = 1. It follows
from de Chaisemartin and D’Haultfeeuille (2020) that this coefficient identifies a weighted sum
of the treatment effects across (g,t) cells such that Dy, = 1,1, = 1: it is not contaminated by
the treatment effect in (g,¢) cells such that D, = 1,1, = 0.

4.3 Should one control for other treatments?

In this section, we derive a decomposition similar to that in Theorem 1, when there are two

treatments but the second treatment is omitted from the regression.

®Researchers may instead have D, and D, I, in the regression. The coefficient on D, in this regression is
equal to that on Dy (1 — I,) in the regression described in the text. The coefficient on DI, is equal to the
difference between that on D, I, and that on Dy (1 — I,;) in the regression described in the text. Accordingly,
the discussion in this section also applies to those regressions.
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Regression 2 (Short TWFE regression)

Let B}, = £ [B;e}, where B}e denotes the coefficient on D;t in a sample OLS regression of Yy,
on group fived effects, period fived effects, and D} ,, weighted by Ny,.

g,t’

Let €, denote the residual of cell (g,7) in the sample regression of D;t on group and period
fixed effects. If the regressors in Regression 2 are not collinear, the average value of g , across
all (g,t) cells with D}, = 1 differs from 0: 2 (g:01 ,=1(Ng.t/N1)eg, # 0. Then we let wy, denote
g, divided by that average:

S
wS — ggat

9t Z(g,t):D;t:I(Ng,t/Nl)‘gZ,t'

Theorem 3 Suppose that Assumptions 1-3 hold and K = 2. Then,

s Nyt s Nyt s
Bi.=FE Z ]\? wgiA;’t + Z ]\“;1 wgiAf],t ) (12)

(g,t):D;tzl 1 (g,t):D;tzl

Moreover, Z(g,t):D;’tzl(Ng,t/Nl)w;t =1 and Z(g,t):Dg,t:1<Ng,t/Nl)wS

o0 may differ from zero.

Theorem 3 is similar to Theorem 1. It shows that the coefficient on D;, in the short regression
identifies the sum of two terms. The first term in Theorem 3 is similar to that in Theorem 1,
namely a weighted sum of the effect of moving D;’t from 0 to 1 while keeping D;t at its observed
value, but with different weights that still sum to one. The second term in Theorem 3 is also
similar to that in Theorem 1, namely a weighted sum of the effect of moving D;t from 0 to
1 while keeping D;,t at 0, but with different weights that no longer sum to zero. Note that

Theorem 3 can easily be extended to instances with more than two treatments.

Theorem 3 is also similar to Theorem 1 in de Chaisemartin and D’Haultfeeuille (2020). With
the notation of this paper, Theorem 1 in de Chaisemartin and D’Haultfceuille (2020) provides a
decomposition of 33, under a parallel trends assumption on Y, (0, Dy, 1), the potential outcome
of g at t with the first treatment set at 0 and the other treatments set at their actual values. The
weighted sum of effects in Theorem 1 of de Chaisemartin and D’Haultfeeuille (2020) is identical
to the first weighted sum in Theorem 3. On the other hand, the contamination term in Theorem
3 does not appear in Theorem 1 of de Chaisemartin and D’Haultfeeuille (2020), because the
parallel trend assumptions underlying the two results are not the same. There may be instances
where parallel trends on Y (0, D, +) is plausible, in which case the decomposition in Theorem
1 in de Chaisemartin and D’Haultfeeuille (2020) is applicable. In this paper, as the researcher
estimates a TWFE regression with several treatments, it is natural to consider instead a parallel

trends assumption on Y, ;(0).

Under constant effects and a parallel trends assumption on Y, ;(0,0), omitting the second treat-

ment from the regression leads to an omitted variable bias, and including the second treatment
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into the regression is always preferable. But this may not be the case with heterogeneous treat-
ment effects: because the weights associated with the two regressions differ, D;,t’S coefficient in
the long regression may be more biased for d 477 than D;,t’s coefficient in the short regression.

The following corollary formalizes this idea.

Corollary 2 Suppose that Assumptions 1-8 hold, K = 2, and there is a real number B such
that |Ay,| < B and |A},| < B for all (g,t). Then,

N, N,
|Bfe = darr| < BX E Z ]\?’t wg,e — 1] + Z ]\?t‘wgﬂ
_(g,t):D;t:l 1 (g,t):D;tzl 1 }
s N7t s N, it s
‘Bfe_(SATT’ SB X E Z ]\? ’wg,t_l‘—i_ Z ]\? ‘wg,t|
_(g,t):D;t:l 1 (g,t):D;t:1 1 |

Moreover, both upper bounds are sharp.

Corollary 2 assumes that the effects of the first and second treatments are both bounded in
every (g,t) cell by a constant B. Under that assumption, it gives the maximal biases of B fe and

Bj’ce as estimators of d477, the ATT of D, controlling for D ,. One can compare those maximal

biases by comparing (estimates of)

N, N,
E Z ]\?’t ‘wg,t — 1]+ Z ]\?’t ’wg,t
(9:):D} ;=1 1 (9:t):D2 ,=1 1
and
Ngvt S Ng7t S
E Z N]_ |wg,t - 1| + Z N]_ |wg,t| )

(g,t):D;tZI

(g,t):Dg,t:I

which does not require specifying B.% The maximal bias of B e could be larger than that of B}e,

if for (g,t)s such that D;’t = 1 the weights w,, are on average further away from one than the

S
g,t)

further away from zero than the weights wy ;. In our application in Section 6, we find that the

weights w; ,, and/or if for (g, t)s such that D? , = 1 the contamination weights w,, are on average

estimated maximal bias of the long regression is almost five times larger than that of the short

regression. Then, the short regression is preferable, at least per our maximal-bias metric.

6 A similar result holds if we consider distinct bounds By and By for |A} ;| and |A2 ;|. Then, one has to multiply
2(g.t):0? =1 (Ngt/N1)|wg,| by (B2/B1) when performing the comparison of the maximal biases. Hence, in this
#):D2
case, one needs to take a stand on the ratio By/Bj.
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5 Alternative estimator
5.1 Identifying assumption

In this section, we start by considering the following identifying assumption. Recall that Y, ,(d)

denotes the potential outcome of g at ¢, if the treatment vector is equal to d.

Assumption 4 (Strong exogeneity and common trends from t — 1 to t, conditional on Dg,,;_;)
For all (g,t) € {1,...,G} x {2,....,T} and all d € {0,1}¥,

1. E(Yy4(d)=Yy1-1(d)| Dy, ... Dyy2,Dygs 1 =d, Dy, ... Dy 1) = E(Yy1(d)=Y,1-1(d)| Dy 1 =

d).
2. E(Y,(d) —Y,-1(d)| D, -1 = d) does not vary across g.

Like Assumption 3, Assumption 4 imposes both a strong exogeneity and a parallel trends condi-
tion. The strong exogeneity condition requires that groups’ t — 1-to-t outcome evolution, in the
counterfactual scenario where their period-t treatments all remain at their ¢t — 1 value, be mean
independent of their treatments at every period other than t —1. The parallel trends assumption
requires that groups with the same period-t — 1 treatments have the same counterfactual trends.
Then, consider a group whose first treatment changes between t — 1 and ¢, but whose other
treatments remain constant. Under Assumption 4, the ¢ — 1-to-t evolution of its outcome had its
first treatment not changed is identified by the outcome evolution of groups whose treatments

all remain constant and with the same period-t — 1 treatments.

We now compare our new assumption, Assumption 4, to the more standard Assumption 3.
The two assumptions are non-nested, and there are two main differences between them. First,
Assumption 3 requires that all groups be on parallel trends, over the entire duration of the
panel. Assumption 4, on the other hand, only requires that groups with the same period-t — 1
treatments be on parallel trends, from ¢t — 1 to t. Assumption 4 may then be more plausible:
groups with the same treatments in the baseline period may be more similar, and may be more
likely to experience parallel trends.” Moreover, parallel trends may be more likely to hold over

consecutive time periods than over the panel’s entire duration.

"Because it imposes parallel trends conditional on D, ;_1, Assumption 4 may be seen as “in-between” a stan-
dard parallel trends assumption and the sequential ignorability assumption, another commonly-used identifying
assumption in panel data models (see, e.g., Robins, 1986; Bojinov, Rambachan and Shephard, 2021). Sequen-
tial ignorability requires that treatment be uncounfounded conditional on prior treatment and outcome, which
implies parallel trends conditional on prior treatment and outcome. Because Assumption 4 does not condition
on groups’ t — 1 outcomes, it may be less plausible than sequential ignorability. At the same time, estimators
relying on sequential ignorability need to compare groups with the same prior treatments and outcomes. This

may lead to a curse of dimensionality.
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Second, Assumption 3 is a parallel trends assumption in the counterfactual where groups do not
receive any treatment, while Assumption 4 is a parallel trends assumption in the counterfactual
where groups’ treatments do not change from t—1 to . Accordingly, Assumption 3 only restricts
one potential outcome, the one without any treatment, while Assumption 4 imposes restrictions
on many potential outcomes. Still, Assumption 4 does not impose any restriction on treatment
effect heterogeneity, because it restricts only one potential outcome per (g, t) cell, namely Y, ;(d)
for (g,t) cells such that D, ;1 = d. In particular, Assumption 4 does not require that all groups
experience the same evolution of their treatment effect. Moreover, in complicated designs where
the number of treatments is large and/or when the treatments are non binary, Assumption 4
may have considerably more identifying power than Assumption 3. Under Assumption 3, an
heterogeneity-robust DID estimator can only use as controls groups that do not receive any
treatment at two dates at least. Moreover, treatment effects can only be estimated for groups
that do not receive any treatment at one date at least. With many treatments and/or when the
treatments are non binary, those two sets of groups may be small. In our empirical application
in Section 6, there are two non-binary treatments, and while there are (g,t) cells whose two
treatments are equal to 0, there is no group that does not receive any of the two treatments
at two dates at least. Accordingly, we cannot construct an heterogeneity-robust DID estimator

relying on Assumption 3, while we can construct one relying on Assumption 4.

Importantly, there are special cases where: i) the two assumptions are equivalent and ii) our
decomposition of B e under Assumption 3 has contamination weights attached to it. This shows
that decomposing B e under Assumption 4 can also lead to contamination weights. For instance,
with two periods and D,; = 0 almost surely, Assumption 3 and 4 are equivalent. As a result,
contamination weights may arise under Assumption 4, as the example we give p.13 demonstrates.
In designs where Assumptions 4 and 3 are not equivalent, under Assumption 4 we cannot in
general write (. as a function of the design and treatment effects only, and replacing Assumption
3 by Assumption 4 may actually exacerbate the problems of TWFE regressions: in addition to
not being robust to heterogeneous treatment effects, TWFE regressions may now be biased even

with homogenous treatment effects. We provide an example in Web Appendix Section 1.

We also consider a second identifying assumption.

Assumption 5 (Strong exogeneity and common trends fromt—1 to t, conditional on D) For

all (g,t) € {1,....,G} x {2,....,T} and all d; € {0,1}%,

1. E(Yyu(di) = Ygu-1(di)|Dg,1sooos Dgy1, Dy = dy, Dy g1, .o Dyr) = E(Ygi(dy) — Y u-1(dy)
Dy = dy).

2. E(Y,(dy) — Y, -1(di)| Dy = dy) does not vary across g.

Assumption 5 is similar to Assumption 4, except that it assumes parallel trends from ¢ — 1 to ¢,

in the counterfactual where groups keep their period-t rather than their period-t — 1 treatments.

19



Imposing jointly Assumptions 4 and 5 may imply that the treatment effects follow the same

evolution over time in some groups.®

5.2 Target parameters

Let us define

S :{(g,t) > 2, D;t £ D;,t_l, D;tl = D;}_l, 39 Dy, =Dy, | = DQH}

and let Ns, = 3, nes Nge- Siis the set of cells (g,t) whose first treatment changes between
t — 1 and ¢ while their other treatments do not change, and such that there is another group
¢ whose treatments do not change between ¢t — 1 and ¢, and with the same treatments as ¢ in
t — 1. Hereafter, those cells are referred to as switchers. We show below that under Assumption

4, one can unbiasedly estimate
Nyt 1 ]
g,t|
e Ve

the average effect of moving the first treatment from 0 to 1 while keeping all other treatments

h=~F

at their observed value, across all switchers.”

01 may differ from d 477, arguably a more natural target parameter. The two parameters apply
to different and non-nested sets of (g,t) cells. Let 71 = {(g,t) : D;, = 1}. &, is the average of
A}J’t across all cells in S1. dap7 is the average effect of A;t across all cells in 7;. The following

proposition shows that in our set-up, we cannot identify treatment effects on cells outside S;.

Proposition 1 Suppose that Assumptions 1-2 and 4 hold. Then, for any subset V of T1\Si,
and letting Ny = 3, ey Nots E[X g0ev(Not/Nv)AL ] is not identified.

Proposition 1 shows that S; is the maximal set of cells for which treatment effects can be identi-
fied under Assumptions 1-2 and 4. The (g,t) cells belonging to 71 but not to S; can be divided
into five mutually exclusive subgroups, detailed in Web Appendix Section 2. Identifying the
effect of the first treatment in each of those subgroups would either require restricting treatment

effect heterogeneity, or making parallel trend restrictions different from those in Assumption 4.
While we expect S; to be often smaller than 77, there are also (g, t) cells that belong to S; but

not to 7;. Those are the switching-out cells, such that D;’t =0, D;,t—l =1, Dg_t1 = D;tl,l, 4’ :
Dglvt = Dglvt_l = ngt_l'

8For instance, if K = 1, G = 4, T = 2, Dil = DiQ = 0, Di1 = Di2 =1, Dé,l = O,Dé2 = 1, and
Dil =1, DiQ = 0, one can show that together, Assumptions 4 and 5 imply that the treatment effect follows the

same evolution in groups 3 and 4.
“When Ng, = 0, we simply let the term inside brackets be equal to 0.
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As 9, and dpr apply to different, non-nested subpopulations, a significant difference between
B e and the estimator of d; we propose below cannot be interpreted as evidence that 3 e 1s biased
for d 47p. It could also be the case that B e is unbiased for d4pr and 6; and d4pp differ. On the
other hand, under Assumptions 3 and 4, a significant difference between B 7o and the estimator

of 91 implies that the effect of at least one treatment is not constant.

Similarly, we show below that under Assumption 5, one can unbiasedly estimate

Y e

(g7t) 682 82

52 == E A;’t

)

where
Sy :{(gat) it <T - 17D;7t 7& D;7t+1aD;tl = D;tl-i,-lazlg/ : Dg/,t = Dg’,t+1 = Dg,t+1}7

and Ns, = Y (gnes, Vg Sa is the set of cells (g,t) whose first treatment changes between ¢
and t 4+ 1 while their other treatments do not change, and such that there is another group ¢
whose treatments do not change between t and t + 1, and with the same treatments as g in
t+ 1. S and Sy are not necessarily disjoints: a (g,t) cell experiencing two consecutive changes
of its first treatment (D,, | # D;, and D, , # D; ;) may belong both to ; and to d;. On the
other hand, a (g,t) cell that does not experience two consecutive changes of its first treatment
(Dj, =D, ,or D}, =D, ) may belong to d; or to d, but cannot belong to both sets.

Finally, under Assumptions 4 and 5, one can unbiasedly estimate

> Dot Agy

(g:)ESIUS, * S1US2

0=F

Y

where N51U32 = Z(g,t)eslusz Ng,t'
5.3 Estimation

We now show that under Assumption 4, 4; can be unbiasedly estimated by a weighted average
of DIDs. For all t € {2,...,T}, for all (d,d’) € (D;)?, and for all d™! € Dy X ... X D, let

gd,d’,dfl,t = {g : D;,t = d, D;,t—l = d/, D‘;tl = D‘;tl_l = d_l}

be the set of groups whose first treatment goes from d’ to d from ¢t — 1 to t while their other
treatments are equal to d=! at both dates. We then let Nogari=2 Ny denote the

total population of groups in Gy 4 4-1,. Let also

9€Y94.a/ a—1 1

N, N,
DIDi,d—l,t = > Nigt (Yo = Yoer) = > Nigt (Yoe — Ygi1), (13)
gegl,o,dfl,t 1,0,d-1t gEgo,o,dfl,t 0,0,d=1,¢
N, N,
DIDid*l,t = Z o (Y;J,t - ng»ffl) - Z Nig’t <}/g,t - Yrg,t71) . (14)
geglﬂl’d_lyt 1717d_17t gegO,l,d_l,t 0,1,d_1,t

21



Note that DIDi 4-1, is not defined when Nygg-1, = 0 or Nyoq-1, = 0. In such instances, we

let DIDY ;. , = 0. Similarly, we let DID” ,, , = 0 when Ny 41, =0 or Ny -1, = 0.
DIchh a1, compares the ¢ — 1-to-t outcome evolution of groups whose first treatment goes from
0 to 1 from ¢t — 1 to ¢ while their other treatments are equal to d~! at both dates, to the outcome
evolution of groups whose first and other treatments are respectively equal to 0 and d~! at
both dates. Under Assumption 4, the latter evolution is a valid counterfactual of the outcome
evolution that the first groups would have experienced if their first treatment had remained equal
to 0 at period t. DID/ 7 a1, S interpretation is similar, except that it compares groups whose

first treatment is equal to 1 at both dates to groups whose first treatment goes from 1 to 0.

Finally, let

DD — Niod-1t iy s Nopd—1t v
SR SR LIVETYSE SRR R

1=2 d-1€{0,1}K 1

if Ng, > 0, and DID{(4 = 0if Ng, = 0. DID{/I is just a weighted average of the DIDfnd,u and

DID/ 41, estimators, across values of the other treatments d~! and across time periods .
Theorem 4 If Assumptions 1-2 and 4 hold, E [D[Dm = 0.

DIDf\c/I extends the DIDy; estimator in de Chaisemartin and D’Haultfeeuille (2020) to settings
with several treatments. With several treatments, one could show the analogue of Theorem 3 for
the DIDy; estimator in de Chaisemartin and D’Haultfceuille (2020): the fact that this estimator
does not control for the other treatments may lead to a bias. To avoid that, the DID{/I and
DIDy; estimators differ on three important dimensions: DID{:A does not estimate the effect of
the first treatment in (g,t) cells such that at least one of ¢g’s other treatments changes between
t — 1 and t; it drops control groups whose first treatment does not change but such that at
least one of their other treatments changes between t — 1 and ¢; and it compares switchers and
non-switchers with the same baseline values of their other treatments. All those modifications
ensure that our new estimator is not biased in the presence of other treatments with potentially
heterogeneous treatment effects, but they may also come at a cost in terms of precision: the DID{/I
estimator in this paper discards several cells from the estimation. Accordingly, there may be a
bias-variance trade-off between the two estimators. DID{/I is computed by the did_multiplegt

Stata command, we refer the reader to the command’s help file for details.”

10DID{,[ estimates the effect of the first treatment, holding other treatments fixed. One may instead be
interested in interaction effects. DID{;I can easily be used for that purpose. For instance, with two binary
treatments, to estimate their interaction effect, one can compute DID{\C/I separately for D;’t switchers with D;t =1
and D;t = 0, and then take the difference between the two estimated effects. A significant difference between
the two estimated effects is only suggestive evidence of an interaction effect: the effect of D;t could also just

differ in the two subsamples.
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Like in de Chaisemartin and D’Haultfceuille (2020), it is straightforward to propose a placebo
version of the DID{:/[ estimator that one can use to test Assumption 4. To do so, one just needs
to replace Yy, — Y,,—1 by Y, ;-1 — Yy, o in Equations (13) and (14) above, and exclude from
the estimation groups experiencing a change in any of their treatments from ¢t — 2 to t — 1. The
resulting placebo estimator compares the outcome evolution of switchers and non-switchers,

before switchers switch.

The DID{:A estimator can be extended to accommodate discrete non-binary treatments taking
values in D; = {0, ..., d}, like the DIDy; estimator in de Chaisemartin and D’Haultfeeuille (2020)
(see Web Appendix Section 4 of de Chaisemartin and D’Haultfceuille, 2020). Forallt € {2, ..., T},
for all (d,d’) € (Dy)?, and for all d~' € Dy x ... x Dy, let

N,
DID), y yov, = [H{d < d} — 1{d < d'}] 3 W[Yg,t — Y]
9E€G ar a1 aaT,
Nyt
- ey, Y,
Z Nd’,d’,dfl,t[ g,t g,t 1]

gegdlyd/’d—yt

be a DID estimator comparing the ¢ — 1-to-t outcome evolution in groups whose first treatment
changes from d' to d and whose other treatments are equal to d=! at both dates, to the same
outcome evolution in groups whose treatments do not change and with the same treatments in
t—1. With a non-binary treatment, the DID{\C/I estimator is a weighted average of the DIDQ &1
estimators, across d, d’, d~!, and t, normalized by the average change of the first treatment
among switchers, to ensure the estimator can be interpreted as an effect produced by a one-unit

increase of the first treatment.

Similarly, under Assumption 5, and getting back to the binary treatment case, d5 can be unbi-
asedly estimated by a weighted average of DIDs. For all ¢ € {1,...,T — 1}, for all (d,d’) € (D;)?,
and for alld=! € Dy x...x Dk, let Nog a1t = degd’d,,fl’tﬂ N, + denote the total population,
at period t, of groups in Gg g g-144+1. Then, let

N N

b — gt it
DIDY -1 = > Nl (You — Yguu1) — > N (Yor — Yyie1),
9€G90,1,a-1 141 0,1,d=1t+1,¢ 9€G0.0.a-1 141 0,0,d=—1t+1,t
N, N,
b — g;t it
DIDZ 4, = Z A (Yoo — Ygee1) — Z N . (Yoo — Yyi41) -
geng,d*l,H—l 1,1,d=tt+1,t ‘gegl’(),d71’15_~_1 1,0,d—1t+1,t
In contrast to DIDfr 4-14 Which is a “forward” DID, DID’_’F d-14 18 a “backward” DID, from the

future to the past. It compares the t + 1-to-t outcome evolution of groups whose first treatment
goes from 0 to 1 from t + 1 to t while their other treatments are equal to d=! at both dates,
to the outcome evolution of groups whose first and other treatments are respectively equal to 0

and d~! at both dates. DIDbf’d,li has a similar interpretation, except that it compares groups
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whose first treatment is equal to 1 at both dates to groups whose first treatment goes from 1 to
0 from ¢ 4+ 1 to t. Let
Ny .4~

ZLOd L b 7d_1,t> (16)

= Notdt 441t s
DIDY =Y — . DIDY g+
Sa

t=1 d-1€{0,1} 51 N32

if Ns, > 0, and DID%, = 0 if Ns, = 0. By the exact same reaoning as in the proof of Theorem
4, we obtain, under Assumptions 1-2 and 5, F {DIDM = 5.

5.4 Additional results

In Web Appendix Section 3, we show that with a single treatment, DID{/I can be used to
estimate the effect of the contemporaneous value of the treatment, controlling for some lags of
that treatment. Similarly, DID}, can be used to estimate the effect of a lag of the treatment,
controlling for more recent lags and the treatment’s contemporaneous value. We also show how

to estimate dynamic effects with several binary and staggered treatments.

In Web Appendix Section 4, we consider both asymptotic and finite-sample inference. The
asymptotic results are established under similar assumptions and arguments as those used to
show the asymptotic normality of the DIDy; estimator in de Chaisemartin and D’Haultfeeuille
(2020) (see Theorem S6 in the Web Appendix therein), without any important conceptual dif-
ference. One limitation is that the asymptotic approximation may not be accurate. DID{4
compares carefully selected treatment and control groups, and it could be the case that only
a small number of groups can be included in those comparisons. We deal with this issue by
proposing confidence intervals that are exact in a finite sample of groups under a normality
assumption, in the spirit of Donald and Lang (2007). Though the exactness of those confidence
intervals relies on strong conditions, we show that they remain asymptotically valid under much

weaker assumptions.

6 Application

In this section, we revisit Hotz and Xiao (2011).!' Unfortunately, many tables in this paper rely
on proprietary data. The only table with TWFE regressions with several treatments that we
can replicate is Table 11. Therefore, we focus on this table in our replication, though it is not

the paper’s main table.

1 This paper is the only one, in the census of TWFE papers published by the AER from 2010 to 2012 that we
conducted in de Chaisemartin and D’Haultfoeuille (2020), that has several treatments in the regression, relies at
least partially on non-proprietary data, and for which the treatments are not continuous (thus making it possible

to compute the DID{:/[ estimator).
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Hotz and Xiao (2011) use a panel of the 50 US states and the District of Columbia, in 1987,
1992, and 1997, to estimate the effect of state center-based daycare regulations, namely the
minimum years of schooling required to be the director of a center-based care and the minimum
staff-to-child ratio, on the demand for family home daycare. Family home day cares are not
subject to those regulations. More stringent regulations may increase the cost of center-based
establishments, but may also increase their safety and quality. Accordingly, the effects of those
regulations on the demand for family home daycare is ambiguous. The distributions of these
regulations are shown in Table 1. The minimum years of schooling is a discrete treatment taking
six values included between 0 (no minimum) and 16, with 14 (associate degree) being the most
frequent value. The minimum staff-to-child ratio is a also discrete treatment variable, taking
seven values included between 0 (no minimum) and 1/3 (one professional per three children),

with 1/4 being the most frequent value.

Table 1: Distribution of the two treatments in Hotz and Xiao (2011)

Min. years of schooling # of (g,t) cells ‘ Min. staff-to-child ratio # of (g,t) cells

0 26 0

12 36 1/8

12.5 5 1/7

13 4 1/6 30

14 61 1/5 21

16 21 1/4 82
1/3 9

Hotz and Xiao (2011) regress the revenue of family home day cares in state g and year ¢ on state
fixed effects, year fixed effects, 12 control variables, the minimum years of schooling required
to be the director of a center-based care, the minimum staff-to-child ratio, and two indicators
for whether there is no such minima, to allow for potentially non-linear effects. In Column (3)
of their Table 11, the coefficient on the minimum years of schooling treatment, BJ{,, is equal to
—0.445 and is highly significant (95% confidence interval=[—0.735, —0.155]),'? thus suggesting
that increasing by one the years of schooling required for directors of center-based daycare

decreases the revenue of family home daycare by 0.44 million USD.

Dropping the 12 control variables from the regression does not affect that conclusion very much:

the coefficient on the minimum years of schooling treatment, B fe, is now equal to —0.566 and is

12This confidence interval is slightly larger than that in Hotz and Xiao (2011), because we cluster standard
errors at the state rather than at the statexyear level, which is more in line with the standard practice in
empirical work (see Bertrand, Duflo and Mullainathan, 2004).
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still highly significant (95% confidence interval=[—0.852, —0.280]). Below, we study [y, rather
than 3}27 the coefficient estimated by Hotz and Xiao (2011). This is to ensure that the TWFE
estimator we study is comparable to the DID{/[ estimator we compute below: while the DID{/[
estimator can be extended to allow for control variables, the sample on which it is computed in

this application is not large enough to include 12 control variables.

We now show that Bfe may not be robust to heterogeneous effects across state and years, and
may also be contaminated by the effects of the other treatments in the regression. Following
Corollary 1, this coefficient can be decomposed into the sum of four terms. The first term is a
weighted sum of the effects of increasing by one the years of schooling required in 127 state xyear
cells, where 44 effects receive a positive weight and 83 receive a negative weight, and where the
positive and negative weights respectively sum to 7.897 and -6.897. The second term is a sum
of the effects of not having a requirement on directors’ years of schooling in 26 statexyear cells,
where 11 effects receive a positive weight and 15 receive a negative weight, and where the positive
and negative weights respectively sum to 0.148 and -0.148. The third term is a sum of the effects
of increasing by one the staff to child ratio in 148 statexyear cells, where 51 effects receive a
positive weight and 97 receive a negative weight, and where the positive and negative weights
respectively sum to 0.160 and -0.160. The last term is a sum of the effects of not having a
requirement on staff to child ratio in 5 statexyear cells, where 4 effects receive a positive weight
and 1 receive a negative weight, and where the positive and negative weights respectively sum to
0.055 and -0.055. Results are similar for the other three treatment coefficients in the regression,
except that the contamination weights attached to them are even larger. For instance, for the
coefficient on the staff to child ratio treatment, the weighted sum of the effects of the minimum

years of schooling treatment has positive and negative weights summing to 246.222 and -246.222.

When the other three treatment variables are dropped from the regression, the coefficient on
the minimum years of schooling becomes small (—0.020) and insignificant (95% confidence
interval=[—0.114,0.074]). We follow Theorem 3 to decompose the coefficient in this “short”
regression, and compare it to the coefficient in the “long” regression with the four treatments.
The short regression’s coefficient can be decomposed into the sum of four terms. The first term
is a weighted sum of the effects of increasing by one the years of schooling required in 127
statexyear cells, where 56 cells receive a positive weight and 71 receive a negative weight, and
where the positive and negative weights respectively sum to 1.759 and -0.759. Thus, the short
regression has considerably smaller negative weights in this first term than the long regression.
The second term is a sum of the effects of not having a requirement on directors’ years of school-
ing in 26 statexyear cells, where 5 effects receive a positive weight and 21 receive a negative
weight, and where the positive and negative weights respectively sum to 0.008 and -0.077. The
third term is a sum of the effects of increasing by one the staff to child ratio in 148 statexyear

cells, where 61 effects receive a positive weight and 87 receive a negative weight, and where the
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positive and negative weights respectively sum to 0.030 and -0.022. The last term is a sum of
the effects of not having a requirement on staff to child ratio in 5 statexyear cells, where all
effects receive a negative weight, and where the negative weights sum to -0.035. Thus, the short
regression also has considerably less contamination weights than the long regression. Accord-
ingly, the estimated maximal bias in Corollary 2 is almost five times lower for the short than for
the long regression (4.233 x B versus 20.741 x B), so the short regression is preferable per this

maximal-bias metric.

Finally, we compute the estimator proposed in Section 5, for the minimum years of schooling
treatment, controlling for the staff-to-child ratio treatment. Our estimators do not assume linear
treatment effects, so we do not need to control for the indicators for whether there is no such

minima.

There are 127 (g,t) cells with a non-zero minimum years of schooling. On the other hand, there
are only five (g,t) cells in Sy, all of which have a non-zero minimum years of schooling. The
five (g,t) cells our estimator applies to are (Kentucky,1992), (Minnesota,1992), (Utah,1992),
(Vermont,1992), and (Rhode Island,1997).'% Of the 122 (g,¢) cells we lose when focusing on
S1, 93 belong to states that do not experience any change of their minimum years of schooling,
so their treatment effect cannot be identified under a parallel trends assumption. 24 (g,t) cells
either also experience a change of their minimum staff-to-child ratio when their minimum years of
schooling changes, or cannot be matched to a control state with the same baseline treatments.
Then, estimating their treatment effect would require making constant effects assumptions.
Finally, estimating the treatment of the remaining 5 (g,t) cells would require assuming parallel

trends over a longer horizon than over consecutive time periods.

We find that DID{;, = —0.029. DID{; uses data from 5 switching and 19 control (g,t) cells,
so the asymptotic approximation in Web Appendix Section 4.1 may not be very reliable for
that estimator. Instead, we compute the exact confidence interval developed in Web Appendix
Section 4.2 and find that it is equal to [—0.821,0.807]."* In this application, the assumption
that the first-differenced outcome is normally distributed is not rejected. We conduct a Shapiro-
Wilk test separately for the 1987 to 1992 and for the 1992 to 1997 first differences, as the test
assumes independent observations. None of the two tests is rejected (p-value= 0.98 and 0.46,

respectively).

To gain precision, one may further impose Assumption 5. Doing so allows us to use DIDi/[

13For the staff-to-child ratio treatment, the set S; is even smaller as it only contains two (g,t) cells. This is

why we focus on the minimum-years-of-schooling treatment.
4This confidence interval relies on Assumption 16 in the Web Appendix, which does not hold in our data:

Rhode Island and Washington are used twice in DID{\C/I. Removing these two states in one of the two s they
belong to (using the notation in Web Appendix Section 4.2) changes very slightly the value of DID{/I (-0.0072 in
lieu of -0.029).
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to estimate the treatment effect in five (g,¢) cells in S;. &1 and Sy do not overlap and have
the same numbers of cells, so we can also use 1/ 2(DID{\C4 + DID?)) to estimate 4, the average
treatment effect in S; U S,. We find that 1/2(DID{; + DID%,) = —0.016. 1/2(DID{; + DID,)
uses data from 50 (g, t) cells, coming from 30 different states. The asymptotic approximation in
Web Appendix Section 4.1 may be more reasonable for that estimator,'® so we follow Theorem 7
therein to compute a 95% confidence interval for 5. We find that this confidence interval is equal
to [—0.126,0.094]. We also test the equality between § and fy., and reject the null hypothesis
at all conventional levels (p-value=4 x 107%). Hence, as discussed above, we can reject the
hypothesis that the effects of the minimum years of schooling and staff-to-child ratio treatments

are homogenous.

Table 2: Estimators of the effect of the minimum years of schooling treatment

Estimate 95% Confidence Interval

px —0.445 [—0.735, —0.155]
Bre —0.566 [—0.860, —0.272]
B, —0.022 [—0.117,0.077]
DID{, —0.029 [—0.821,0.807]
1/2(DID{, + DID%,)  —0.016 [—0.126,0.094]

Let us summarize our results. Using a TWFE regression with several treatments, Hotz and Xiao
(2011) find that increasing the years of schooling required for directors of center-based daycare
significantly decreases the revenue of family home daycare. We show that in the presence of
heterogeneous treatment effects, their regression estimates a highly-non-convex combination of
the effects of the years of schooling treatment, and is contaminated by the effects of the other
treatments. Therefore, their finding may not be robust to heterogeneous treatment effects.
Then, we use our robust estimators to assess if, in the presence of heterogeneous effects, one can
conclude, for at least a subset of (g,t) cells, that increasing the years of schooling requirement
significantly decreases the revenue of family home daycare. The answer is negative, as our
estimators are insignificant. Moreover, one of our estimators is significantly different from the
TWFE estimator, thus allowing us to reject the null hypothesis that the effects of all treatments
are constant in this application. Overall, there is no evidence that the finding in Hotz and

Xiao (2011) is robust to heterogeneous effects, while there is evidence that treatment effects are

15To verify that, we considered simulations with the same design as in the application but with no effects of
the treatments, and (AY, 2(0), AY, 3(0)) drawn either from a normal distribution N(0,X), with ¥ equal to the
estimated variance matrix on the sample, or from the empirical distribution of (AY, 2, AY, 3). In both cases, the
coverage of our confidence interval was higher than 95% (95.4% and 99.3%, respectively).
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heterogeneous in this application.

7 Conclusion

In this paper, we show that treatment coefficients in TWFE regressions with several treatments
may not be robust to heterogeneous effects, and could be contaminated by the effects of other
treatments in the regression. We propose alternative DID estimators that are robust to hetero-

geneous effects and do not suffer from this contamination problem.
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A Proofs
A.1 Theorem 1

The result directly follows from Theorem 2. If K = 2, Dg_t1 = D;t. Then, D;tl £ 07! if and
only if D2, = 1, and one then has D;tA;,} = D2 A,

A.2 Theorem 2

We first establish the following lemma.

Lemma 1 If Assumptions 1-3 hold, for all (g,4',t,t') € {1,...,G}* x {1,..., T}?,

E(Yy|D) = E(Yyu|D) = (E(Yy:|D) = E(Y, ftle))

=D} ,E (A},|D) + E(A,1|D) = Dy E (A} (D)D) - E(Ag‘,lt D)
~D},E (A}4(D,})|D) - E(A,4|D) + Dy, E (A} (D,5)|D) + E (A, D).

Proof of Lemma 1
For all (g,t) € {1,...,G} x {1,....,T},

E(Y,.|D) —E (Yg,xo, 0-1) & D} (Ve(L, DY) — Yyu(0,D-1) + Y (0. D-1) — ¥yu(0,0°1)

(1 D) 0,,00.D, ) - ;0,07 D)

=E (Y,4(0,0)|D) + D}, E (A},|D) + E (A} D)

=E (Y,4(0,071)|D,) + D} ,E (A},|D) + E (A;}|D) (17)
where the last equality follows from Assumption 2. Moreover, by Assumption 3

E (Y,4(0,0)|D,) = E (Y, #(0,071)|D,) = E (Yy4(0,0")|D,) + E (Y, +(0,07")|D,)
=0. (18)

The result follows by combining (17) and (18).
Proof of Theorem 2
It follows from the Frisch-Waugh theorem and the definition of €, that

) _ gt Noegi B (Ygu| D)
Zg,t Ng,tffg,tD;,t .

(19)

E (Bs|D
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Now, by definition of ¢, again,

T
> Nygge=0forall ge{l,..G}, (20)
t=1
G
> Nyiggr=0foralte{l,..,T},. (21)

Then,
ZNgtggtE( Y,:|D)
—ZNgtégt (Ygu|D) — E (Yy1| D) — E (Y14|D) + E (Y1,4]D))
= ; Nysggt (D3, E (A}, D) + E(A,1|D) = DI, E (A](D;})|D) - E (A})| D)
~ Dy E(A},(D,1)|D) - E(A,}))|D) + D}, E(AL,(D;})|D) + E(Ar})|D))
:;z\fg,tag,t (D;.E (A,|D) +E( +i1D))

= ¥ thgtE(Agt‘D)—i— 3 Ng,tng(A;HD). (22)

(9:t):Dg =1 (9,):D #0~"

The first and third equalities follow from Equations (20) and (21). The second equality follows
from Lemma 1. The fourth equality follows from the fact that A) ,(07') = 0. Finally,

Z Ng,tgg,tD;,t = Z Ng,tsg,t' (23)
g,t

(g,t):D;ytZI

Combining (19), (22), (23) yields

E (Bfe Ng

D): 3 Tl’twg,tE<A;7t‘D>+ 3

(g7t):D;,t:1 (g,t):Dg’};éo 1

No.i

1

~Lrwg B (A 1D). (24)

g,t

Then, the first result follows from the law of iterated expectations. Finally, if K = 2 or the

treatments are mutually exclusive,
> NyegE (4,1]D) = Z > NeggiE (D)D)
(9:1):Dg ;#0~ k=2 (g,0):Dk ,=1

Moreover, by definition of g4, 3=, 1):Dk =1 Ngiege = 0forall k =2,..., K — 1. The second result
g,

follows.

A.3 Theorem 3

The proof is the same as that of Theorem 1, with just one difference: we do not have Z(g,t): —1 Ny

s ; s 3 2
xeyy = 0, since g7, is not orthogonal to Dy, in general.
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A.4 Corollary 2

The result directly follows from Theorems 1 and 3, the triangle inequality, and the fact there is
a real number B such that |A} | < B and |A},| < B for all (g,t). The first bound is reached
when A}, = B x (2 x I{wy; > 1} — 1) and A2, = B(2 x 1{wg; > 0} — 1), the second bound is

gt

reached when A}, = B x (2 x I{w}, > 1} — 1) and A2, = B(2 x 1{w, > 0} — 1).
A.5 Proposition 1

The set 7;\S; can be partitioned into three groups, Vi, Vs, Vs, defined by:

V) = {(g,t) : D;,t = 1 and either D;,tq =lort= 1} ,
Vo={(g.t): D}, =1, D}, , =0and D} # D} ,},
Vs = {(g,t) : D;,t =1, D} gi—1 =0, Dgt = D;tl_l, Vg # g, either Dy # Dy iy
or Dy q # Dg7t_1}.
Since the assumptions impose no joint restrictions on these three groups, it suffices to prove that
oy = E[X (g nev(Ngt/Ny)A; ] is not identified if V C Vi (k = 1,...,3). To this end, fix ¢ # 0

and for all (g,t) € V, let Y, (0, D,}) = Y, ,(0,D,}) + ¢, Yy 4(d) = Y, ,(d) for all d # (0, D,})
and Yy y(d) = Yy »(d) for all d and (¢, t') & V.

If V C Vi, Assumption 4 does not impose any restriction on Yy ,(0, D, ;) for (g,t) € Vi, since
cither D}, | =1 or t = 1. The potential outcomes (g/;],t(d))(g’t’d) are thus compatible with the
data and Assumptions 1-2 and 4. Since they lead to éy = dy — ¢, dy is not identified.

Now, if V C V,, Assumption 4 imposes a restriction on Ygﬂg(O,D;tl,l) —Y,:4(0, Dgt ,) for
(9,t) € V. But since D} # D, , for such cells, we have
}79715(07 D;gfl) - )/;],t—1<07 D;tlfl) = Y;J,t<07 D;z}fl) - }/9715—1(07 D;tlfl)7

using here (g,t — 1) & V,. Therefore, Y, (0, D, ) - Y,4-1(0, D, ) satisfies the restriction of
Assumption 4. So again, (%,t(d))(%t,d) are compatible with the data and Assumptions 1-2 and
4, and ¢y is not identified.

Finally, assume V C V5. In this case, (579 (d))(gt,¢y may violate Assumption 4: if Dy, =
D,; 1= (0,d™") for some (g,t) € V and (¢, t) € V3, we have

[~
=BE[Yy4(0,d™") = Yy ,1(0,d™")| Dy sy = (0,d7")]
=E[Yy4(0,d™") = Yy;1(0,d™")|Dyy—y = (0,d )]

:E[~9,t(07 d_l) - ?;7775—1«)’ d_1)|D97t—1 = (07 d_l)] -
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To fix this, we simply let Yy ,(0,d™") = Y, ,(0,d™") + ¢ for such (¢',t) & Vs. This change

is still compatible with the data: by definition of V3 and because Dy, 1 = D,; 1, we have

Dy, # (0,d™"). Hence, with this modification, (Y (d)) .4 are compatible with the data and
Assumptions 1-2 and 4. This shows that again, ¢y is not identified.

A.6 Theorem 4
First, by definition of DID{/[,

DIDY, =Y. NMooat iy Nosa=ipypys
M Z Z +,d-1t +— —d-1 (25)

t=2 d-1e{0,1}K 1 NS1 N51

using here the convention that 0/0 = 0. Let t > 2and d~! € {0,1}* ! be such that Ny g g-1, > 0
and Nogg-1, > 0. For every g such that D}, | =0, D;, =1, and D,/ = D} | =d ™', we

have
E(Yys = Yyea|D) =E (A} ,|D) + E (¥, 4(0,d™") = Y34 1(0,d )| D). (26)

Under Assumptions 2 and 4, for all ¢ > 2, there exists ¥q-1;, € R such that for all g €

Go0.d-1,tYUG10.d-14

E (Yy4(0,d™") = Yy 1(0,d7")|D) =E (Yy4(0,d™") = Y, 1(0,d7")| Dy)

=B (Y(0.d™") = Yp-1(0,d )| Dy, =0.Dp = d ')
:wo,d—l,t- (27)
As a result,
Niga-14E (DID{”h —y D)
= > NuE(ALD)+ Y NuE(Y(0,d7Y) = Yy 1(0,d )| D)
9€G1 0,a-1, 9€91 0,a-1,
Nl,o,d—l,t —1 —1
— Y N (Yeu(0,d7) = Yy (0,d )’D)
NO,O,d*Ht 9€G0.0.a-1.4
1 Nl 0,d—1t
- Z N2 (Ag,t‘D) + Yo,a-14 Z gt — Ny
Nood-14
9€G10,a-1,¢ 9€61,0,a-1,¢ 0.0.d7%t geGy 5 41,
= > NuE(A|D).
9€61,0,a-1,¢

The first equality follows by (26), the second by (27), and the third after some algebra. Given

that DIDfﬁd_u =01if Nygg-1+=0o0r Nygq-1, =0, we obtain, by definition of §; and with the
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convention that sums over empty sets are 0,

D)= E( 3 N, AL,

—1 —
g:D},=1,D; | =d "
(gut)ésl

E (Niga-1,DIDL ;.\,

A similar reasoning yields, for all + > 2 and d~! € {0, 1}%1,

D)= E( 3 N, AL,

g:D} ,=0,D ;=d~!
(9:t)€S1

E <N071,d_17tDID’: puy

Plugging (28) and (29) into (25) yields

T
E(DIDY)) =E (E ( 3 > NgAL,
t= d*le{()’l}Kfl g:D;%:d_l
(glut)esl

v)

v))

=FE <E ( > NyA,

(g,t)681

:61.
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Web Appendix of “Two-way Fixed Effects and

Differences-in-Differences Estimators with Several Treatments”

Clément de Chaisemartin Xavier D’Haultfoeuille*

1 Replacing Assumption 3 by Assumption 4 may exacerbate the
problems of TWFE regressions.

Under Assumption 4, we cannot in general write 5. as a function of the design and treatment
effects only, and replacing Assumption 3 by Assumption 4 may actually exacerbate the problems
of TWFE regressions: in addition to not being robust to heterogeneous treatment effects, TWFE
regressions may now be biased even with homogenous treatment effects. This point is not specific
to the case with several treatments we consider in the paper, so let us momentarily assume that
K = 1. Then, assume that we have two groups and three periods, and that almost surely, the
first group is treated at ¢ = 3, while the second group is treated at t = 2 and t = 3. This is
the same example as in de Chaisemartin and D’Haultfceuille (2020). Let A, = Y, (1) — Y, +(0).
Then
e = 5(DID, + DIDy)

with DIDl = }/272 — YVQJ — (YLQ — }/171) and DID2 = leyg — }/172 — (}/273 — 3/272). Then, under
Assumption 4, we still have that E[DID;] = E[A,5]. But under Assumption 4,

E[DID,] =E[Y13(1) — Y12(0) — (Y2,3(1) — Y22(1))]
=E[A 3] + E[Ags] — E[Ag 3]
+E[Y130)] — E[Y12(0)] — (E[Y2,3(0)] — E[Y2,2(0)]).

Therefore,

B[P =3 BlAvs] + Blda] — 3 ElAs]

+;mmaw—memwwmmmm—mew»

*de Chaisemartin: Sciences Po (email: clement.dechaisemartin@sciencespo.fr); D’Haultfoeuille: CREST-
ENSAE (email: xavier.dhaultfoeuille@ensae.fr).



The first term is the decomposition of Bfe as a weighted sum of treatment effects in Theo-
rem 1 in de Chaisemartin and D’Haultfceuille (2020). Under Assumption 3, the second term in
equal to zero. However, under Assumption 4 that second term may not be equal to zero: because
D; 5 =0 # Dsys, Assumption 4 does not impose anything on E[Y] 3(0)]— E[Y12(0)]—(E[Y23(0)]—
E[Y52(0)]). Hence, replacing Assumption 3 by Assumption 4 may actually exacerbate the prob-
lems of TWFE regressions. In addition to not being robust to heterogeneous treatment effects,

TWFE regressions may now be biased even with homogenous treatment effects.

2 Cells belonging to 77 and not to S

The cells belonging to 77 and not to S; satisfy one of the five mutually exclusive conditions

below.

Condition 1: (g,t) is such that D, = 1 for all #. As this cell’s first treatment never changes,

its effect cannot be identified under a parallel trends assumption.

Condition 2: (g,t) is such that D}, =1, D;, ; =1ort=1,and D;,,, = 0. To estimate the
first-treatment’s effect in cell (g, t), one could compare ¢’s t+ 1-to-t outcome evolution to that of
another group experiencing no treatment change and with the same treatments at period ¢ + 1.
This estimator is unbiased for the first-treatment’s effect in cell (g,¢) under Assumption 5, but

not under Assumption 4.

Condition 3: (g,t) is such that D}, =1, D;, ;, =1ort=1,and D;, = 0 for a t’ lower than
t — 2 or greater than t+ 2. To identify the effect of the first treatment in one such cell, one could
compare ¢'s t'-to-t outcome evolution to that of another group ¢’ with the same treatments at ¢’
and t (Dy; = Dy ) and with the same treatments as g in ¢’ (D, = Dy ). However, such a
comparison relies on a parallel trends assumption over a longer time horizon than Assumption 4,
which only imposes parallel trends over consecutive periods. One may argue that if one is ready
to impose parallel trends over consecutive periods, the cost of further imposing parallel trends
over longer horizons is minimal. But if one views parallel trends as a reasonable first-order
approximation, rather than an assumption that exactly holds, this first-order approximation
may become poorer over longer horizons, for instance if there are group specific linear trends
(see Roth, 2022; Rambachan and Roth, 2022). Accordingly, estimators relying on long-run
parallel trends assumptions may be more biased than estimators relying on parallel trends over

consecutive periods.

Condition 4: (g,t) is such that D, =1, D}, ; =0, and D, # D,; ,, meaning that one of
g’s other treatments also changes from ¢ — 1 to ¢t. To identify the effect of the first treatment in
one such cell, one could compare ¢g’s outcome evolution to that of another group experiencing

no change of its first treatment and the same changes of its other treatments as g, like in the



example in Equation (8). However, such a comparison is only valid if the effect of the other

treatments is constant between groups, as discussed in Section 4.2.1.

Condition 5: (g, ) is such that D}, =1, D}, , =0, D, = D, | but there is no ¢’ such that
Dy,= Dy, = D, ;, meaning that no other group experiences no treatment change and has
the same baseline treatments as g. To identify the effect of the first treatment in one such cell,
one could compare ¢’s outcome evolution to that of another group experiencing no change of its
treatments and with different baseline treatments, as in the example in Equation (11). However,
such a comparison is only valid if the effects of the other treatments are constant over time, as

discussed in Section 4.2.1.

3 Alternative estimators of dynamic effects

Assuming constant treatment effects, one can use a TWFE regression of the outcome on the
treatment and its lags, the so-called distributed lag regression, to separately estimate the effect of
the current and past treatments on the outcome. Separately estimating each of those effects while
allowing for heterogeneous treatment effects is inherently difficult. This may be the reason why
a substantial branch of the heterogeneity-robust DID literature has instead proposed to estimate
the total effect of current and past treatments on the outcome (see Callaway and Sant’Anna,
2021; Sun and Abraham, 2021; de Chaisemartin and D’Haultfceuille, 2021; Borusyak, Jaravel and
Spiess, 2021). We first show in Subsection 3.1 that in the case of a single treatment, DIDI{/I and
DID}; can actually be used to estimate the effect of the contemporaneous treatment and of one
treatment lag, controlling for other treatment lags, in the spirit of the distributed-lag regression.
Then, focusing on the total effect of current and past treatments as in the aforementioned
papers, we propose estimators when there are several binary and staggered treatments that have

dynamic effects.

3.1 Single treatment

With a single treatment D? DID{/I can be used to estimate the effect of the current value of

gt
D;,, allowing for dynamic effects. Assume that (Dg,,...,D},) = (D4, ..., D5, 1)) Then,

£
our potential outcome notation allows the current zreatment and its first K — 1 lags to af-
fect the outcome, so DID{; is an estimator of the effect of the current value of Dy, robust to
dynamic effects up to K —1 lags. This is an improvement over the DIDy; estimator in de Chaise-
martin and D’Haultfeeuille (2020), which is not robust to dynamic effects, except with a binary
and staggered treatment. To achieve some robustness to dynamic effects, DID{4 restricts the

estimation to groups that did not experience a treatment change from ¢t — K to t — 1. For



instance, with K = 2 and (D;,,D;,) = (D;,,
with (D5, 5, D;, 1, D;,) = (0,0,1) to groups with (D, ,, Ds, 4, D; ;) = (0,0,0), and groups
with (D, 5, D;, 1, D;,) = (1,1,0) to groups with (D7, ,,D;, ;,D;,) = (1,1,1). On the
other hand, the DID{/I estimator may not be used to estimate the effect of past treatments
on the outcome. For instance, with K = 2 and (D;,,D2,) = (D5, 1, D;,), Si is empty: for
any group g such that (Dj, , # D;, ; = D; ), there cannot exist another group ¢’ such that
(Dgr 4o =Dy y 1 = Dy ), and (Dg s o, Dgiy ) = (Dgy_9, Dgy_y).

g,

D;, 1), the DID{A estimator compares groups

The opposite applies to DIDII’V[: it may not be used to estimate the effect of the current treatment
allowing for dynamic effects, but it may be used to estimate the effect of past treatments on
the outcome. For instance, with K = 2 and (D,,, D?,) = (D5, ,,D;,), Sy is not empty: it
contains all (g,t) cells such that D;, , # D, = D; ., for which there exists another group ¢’
such that Dy, , | = Dy, = Dy .y = Dyyyq. Then, DID?, is a weighted average of two types
of DIDs. DIDs of the first type compare the ¢ + 1 to t outcome evolution between groups such
that Dy, ; = 1,D;, = 0,D;,,; = 0 and groups such that Dy, ; = 0,D7, = 0,D;,.; = 0.
DIDs of the second type compare the ¢ + 1 to ¢ outcome evolution between groups such that
Dy, =1,D;, =1,D;,.; =1 and groups such that Dy, ; = 0,D;, =1,D;,.; = 1. If the
current outcome only depends on the current treatment and its first lag, and if Assumption 5
holds for (D}, D?,) = (D3,_, D3,), then DID}; is unbiased for the average effect of switching
the treatment’s first lag from 0 to 1 holding the current treatment fixed, across all (g, t)s in Ss.
Of course, assuming that the current outcome only depends on the current treatment and its
first lag is restrictive. One could instead assume, say, that the current outcome only depends
on the current treatment and its first two lags. Then, with K = 3 and (D,,, D2, D} ) =
(D9, D5y 1, D5 4), DID?, is unbiased for the average effect of switching the treatment’s second
lag from 0 to 1, holding the current treatment and its first lag fixed, across all (g,t) cells in
Ss. Sy now becomes the set of all (g,t) cells such that D7, , # D;, | = D;, = D5, and for
which there exists another group ¢’ such that Dy, o, = Dy, = Dy, = Dy oy = Dyyiq. Sa
contains fewer cells with K’ = 3 and (D ,, D2, D} ,) = (D}, 5, D5, 1, Dj,) than with K = 2 and
(D, D2,) = (D5, 1, D;,): allowing more treatment lags to affect the outcome may be more
plausible, but it may also result in less precise estimators, that apply to a smaller population.
Note also that with dynamic effects up to K — 1 treatment lags, DIDi/[ can be used to estimate

the effect of the K — 1th lag, but it cannot be used to estimate the effect of earlier lags.

Overall, DID{/I and DID%A can be used for some but not for all purposes in the presence of a

single treatment with dynamic effects.



3.2 Multiple treatments

In the paper, we implicitly assume that the treatments under consideration do not have dynamic
effects, since the outcome of a unit at period ¢ only depends on her period-t treatment, not on
her previous treatments.! When treatments can have dynamic effects, estimating the effect of
a treatment controlling for other treatments is difficult. We propose an estimation strategy
when there are two binary treatments, which both follow a staggered adoption design. For any
g € {1,..,G}, let F} = min{t : D}, = 1} denote the first date at which group g receives the
first treatment, with the convention that F) gl =T + 1 if group g never receives that treatment.
Similarly, let F g2 = min{¢ : D;t = 1} denote the first date at which group g receives the second

treatment, with the convention that F 92 =T + 1 if group g never receives that treatment.

Assumption 9 (Staggered design with two binary treatments) For all (g,t) € {1,...,G} X
{2,..,T}, D!}, € {0,1}, D2, € {0,1}, D}, , < D}, D2, | < D2, and F2> F..

g,t? g,t?

Assumption 9 requires that both treatments weakly increase over time, which means that once
a group has switched from untreated to treated, it cannot switch back to being untreated.
Assumption 9 also requires that groups start receiving the second treatment after the first. This
is typically satisfied when the second treatment is a reinforcement of the first. Our running
example will be that of a researcher seeking to separately estimate the effects of medical and
recreational marijuana laws in the US: so far, states have passed the former before the latter,
and none of the medical and recreational laws passed since the late 1990s have been reverted.
Another example where Assumption 9 holds include voter ID laws in the US, where non-strict
laws are typically passed before strict ones (see Cantoni and Pons, 2021). Another example are
anti-deforestation policies, where plots of lands are typically put into a concession, and then

some concessions get certified (see Panlasigui et al., 2018).

To allow for dynamic effects, we need to modify our potential outcome notation. For all (d!, d?)
{0,1}*7 let Y, +(d'; d*) denote the potential outcome of group g at period ¢, if her two treatments
from period 1 to T are equal to d', d?. This dynamic potential outcome framework is similar to
that in Robins (1986). It allows for the possibility that groups’ outcome at time ¢ be affected

by their past and future treatments.

Our estimator relies on the following assumptions.
Assumption 10 (No Anticipation) For all g, for all (d*,d?) € {0,1}?T,

qu,t(dl;dZ) = }/g,t(di 7d7}7d%7 ,d?)

1On the other hand and as discussed above, Theorems 1 and 2 do apply to dynamic effect cases, when the

other treatment variables in the regression are lags of the treatment.



Assumption 10 requires that a group’s current outcome do not depend on her future treatments,
the so-called no-anticipation hypothesis. Abbring and Van den Berg (2003) have discussed
that assumption in the context of duration models, and Malani and Reif (2015), Botosaru and
Gutierrez (2018), and Sun and Abraham (2021) have discussed it in the context of DID models.

For any j € {1,...,7}, let 0, and 1; denote vectors of j zeros and ones, respectively. We also
adopt the convention that 0y and 1y denote empty vectors. Hereafter, we refer to Y, ,(0r;0r)
as group ¢’s -treated potential outcome at period ¢, her outcome if she never receives either of

the two treatments. Our estimators rely on the following assumption on Y, ;(0r;0r).

Assumption 11 (Independent groups, strong exogeneity, and common trends for the never-
treated outcome) For allt > 2 and g € {1,...,G}, E(Y,+(0r;07) — Y, ,_1(07;07)|D) does not

Vary across g.

Assumption 11 is an adaptation of Assumptions 2-3 to the set-up we consider in this section,

and where we allow for dynamic effects.

Under Assumption 9, the estimators of instantaneous and dynamic treatment effects proposed
in de Chaisemartin and D’Haultfeeuille (2021) can still be used with two treatments, redefining
the treatment as Dg,t = D;}t + Dg’t. However, those estimators will average together effects of
the first and of the second treatment. Estimating separately the effect of the first treatment
is straightforward: one can just compute the estimators in Callaway and Sant’Anna (2021)
or de Chaisemartin and D’Haultfeeuille (2021), restricting the sample to all (g,t)s such that
D;t = 0. In the marijuana laws example, to estimate the effect of medical marijuana laws, one
can just restrict the sample to all statexyear (g,t) such that state g has not passed a recreational
law yet in year t. The horizon until which dynamic effects can be estimated will just be truncated

by the second treatment.

Estimating separately the effect of the second treatment is more challenging but can still be

achieved, under the following, supplementary assumption.

Assumption 12 (Restriction on the effect of the first treatment) For all g € {1,...,G}, j €
{1,....T}, and t > j, there exists \; 4,(D) and p; (D) such that

E(Yy:((0j-1,17-(j-1)); Or) — Y:(07; 07)| D) = X o(D) + pj (D).

Assumption 12 requires that the effect of the first treatment evolves over time in the same way

in every group: for any ¢t > j + 1,
E(Yy4((0j-1, 17— (j-1)); 07) = Yy,4(07; 07)| D) — E(Yy-1((0j-1, 17—(j—1)); Or) — Y51-1(07; O7)| D),

the difference between group g¢’s effect of being treated for ¢t — (j — 1) and t — 1 — (j — 1) periods,

should be the same in every group. Still, Assumption 12 allows such treatment effects to vary



in an unrestricted way with the number of time periods over which a group has been treated,
and to vary with the time period at which the treatment was adopted. It also allows, to some
extent, the treatment effect to vary across groups: groups’ treatment effects can be arbitrarily
heterogeneous at the first period where they start receiving the treatment, but the period to

period evolution of that effect should then be the same in every group.

To understand why that assumption is needed, let us go back to the marijuana law example.
Without Assumption 12, a state passing a recreational marijuana law may start experiencing a
different outcome trend than other states that have only passed a medical law, either because
of the recreational law, or because its evolution of the effect of the medical law differs from that
in other states. In other words, that assumption is key to disentangle the effects of the two
treatments, which is often of interest. Under the standard parallel trends assumption on the
never-treated outcome (Assumption 11), one could only estimate the combined effects of the two

treatments.

Though it is arguably strong, this assumption is partly testable, as we explain in more details
below: it implies that groups that start receiving the treatment at the same time should then
have the same outcome evolution until they adopt the second treatment. A violation of this
assumption would lead our estimators to be upward (resp. downward biased) if the effect of the
first treatment increases less (resp. more) in groups that adopt the second treatment than in

groups that do not adopt it.

Assumption 13 (Non-pathological design) There exists (g,9') € {1,..., G}* such that F,} = F,
and 1 < F} < F}.

For any f € {1,...,T}, let
Gr={g9€e{l,..,G}: Fg1 =f}

denote the set of groups that started receiving the first treatment at date f. Let
F=A{fe{l,..T}:39.¢)€G;: 1< F: <F}

be the set of dates such that at least two groups start receiving the first treatment at that date
and start receiving the second treatment at different dates. Assumption 13 ensures that F is
not empty. For any f € F, let

NTy =max F? — 1

9€Gy
be the last period at which at least one group that started receiving the first treatment at period

f has still not received the second treatment. Then, we let

— _ ; 2
Luty = NTj pedun g



denote the number of time periods between the first date at which a group that started receiving
the first treatment at date f starts receiving the second treatment, and the last date at which a
group that started receiving the first treatment at date f has not received the second treatment
yet. Note that L, s > 0 for all f € F. Let also

Lnt = I}lg}}_( Lnt,f-
For any ¢ € {0, ..., Ly}, f € F such that NTy > ¢+ f+ 1, and t € {{+ f+1,..., NT}}, let

th,cz = Z Nyt
gegf:ngtfé
denote the population at ¢ of groups that started receiving the first treatment at date f and the
second treatment ¢ periods ago at ¢, and such that at least one group also started receiving the

first treatment at date f and has not started receiving the second treatment yet at ¢. Let

NTy

Ne = > > N t{e
FEFNTy>l+f+1 t=t+f+1
be the total population in groups reaching ¢ periods after they started receiving the second
treatment at a date where there is still a group that started receiving the first treatment at
the same date as their group and that has not received the second treatment yet. Across those
groups, the average cumulative effect of having received the second treatment for ¢ + 1 periods

while fixing the first treatment at its observed value is

NT

N,
0y = E > ) > ]\Zt Yyu(Dg; (0141, 1041)) — Y (Dy; 0y)

FEFNTp 2L+ f+1 t=t+f+1 geGy, F2=t—L

Remark that by construction, N, > 0 for all £ € {0, ..., L, }, so &, is well-defined for such ¢. Note
also that d, does not include the effect of the second treatment for groups that start receiving
the two treatments at the same time. For those groups, it is impossible to separately estimate

the effects of the first and second treatments, using our DID estimation strategy at least.
We now define an estimator of d,. For any f € F and t such that NTy > t, let
Ntnt,f — Z Ng,t°
9EGs F2>t

Then, for any ¢ € {0, ..., Ly}, f € F such that NTy > ¢+ f+1,and t € {{ + f+ 1,..., NT}},
we define

N, N,
fo_ gt gt
DID;, = N (Yo — Ygume1) — ) V] (Yor — Yy 0.1)
gEGF2=t—L ~ 't L gEGF2>t + 't



if Nt& > 0 and N/ > 0, and we let DID{’K = 0 if thfe = 0 or N/ = 0. Then, for all
€ {0,..., Ly}, we let

NTy 7t
DID, = 3 3 N“DID{ .
L

FEF:NT >4+ f+1 t=C+f+1

Theorem 6 Suppose that Assumptions 1 and 9-13 hold. Then, E[DID,] = &, for all ¢ €
{0, ..., Lt }.

DID; can be computed by the did_multiplegt Stata command, restricting the sample to the
(g,t)s such that D;t = 1, and including Fg1 in the trends_nonparam option. The asymptotic
normality of the DID, estimators, when the number of groups goes to infinity, could be estab-

lished under similar assumptions and using similar arguments as those used to show Theorem 4
in de Chaisemartin and D’Haultfeeuille (2021).

Beyond the somewhat complicated notation above, the idea underlying DID, is actually quite
simple: it amounts to comparing the outcome evolution of groups that adopt/do not adopt the
second treatment, and that adopted the first treatment at the same date. This ensures that
the “treatment” and “control” groups involved in this comparison have been exposed to the
first treatment for the same number of periods. Under Assumptions 11 and 12, this in turn
ensures that their outcome evolution would have been the same if the “treatment groups” had
not adopted the second treatment. The estimation procedure we propose can easily be extended
to more than two treatments. For instance, if there was a third treatment following a staggered
adoption design and always adopted after the second one, one could estimate its effect using the
did_multiplegt Stata command, restricting the sample to the (g,¢)s such that D;,t =1, and

including the interaction of F gl and F 92 in the trends_nonparam option.

Theorem 6 complements the pioneering work of Callaway and Sant’Anna (2021) and Sun and
Abraham (2021), who provide DID estimators of the effect of a single treatment following a
staggered adoption design. To our knowledge, our paper is the first to consider the case with
several treatments following consecutive staggered designs, which arises relatively often, as the
examples given above show. Our main insight is to show that one can obtain unbiased estimators
of the effect of the second treatment, under the restriction on the effect of the first treatment

stated in Assumption 12, and provided one controls for the first treatment’s adoption date.

The assumptions underlying Theorem 6 are refutable. They imply that groups that start receiv-
ing the treatment at the same time should have the same outcome evolution until they adopt the
second treatment, see Equation (38) in the Appendix. This can be tested, using similar placebo
estimators as in de Chaisemartin and D’Haultfoeuille (2021), the main difference being that one
should compare groups with the same value of F gl. The placebo estimators one can use to test
the assumptions underlying Theorem 6 can also be computed by the did_multiplegt command,

restricting the sample to the (g,t)s such that D;yt = 1, including Fg1 in the trends_nonparam

9



option, and requesting the placebo option. One should still keep in mind that such pre-trends
tests come with some caveats, as shown by Roth (2022): they may be underpowered and could
fail to detect violations of the assumptions, and they may lead to pre-testing issues. However,
our placebo estimators can be used to conduct the sensitivity analysis proposed by Manski and
Pepper (2018) or Rambachan and Roth (2022).

The estimation strategy proposed in Theorem 6 requires that there is at least one pair of groups
that receive the first treatment at the same date, and such that the first group receives the
second treatment strictly before the second group. When the number of groups is relatively low
(e.g.: the 50 US states), there may not be any pair of groups receiving the first treatment at the
same time period. Then, two alternative estimation strategies can be proposed. First, instead
of Assumption 12, one may assume that the effect of the first treatment evolves linearly with

the number of periods of exposure, with a slope that differs across groups:
E(Yt((0j-1,17-(j-1)); 0r) = Yg4(07; 07)| D) = X (D) + g (D) (t = j).

Then, one can recover the counterfactual outcome that a group adopting the second treatment
would have obtained without it by extrapolating a linear estimate of its outcome evolution
prior to adoption. The resulting estimator can be computed by the did_multiplegt command,
restricting the sample to the (g,t)s such that D;t = 1, and including the group indicator in
the trends_lin option. Second, one could also strengthen Assumption 12, by assuming that
the effect of the first treatment evolves potentially non-linearly with the number of periods of

exposure, but that this evolution is the same in every group and at every time period:
E(Yy4((0j-1,17-(j-1)); 07) = Y34(07; 07)| D) = Ay (D) + puu—; (D).

Then, one can recover the counterfactual outcome that a group adopting the second treatment
would have obtained without it, by extrapolating the outcome evolution experienced by groups
that reached a similar number of periods of exposure to the first treatment without adopting
the second one. The resulting estimator can be computed by the did_multiplegt command,
restricting the sample to the (g, t)s such that D;t = 1, and including indicators for reaching 1,

2, etc. periods of exposure to the first treatment in the controls option.

The approach in Theorem 6 can easily be extended to some instances where the assumptions
of Theorem 6 fail. For example, there may applications with two binary treatments following a
staggered adoption design, but such that some groups receive treatment 1 before treatment 2,
other groups receive treatment 2 first, and other groups receive both treatments at the same time.
Then, one can start by restricting attention to the subsample of groups such that D}, > D?,
for all ¢ and F 91 < F 92. This subsample includes groups that only receive treatment 1, groups
that receive both treatments but receive the second one strictly after the first, and groups

that do not receive any treatment. In that subsample, one can estimate the instantaneous and

10



dynamic effects of receiving only the first treatment, using the did_multiplegt command and
restricting the sample to (g, t)s such that Dz,t = 0. One can then estimate the effect of receiving
the second treatment when one has already received the first one, using the did_multiplegt
command, restricting the sample to the (g,t)s such that D}, = 1 and including F, in the
trends_nonparam option. Second, one can restrict attention to the subsample of groups such
that D2, > D,, for all t and F; < F}. In that subsample, one can estimate the effect of
receiving only the second treatment, and the effect of receiving the first treatment when one
has already received the second one, using the same steps as above but reverting the roles of
the first of second treatments. Finally, one can restrict attention to the subsample of groups
that either receive both treatments at the same time or that do not receive any treatment, and
estimate the effect of receiving both treatments at the same time using the did_multiplegt
command. Comparing these five sets of estimates may be indicative of whether the treatments
are complements or substitutes, even though differences could also be driven by heterogeneous

effects across the various subsamples.

4 Inference
4.1 Asymptotic approach

In this section, we show the asymptotic normality of DID{/I and construct asymptotically valid
(in fact, conservative) confidence intervals for ;. The approach followed here is very similar
to that considered in de Chaisemartin and D’Haultfeeuille (2020) and de Chaisemartin and
D’Haultfeeuille (2021). Also, note that the same reasoning directly applies to d; and 1/2[6; + da].

We use the same notation as in Section 4.2 and the proof of Theorem 8. Specifically, s refers to

an observed switch, associated with a final period t,, an initial value of D!, d!, a final value of

g,
D;t, d! and a value of Dg ¢, d;1, constant between t, — 1 and t,. Then, define
UGg G Z gt Sgn dl dll> 1 {g € gls} 1 {g € g(]s} AY tss
) ZS 1n18|d1 d1/| S S 0 s
oLy pIDY,)”
T T > (UG'79 - M)

g=1

The confidence interval of nominal level 1 — o that we consider is
CIf_, = [DID{; % 21_025G 2],

where 21_,/2 is the quantile of order 1 — « /2 of the standard normal distribution.

Our results rely on Assumptions 14-15 below. Hereafter, we let 3, := V(Y} 1, ..., Y, r|D) and let

p(X) denote the smallest eigenvalue of any symmetric semidefinite positive matrix X.
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Assumption 14 (Asymptotically non-pathological design) The support of D, does not depend
on g and is finite; it is denoted by D. Let us define

S, ={(t.d",d".d"): P(D;, =d", D, ,=d",D,j =D} , =d')>0}.

Then S, does not vary with g, S, = S. Moreover, there exists p > 0 such that for all g
and (t,d*,d".d™') € S, P(D;t = dl,D;’tf1 = dl’,D;t1 = D;tl_l =d') > p and P(D;t =
d, Dy, y=d", D, =D, , =d')>p.
Assumption 15 (Regularity conditions for asymptotic normality) We have, for some ¢ > 0 and
p>0,

sup Ny, < oo, inf p(X,)>p>0 as and sup E[Y,,*™|D,=d] < < as.

g,t G,g<G— - G,9<G,deD
Assumption 14 basically ensures that for all switch s we observe, we have n;; — oo and ngs — oo
almost surely as G — oo. Note that it always holds if groups are assumed to be identically
distributed. Assumption 15 ensures that we can apply the Lyapunov central limit theorem
with independent but not identically distributed variables. The second condition rules out
degenerate situations where the (non-trivial) linear combinations of the (Y1, ..., Y, 7) in DID{

would actually be constant.

Theorem 7 Suppose that Assumptions 1-2, 4 and 14-15 hold. Then, conditional on D and

almost surely,

DID., —§
\/5 M : 1/2 i> N(07 1)7
(& Xgp,.=0 V(Uay| D))

Moreover, we have, almost surely,

lim inf Pr {51 € C’]f_a|D] >1—a.
G—oo
4.2 Finite-sample inference

One limitation of the previous approach is that the asymptotic approximation may not be
accurate. DID{/I compares carefully selected treatment and control groups, and it could be the
case that only a small number of groups can be included in those comparisons. The larger
the number of treatments, the more likely it is that DID{/[ uses data from a small number of
groups. In this section, we deal with this issue by proposing confidence intervals that are exact
in a finite sample of groups under a normality assumption, in the spirit of Donald and Lang
(2007). The exactness of those confidence intervals relies on strong conditions, but they remain

asymptotically valid under much weaker assumptions. The main price to pay for using them,
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rather than those of the previous section, is that doing so may result in an adjustment of the

definition of 97, as explained below.

To ease the exposition, in this section we condition on D. Accordingly, functions of D can be
treated as non-stochastic terms. For simplicity, we also assume that Ny, = 1 for all (g,¢). Let
s = 1,...,S index “switches”, that is to say a K + 2-uple (d,d’,d"*,t) with d # d' for which
via=Dy,=dand D, =D,; =D}, =

there exists (g, ') satistying D, , = d, D}, | = D,

D', , = d™'. Then, note that

S
DIDy = 3 a,DID;,

s=1
for some non-stochastic weights (o)s—1...s, where DIDy is the DID corresponding to switch s.
Let G denote the set of groups intervening in DIDy, either as a “switcher” or as a “control”. We

rely hereafter on the following assumption:
Assumption 16 (Non-overlapping groups) for any (s,s') € {1,...,5}?, s # 5, G:NGy = 0.

Combined with Assumption 2, this assumption ensures that the DID, are mutually independent;
otherwise it is unclear to us how one should account for their dependencies to still obtain a finite
sample result. Note that Assumption 16 automatically holds with T"= 2. Otherwise, it is more
likely to hold if T is small. When Assumption 16 fails, we can ensure it holds on a modified
sample, by removing groups belonging to several sets G, from all those sets except one. This
sample modification will modify the estimator DID{/I. It may also lead to removing a switching
group from a set G,. This would change the target parameter, which would become the average
treatment effect across all switching cells in the modified sample, in lieu of §;, the average
treatment effect across all switching cells in the original sample. For simplicity, we still denote

the parameter and its estimator on the modified sample §; and DID{/I.

Our confidence interval relies on the following variance estimator:

N S
V=Za§[ :
s=1

1 — 1
—— AY,; —AY )P+ ——— AY,, —AY,,)?
nls(nls - 1) gezg:ls( 9t ! ) nOs(”Os - 1) QEZQ;)S( 9its 0 )

where G, (resp. Gos) is the subset of switching (resp. control) cells in G, ng, =card(Gy,), and
AYy, is the average of AY,,, over g € Gi,. Our definition of V uses the convention that 0/0=0.

Next, let ¢;_, denote the quantile of order 1 — «v of |T'|, defined as

_ S5 a2 (1/nys + 1/ngs) )1/2 y
T= <Z§1 a2 [Wis/[n1s(nis — 1)] + Wos/[nos(nos — 1)]] Z, (36)

where (Z, Wo1, Wiy, ..., Wos, Wig) are independent of the data, mutually independent and satisfy

Z ~ N(0,1) and Wy, ~ x*(ngs — 1). Note that ¢;_, does not have a closed-form expression, but
it can be approximated by simulations.
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Then, the confidence interval of order 1 — a we consider is

Cl?ia = |:DIDM + 91—04\/5} .

Below, we introduce two assumptions under which CI{* | is valid: under Assumption 17, CIT*

is valid in finite samples; under Assumption 18, CI{* , is valid asymptotically.

Assumption 17 (Restrictions for finite-sample validity of CI{* )

1. Foralls =1,..,8 and g € Gs, Y, (d}, d;') — Yy, (dY,dJY) = 615 where (tg,d},dY, d;Y)

Sy sy s S

are the (t,d',d", d=") associated with s and 8,5 is non-stochastic.

2. For all s and g € Gs, AY,;,(0,d;") ~ N (s, 02).

Point 1 of Assumption 17 assumes that the first treatment’s effect is homogeneous within each
set of groups s, but may vary across s. Point 2 of Assumption 17 assumes that AY;,, (0,d;!) is
normally distributed and homoskedastic: the variance of AY,,, (0,d ") should not depend on s.
When combined, the two points ensure that DID; ~ N (ds, 0%a?(1/n1s + 1/n0s)), which, in view

of DIDy = ZSS L asDIDyg, is an important step towards our finite sample result below.

Assumption 18 (Restrictions for asymptotic validity of CI{* )

1. There exists Gy such that for allG > Gy, S == {(d,d',d"',t) : Nyawa-14 >0, Ny gr g1 >

0} does not vary across G and is finite. We denote by S its cardinal.?

2. Forall (k,s) € {0,1}x{1,..., S}, the (AYg,, )geg,, are i.i.d. and for g € Gis, E[AY?, ] < 00
and V(AY,;,) > 0.

3. For all (k,s) € {0,1} x {1,...,S}, liminfg_ nps /G > 0.

The first point ensures that for G large enough, DIDy; can be written as a convex combina-
tion of (DIDy),_, 3, for the same type of switches s. Then, the last two points ensure that
each of these DID; is asymptotically normal and non-degenerate. Assumption 18 does not
make any treatment-effect homogeneity or homoscedasticity assumption. Note that we impose
that the (AY},,)seq,. are identically distributed for simplicity. If we instead assumed that the
(AY, 1. )geq,. are independent but not identically distributed, one could still show that CI{* | is
asymptotically conservative under appropriate regularity conditions, as in, e.g., Theorem S6 in
the Web Appendix of de Chaisemartin and D’Haultfoeuille (2020).

The following theorem shows that CI7™ | is exact under Assumption 17, and asymptotically valid

under Assumption 18.

2 Accordingly, we keep the same indexation for switches s € {1,...,.S} for all G > Go.
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Theorem 8 If Assumptions 1-2, 4, and 16 hold, then, for any o € (0,1):
1. if Assumption 17 further holds, P (51 € C]ffa) =1-a.
2. if Assumption 18 further holds, limg_,o, P (51 eC ffo) =1-a.

Our approach in this section generalizes that in Donald and Lang (2007) to designs with more
than two time periods and/or several treatments. A difference with that paper is that our
confidence intervals use critical values from a non-standard distribution, instead of critical values

from a t-distribution.

5 Proof of the results in the Web Appendix
5.1 Theorem 6

First, by Assumption 11, for all ¢ > 2 there is a function of D (D) such that
V(D) = E(Yy(07;07) — Yg4-1(07; 07)| D). (37)
Then, forall 1 < f <t < T,
ElYy4((05-1, 17— 541);07) = Y1 ((05-1, 17— 41); O7) | D]

=E[Yy((05-1,17_541);07) — Yy (07;07)| D] — E[Yy,1((0-1, 17— f41); O7) — Y —1(07; O7) | D]
+ E[Y,+(07;07) — Y, ,_1(07; 07)| D]

=psi(D) — pgr—1(D) + P (D); (38)

where the second equality uses (37) and Assumption 12. Then, for any ¢ € {0, ..., L,;}, f € F
such that NTy > ¢+ f+1and t € {{+ f+1,..., NT;} such that Nt{e > 0 and Ntm’f >0,

E (DID,| D)

N, N,
= Y HEVu—YaalD) = Y —55E(Yy— Yy |D)
gegf:FgQ:th t,l gng:F92>t Nt
N,

= Y B (YD) (001, 1eg1)) — Yyu(Dy; 07)| D)
gEG;F2=t—1 Nt,e

Ny,
+ Y FE(YeulDj0r) = Yoe e a(Dy; 07)|D)
gEGF2=t—L ~'t,L
Ny,
= > B (YeulD3; 00) = Yoo (D5 07) D)
geEG i FE>t + 't
N,
= Z Nigf’tE (}/tl],t(D;; (0t—¢1,1p41)) — Y;],t(D;; OT)|D) . (39)

g€GpF2=t—1 t V10
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The first equality follows from the definition of DID{ ¢, and Nt’j ;> 0and N/ > 0. The second
equality follows from Assumption 10. The third equality follows from (38).

By definition of NT}, we have N/ b7 > 0 for all f € F and ¢ such that N Ty > t. We adopt the
convention that a sum over an empty set is equal to 0. Then, for any ¢ € {0,..., L}, f € F
such that NTy > ¢+ f+1and t € {{+ f+1,.., NT;}, Equation (39) implies that
N{,E (DID{,| D)
= Y NpE (YD) (041, 1401)) — Ygu(Dy: 07)| D) .

gegf:FQQ:t—e

We obtain the result by summing over f € F and ¢ such that N7y > ¢+ f +1 and t €
{¢+ f+1,...,NTy}, and by the law of iterated expectations.

5.2 Theorem 7

The proof is very similar to the proof of Theorem 3 in de Chaisemartin and D’Haultfoeuille

(2021) so we only discuss the main steps and stress the differences here.

1. Asymptotic normality
First, remark that
1 G
DID{; = = Y Ug,.
G

Then, we establish asymptotic normality by applying Lyapunov’s central limit theorem for tri-
angular arrays. To this end, we show

¢ El|Us,— E|Uq,|D|*| | D
hm ngl [| G.g [ G79|>11-|C/2 | | ] — 0 a.s. (40)

@ (2L V(Ue, D)

We have Ug 4 = S Mgt Yy for some A, ;. Let

ZS G‘dl_d1/|
s:lnls s S
t=min{t: Ady,d',d™"): (t,dy, di/,d ")) € S}

Let s be a switch such that ¢, = ¢ and (d},dY,d;') € S. Then, if g € G5, we have \,; | =

R S

sgn(dY — d!). Then, reasoning as for obtaining (25) in de Chaisemartin and D Haultfceuille
(2021), we get

S mldl, —dy|\* &
(Es =171 C’: s s ’) ZV(UG,Q |D) > P X Ny, (41)

g=1
Moreover, with the same reasoning as in de Chaisemartin and D’Haultfceuille (2021), we have

(Zss—l n15|d;

2+4c

Jnax | gl

_dll 2
=) B (e, - 106,11 D] < G
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for some constant Cy > 0. Moreover,

Nis

max |[A,;| < Cysup Ny, |1+ max (42)
t=1...T ’ g, ot

s=1,..., S Nos

We then obtain (40) from (41) and (42) exactly as in the proof of Theorem 3 in de Chaisemartin
and D’Haultfoeuille (2021).

2. Asymptotic validity of CI}"_,
Let us define
o = —ZE[ Uy —01)°|D].

The exact same reasoning as in de Chaisemartin and D’Haultfeeuille (2021) leads to

52 —5% 50, (43)

%z Y VUe,D) (44)

Moreover, from (41), Assumptions 14-15 and the weak law of large numbers, we obtain that

with probability approaching one,
G
Z UG 295 £|D > CQP,

for some Cy > 0. This ensures that |7/ — 1| —— 0. Then, write

. 21
(2 DIDG =61 (&S5 VUaslD) ™ oo (a2 DIDG =,
~ - — ~ 1/
4 o6 g (&5, V(Us,|D))

By what precedes, the first term is smaller than one and the second converges to a stan-
dard normal variable. The result follows, with the same reasoning as in de Chaisemartin and
D’Haultfeeuille (2021).

5.3 Theorem 8

As in Subsection 4.2, the proof is conditional on D.

1. First, under Assumption 17, we have §; = Zle as015. Thus, using again Assumption 17 but
also Assumption 16,

S S 1 1
DIDy — 8, = 3 ay(DID, — 81,) ~ N (0, 5?3 o ( + )) . (45)
s=1

s=1 Nis Nos
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For the same reasons, we have
‘7 S
2
PN Z s
a s=1

where the (W, Wiy, ..., Wos, Wig) are mutually independent, independent of DIDy; and Wy ~
x%(ngs — 1), by Cochran’s theorem. By definition of T (see (36)), this implies that

DIDy — 01

\/5

Wls WOS

nls(”ls - 1) nOs(nOs - 1) 7

~T.

The result follows.

2. Without loss of generality, we assume hereafter that G > Gy, so that .5 does not vary across
G and has cardinal S.

Consider the ratio R := (DIDy — &;)/VY2. We first show that as G — oo, R - N/(0,1). For
any (k,s) € {0,1} x {1,..., S}, let uys := E[AY,,.] and o}, := V(AY,,.). Given that nys — oo,

we have, by the central limit theorem,
Ayks — Hks
\/ O-l%s/nks

Remark that DIDy; = Eil o (Wls — WOS) and §; = Z ', (f1s — pos). Moreover, (AY gy,
AYy,...,AY ;5,AY 5) are mutually independent by Assumptions 2 and 16. Then, by, e.g.,
Lemma C.5 of D’Haultfeeuille and Tuvaandorj (2022), we obtain

DIDy; — &
VIS, a2 (02, /n, + 02, /nos)

Moreover, by the law of large numbers,
1

Nnis —

L5 N(0,1).

4 N(0,1). (46)

3 (AY,,, - AY ) 62,

gegls

Then, a? < 1 and miny, ; lim infg nys/G > 0 implies that

~

S
67 =3 a2 (2 jma + 02, /HOS)] o )

s=1

Next,

miny, Uks

S
GZO‘E (O%S/nls + 0(2)3/”05> > <m1n Oks > ZCM? > S ,
s=1

where the latter holds by convexity of z — 22 and 25:1 as = 1. Hence, by Assumption 18, we

obtain

hm inf G Z a; (als/nls + 008/n05> > 0.

s=1
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Combined with (47), this yields

-~

v P
—

Es§=1 a2 (U%s/nls + U%s/nOS)

Taken together, (46) and (48) imply that R - A(0,1).

Next, we prove that T 4, N(0,1). First, for all (k,s), ngs — oo by Assumption 18. Thus, by
the law of large numbers, Wy /(ngs — 1) L5 1. In turn, using lim infg ngs /G > 0, we obtain

et (e o) - 5 G )

nls(nls - 1) nOs(nOs -1

Moreover, since G/nys > 1 for all k, s, we have

GE)X( ) ijiz

Nis nOs
As a result, lim infg GZ§:1 a? (1/n1s + 1/ngs) > 0. Hence,

Zf:l 0‘? (Wis/[nis(nis — 1)] + Wos/[nos(nos — 1)]] P
5,2 (1/ni. + 1/ma.) -t

Thus, by definition of T, T - A/(0, 1).
By continuity of the normal distribution, this implies that ¢; , — ®~*(1—«a/2). Now, note that

P (8 € CIf,) = Fig(1-a),

where F|g| denotes the cumulative distribution function of R, which converges to x — max (0, 2(x)—
1) by what precedes. Moreover, by Pélya’s theorem, the convergence is uniform. The result fol-

lows.
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