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Abstract

We propose a causal framework for applications where the outcome of interest is a unit-specific
response to events, which first needs to be measured from the data. We suggest a two-step
procedure: first, estimate unit-level event studies (ULES) by comparing pre- and post-event
outcomes of each unit to a suitable control group; second, use the ULES in causal analysis. We
outline the theoretical conditions under which this two-step procedure produces interpretable
results, highlighting the underlying statistical challenges. Our method overcomes the limitations of
regression-based approaches prevalent in the empirical literature, allowing for a deeper
examination of heterogeneity and dynamic effects. We apply this framework to analyze the impact
of childcare provision reform on the magnitude of child penalties in the Netherlands, illustrating its
ability to reveal nuanced positive relationships between childcare provision and parental labor
supply. In contrast, traditional regression-based analysis delivers negative effects, thereby
emphasizing the benefits of our two-step approach.
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Figure III: Correlation between Childcare Provision Levels and Child Penalties
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Notes: This figure presents the correlation between child penalties (CP) and the childcare provision index (CC1T).
We aggregate the estimated individual CP at the municipality times year-of-conception level, following the em-
pirical strategy described in Section 3.2, and plot them against the C'CI. For security reasons, only the cells with
more than 10 samples are used. The line represents the estimated coefficient from regressing the individual CP
on CCI. We divide the estimation between men in blue and women in orange. We present the results for each
estimate of the year relative to birth (h). Figure Illa presents the correlations using CP estimates for earnings.
Similarly, Figure IIIb presents the correlations using CP estimates for participation. Our CCT for each munici-
pality is calculated by dividing the number of childcare jobs in a given municipality m and year ¢ (V. ;"’tbs) by the
number of children under 5 years of age in the same locality (N 4rem).
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Figure IV: Effect of the childcare provision expansion on child penalties of earnings
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Notes: This figure presents the effect of the childcare provision expansion on child penalties (CP) in earnings,
split by the highest education attained. We use the specification in (6) and its generalization discussed in 4.3. In
particular, we regress the individual-level child penalties %fh‘] S of earnings on the childcare index in the period
before childbirth, CC1I,;) g,—1, and the levels of the contemporaneous policy, CC1,;, g, +nr, with fixed effects of
the municipality at childbirth ¢(i), event time E;, and the age at childbirth A;. We split the estimation between
men (blue) and women (orange) and by final education attainment. IVa presents the coefficients and their 95%
confidential intervals for CC1,(;)g,—1 and IVb for CCI ¢ g,+1- Our childcare supply index (CCT) for each

municipality is calculated by dividing the number of childcare jobs in a given municipality m and year ¢ (V. g;bs)
by the number of children under 5 years of age in the same locality (N drem).,
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Figure V: Effect of childcare expansion: one-step approach
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Notes: This figure presents discrete difference-in-differences estimates of the effects of the childcare expansion on
child penalties, described in Section 4.4. The pre-/post-period are 2000-2005 and 2011-2016, and the treatment
group is defined as the municipality where the childcare index increased by 10 percentages points from the pre-
period to the post-period. Our childcare supply index (CC1T) for each municipality is calculated by dividing the
number of childcare jobs in a given municipality m and year ¢ (V. ;gbs) by the number of children under 5 years
of age in the same locality (NZ/;ren)
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A Figures and tables

Table A.1: Diagnostics of the childcare provision expansion policy and timing of childbirth

pz,t pg,t - plg;,_til
1) (2)
CClyi 0.003
(0.008)
CCl,, 1 — CCL,, 0.004
(0.009)
N 218,416 188,115
R? 0.310 0.000

FE: Municipality (¢) x Age (t — b) X

+p<0.1,*p<0.05 * p < 0.01, ***p < 0.001

Notes: The table presents the relationship between the conditional probability of having a child
and the lagged levels of the childcare index. In the first column, we estimate a linear equation
via OLS using the conditional probability of having a child in a given period as the outcome
and the lagged level of the childcare index with the interaction of municipality and age-fixed
effects as regressors. In the second column, we use the difference in conditional probabilities
as the outcome and the difference in lagged policy levels as the regressor. See Appendix B.6
for the relevant discussion.
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Table A.2: Placebo analysis of childcare index and pre-period child penalties (earnings)

(a) Men
High School Vocational Bachelor’s
Ti—3 Ti—2 Ti—1 Ti—3 Ti—2 Ti—1 Ti—3 Ti—2 Ti—1

CClyi), -3 -0.205 -0.316 0.157 0.079 -0.036 0.008 0.088 0.065 -0.038

(0.201) (0.271) (0.218) (0.071) (0.080) (0.096) (0.084) (0.092) (0.104)
CCly),B—2 0.152  0.170  0.089 -0.073 0.089 0.137 0.118 0.157 0.209

(0.221) (0.261) (0.246) (0.078) (0.103) (0.100) (0.120) (0.146) (0.158)
CClyy,B,—1 0.002 -0.085 0.254 0.127* 0.100 0.062 0.033 0.063 0.211

(0.174) (0.250) (0.205) (0.057) (0.080) (0.081) (0.137) (0.133) (0.139)
N 26,823 26,823 26,823 72,242 72,242 72,242 34,920 34,920 34,920
R? 0.018 0.017 0.019 0.009 0.010 0.011 0.015 0.015 0.017
Municipality FE X X X X X X X X X
Event year FE X X X X X X X X X
Age at event FE X X X X X X X X X
+p<0.1,*p <0.05 **p < 0.01

(b) Women
High School Vocational Bachelor’s
7’:2',73 711',72 7':2',71 7-7L,73 722',72 %i,fl 722',73 7-7,',72 722‘,71

CCly) -3 -0.292  -0.082 -0.125 -0.025 -0.022 -0.008 0.072 -0.047 0.062

(0.213) (0.208) (0.204) (0.079) (0.079) (0.090) (0.094) (0.134) (0.153)
CCly) -2 0.203  0.064 -0.042 0.114 0.106 0.085 0.024 0.000 -0.053

(0.236) (0.212) (0.209) (0.072) (0.085) (0.100) (0.101) (0.113) (0.139)
CCly),m—1 0.002  0.099 -0.019 0.018 0.036 0.068 -0.006 0.049 -0.001

(0.149) (0.181) (0.216) (0.061) (0.076) (0.089) (0.103) (0.112) (0.137)
N 24,652 24,652 24,652 66,646 66,646 66,646 29,261 29,261 29,261
R? 0.022  0.026 0.027 0.011 0.014 0.015 0.019 0.019 0.023
Municipality FE X X X X X X X X X
Event year FE X X X X X X X X X
Age at event FE X X X X X X X X X

+p<0.1,*p < 0.05 *p < 0.01

Notes:  These tables present the pre-period relation between the childcare index
CCl, p,—s,...,CCI, g,_1 and the child penalties 7, _5,...,7; _1. We run this placebo test split-
ting by gender and education and with the fixed effects of municipality, event year, and age at
first childbirth.
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Table A.3: Placebo analysis of childcare index and pre-period child penalties (Participation)

(a) Men
High School Vocational Bachelor’s
Ti—3 Ti—2 Ti—1 Ti—3 Ti—2 Ti—1 Ti—3 Ti—2 Ti—1

CClyi), -3 0.025 -0.035 0.130 0.040 -0.043 -0.054 -0.049 0.024 -0.017

(0.128) (0.128) (0.133) (0.050) (0.058) (0.063) (0.058) (0.083) (0.076)
CCly),B—2 -0.021  0.129 -0.043 -0.015 0.094 0.158* 0.089 -0.015 0.080

(0.145) (0.178) (0.161) (0.052) (0.079) (0.063) (0.054) (0.081) (0.084)
CClyy,B,—1 0.104 0.024 0.131 0.091* 0.087+ 0.017 0.027 0.071 0.062

(0.115) (0.123) (0.125) (0.039) (0.045) (0.048) (0.054) (0.058) (0.078)
N 26,823 26,823 26,823 72,242 72,242 72,242 34,920 34,920 34,920
R? 0.017 0.019 0.019 0.008 0.008 0.009 0.014 0.017 0.018
Municipality FE X X X X X X X X X
Event year FE X X X X X X X X X
Age at event FE X X X X X X X X X
+p<0.1,*p <0.05 **p < 0.01

(b) Women
High School Vocational Bachelor’s
7’:2',73 711',72 7':2',71 7-7L,73 722',72 %i,fl 722',73 7-7,',72 722‘,71

CCly) -3 0.158 0.068 0.198 0.086 0.126* 0.072 -0.013 -0.073 -0.010

(0.134) (0.153) (0.138) (0.053) (0.052) (0.063) (0.081) (0.078) (0.092)
CCly),E,—2 -0.035 0.157 -0.140 0.073 -0.009 0.098 -0.008 -0.020 -0.157

(0.149) (0.143) (0.147) (0.054) (0.063) (0.067) (0.091) (0.086) (0.099)
CCly),m—1 0.021 0.072  0.049 -0.053 0.041 0.008 0.053 0.064 0.164

(0.116) (0.112) (0.144) (0.045) (0.047) (0.054) (0.079) (0.072) (0.100)
N 24,652 24,652 24,652 66,646 66,646 66,646 29,261 29,261 29,261
R? 0.017 0.019 0.019 0.007 0.009 0.011 0.017 0.020 0.024
Municipality FE X X X X X X X X X
Event year FE X X X X X X X X X
Age at event FE X X X X X X X X X

+p<0.1,*p < 0.05 *p < 0.01

Notes:  These tables present the pre-period relation between the childcare index
CCl, p,—s,...,CCI, g,_1 and the child penalties 7, _5,...,7; _1. We run this placebo test split-
ting by gender and education and with the fixed effects of municipality, event year, and age at
first childbirth.
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Figure A.1: Child penalties by age at first childbirth and education level (earnings)
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Notes: This figure presents CP estimates for yearly earnings, aggregated by observables of interest—at age of first
childbirth and education level—as described in Section 3.2. Figure A.la reports the average CP of individuals
with high school diplomas as the highest obtained degree, across age at first childbirth at all horizons. Similarly,
Figure A.1b reports for those who graduated from vocational school. Finally, Figure A.1c reports the results for
college-educated individuals.
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Figure A.2: CP by age at first childbirth and education level (participation)
(a) High school
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Notes: This figure presents CP estimates for labor-market participation margin, aggregated by observables of
interest—age at first childbirth and education level—as described in Section 3.2. Figure A.2a reports the average
CP of individuals with high school diplomas as the highest obtained degree, across age at first childbirth at all
horizons. Similarly, Figure A.2b reports for those who graduated from vocational school. Finally, Figure A.2c
reports the results for college-educated individuals.
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Figure A.3: Effect of the childcare provision expansion on child penalties (earnings)
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Notes: This figure presents the effect of the childcare provision expansion on child penalties (CP) in earnings,
split by the highest education attained. We use the specification in (6) and its generalization discussed in 4.3. In
particular, we regress individual-level child penalties %fh" % on the childcare index in the period before childbirth,
CClyay,E,—1, and the levels of the contemporaneous policy, CC1,;y g, +nr, With fixed effects of municipality at
childbirth ¢(7), event time E;, and the age at childbirth A;. We split the estimation between men (blue) and
women (orange) and by the final education attainment. A.3a presents the coefficients and their 95% confidence

intervals for CCI, ;) g,—1 and A.3b for CCI,;y g, 4. Our childcare supply index (CCT) for each municipality is
calculated by dividing the number of childcare jobs in a given municipality g and year ¢ (V. g;bs) by the number
of children under 5 years of age in the same locality (Ng%!re").
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Figure A.4: Effect of the childcare provision expansion on child penalties (Participation)
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Notes: This figure presents the effect of childcare provision expansion on child penalties (CP) in participation,
split by the highest education attained. We use the specification in (6) and its generalization discussed in 4.3. In
particular, we regress the individual-level child penalties %fh‘] S on the childcare index in the period before child-
birth, CC1, ;) g, —1, and the levels of the contemporaneous policy, CClI(;) g, 41, With fixed effects of municipality
at childbirth g(i), event time E;, and the age at childbirth A;. We split the estimation between men (blue) and
women (orange) and by the final education attainment. A.4a presents the coefficients and their 95% confidence
intervals for CCI, ;) g,—1 and A.4b for CCl,;y g, 4+ Our childcare supply index (CCT) for each municipality is
calculated by dividing the number of childcare jobs in a given municipality g and year ¢ (V. g;bs) by the number
of children under 5 years of age in the same locality (Ng%!re").
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B Theoretical details

B.1 Probability model

Consider a set of groups G, where |G| is finite, with ¢ € G being a generic group. Consider a random element
W—the observed policy intervention. For each g € G, let IP“’;’ be the g-specific distribution of W'.

Consider a unit characterized by observed attributes X with a birth cohort B being one of them. Also, each
unit is characterized by a random function of W: E*(-)—the potential event calendar time. The relevant potential
event time is right-censored:

E() = E"()H{E"() < Tmax} + 00l{E"(-) > Tinax},

where T},,.x is deterministic and known. Finally, each unit is characterized by potential outcomes Y;(-), which are
functions of W and are observed for t € [B 4+ Amin, B + Amax), Where Ay < Apax are deterministic and known.
We collect all these quantities into a random function of W: D(-) := (Yp4+4,.,..(*),---» YB+4,.. ("), E(-), X). For
each g we let IP’|LZ “) be the g-specific distribution of D(-). For consistency, we assume that B + Ap.x < Tiax a.S.
for each group g.

We make our first assumption about the data.

Assumption B.1. (STRICT EXOGENEITY)
For each g define the product distribution:

D ._ pW D(-)
]P>|g = P‘g X P‘g . (B.1)

Let (Wy,Ypia,m()seos Yeia,.. (1), E(),X) be a draw from PP. For each a € [Amin, Amax] define Yp i, =

lg®
Ypia(Wy), E := E(W,). The observed data are (Yp4+a s Yeya.o B, X, W),

min? *

This assumption implies that the policy variable W, is independent of unit-level potential outcomes and
fixed attributes but has a g-specific distribution. The identification in this setup reduces to accounting for the
differences in the distribution of W, across groups. Below, we will discuss several scenarios of how this can be
done. Note that the resulting probability model is g-specific, and we do not put any probability measure on the
set G itself. As a result, the probability model can be viewed as a fixed population one, with groups playing the
role of the population. Alternatively, it can be viewed as a superpopulation model where we condition on the
realized groups.

In what follows, for brevity we use E,[-] to denote the g-specific expectation conditional on the realized W,

e.g,
EQ[YB+a|Ev X| = E[Yp4|E, X, Wg}'

For each group ¢ the conditional expectation E,[Yp1,|E, X] is a g-specific random variable.

Remark B.1. Assumption B.1 implicitly fixes all other g-specific factors related to W,. Such conditioning, in prin-
ciple, can make the distribution of IP’“’;’ extremely complicated. To see this, suppose that Wy, = (W 1,..., Wy ...)
and there is another, unobserved shock Uy = (Uy 1, ..., Uy 1,... ), Which is also relevant for the potential outcomes.
For simplicity suppose that each (W ;, U, ) ~ N (0, X), independently across ¢. The marginal distribution of W, ,
is simple, W, ; ~ N (0,02, and given data from multiple groups or a long time series, we can learn o2 . However,
the conditional distribution is very complicated: Wy | (Uy ¢ = ug,s) ~ N (Bugy,02,,,). In particular, for each g
and ¢, the mean is different and equal to Su,;. We cannot hope to learn these parameters of the conditional
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distribution regardless of how many groups and periods we observed. This problem does not arise in random-
ized experiments, in which the experimental protocol specifies the distribution of W, and guarantees that W, is
independent of any unobservables.

B.2 Measurement model and event times

Using the notation introduced previously, we state our next assumption.

Assumption B.2. (MEASUREMENT MODEL)
Forany g € G, any t € [B + Amin, B + Amax] and any w we have:

Yi(w) = a(w) + Ag (X, w) + Y 7 (w){t — E(w) = hWH{E(w) = e} + &1(w),
R>0

Eler(w)]a(w), T(w), X, E(w)] = 0,

where a(w) and {75 (w)}en, e:(w) are random variables with g-specific distributions, and A, .(-) is a deterministic
function.

This assumption imposes a particular structure on the potential outcomes. We can interpret it as policy
invariance: The relationship between the objects we want to measure, 7 (w), and the outcomes does not depend
on the realized policy.

Our next assumption restricts the relationship between E(w) and 77 (w).

Assumption B.3. (EVENT TIMES)
Either (@) for each g € G and any w we have E(w) = E, or (b) for each g € G and any w we have

E(w) L 77 (w)|X.

This assumption guarantees that the policy of interest either does not influence the event times or the event
times are conditionally random within the subpopulations defined by X. The first assumption is appropriate in
cases in which there is no observed reaction of E to policy. Conversely, the second assumption is pertinent if we
consider F(w) as a random event rather than a decision influenced by other parameters of the model. Specifically,
if E(w) is determined in an experiment, the last statement holds by design.

B.3 Identification

We fix two user-specified parameters, hy < 0 and h; > 0— the minimum and maximum horizon over which we
aim to analyze ULES, respectively. We make the following assumption.

Assumption B.4. (FULL SUPPORT)
Random variable E — B has full conditional support, i.e., for any g € G, w, and a € {Amin, - - - ; Amax }> E[1{E(w) —
B =a}|X] >0 X-as.

This simplifying full-support assumption does not affect the identification logic but makes the exposition and
statistical analysis more straightforward. In particular, it allows us to define a relevant set of relative event times,
A(hg,h1) := {Amin —ho + 1, ..., Amax — h1 + ho — 1} independently of X.
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For a given g, ho < h < h; and a € A(hg, h1) we have

1 a—1+hg
Ag.Brarn(X) - —————— A X)| =
<g,3+ )~ o 2 el ))
E—1+hgo
1 1{E*B>a+h17h0}
E || Yein — V(X X
( EXh ™ B 2B = Apin + ho l:;_ B )> E[l{E—B>a+h1—h0}|X]| ’

where the RHS is well-defined thanks to Assumption B.4. Finally, for a given g and h, we define

1 E—B—1+ho
=Y — Yo —
Th Eh E—-B- Amin + hO Z*AZ‘ B
1 E—1+4+hg
<)\9,E+h(X) TE B A i > )‘g,BH(X)) =7y (Wy) + v,
i l=Amin

as long as F — B € A(hg, h1). The following lemma describes the properties of 7.

Lemma 1. Suppose Assumptions B.1 - B.4 hold. Then for any g € G and 0 < h < hy, and a € A(hg, h1) we have

[ 7 1{E — B = a} | } _ E,[rPT(W,)|E — B =a,X], ifpart @ of Assumption B.3 holds,
Y |E{E - B = a}|X] E,[rP 1 (W,)|X], if part (b) of Assumption B.3 holds.

Proof. Using Assumption B.1,B.2 and B.4 and the definition of 7;, we have

w1{E — B = a} o [EEW,) +v){E - B=ad} B
5 g e a5 Y| =B | R a1 =
. le+G(Wg)1{E —B=a)

71 E[1{E - B =a}|X]

B, X

If part (a) of Assumption B.3 holds we have by definition

7, (Wo){E — B = a}

B | " EA{E - B=a}X]

X| =E, [7T*(Wy)|E - B =a,X]|.

9

Alternatively, if part (b) of Assumption B.3 holds, then we have

TE+G(W9)1{E(W9) - B=a}

" E[1{E(W,) - B = a}|X]

x| =

g

P W){E-B=a} _|
h]E[l{E — B=a}|X] X] = Ey

Ey [7 e (Wy)|X]
O

This result, while straightforward, shows the different implications of part of Assumption B.3. For instance,
the first part does not allow us to distinguish between state dependence and selection, while the second does.
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B.3.1 Known P

lg

In this subsection, we focus on environments in which the ]P’“’;/ distribution is either known by design or can be
identified from the available data. This assumption is natural if W, is assigned in an experiment (perhaps with
a g-specific design), and thus its distribution is known to the analyst. Alternatively, suppose we assume that
]P“’;/ does not vary across g, and we have access to data from many groups. In that case, we can identify the
parameters of the distribution of W, by pooling the information across groups. The latter structure is analogous
to standard analysis under unconfoundedness (see Imbens and Rubin (2015) for the textbook treatment), where
the distribution of the treatment variable is unknown but is constant across well-defined subpopulations.

To state our next proposition, we introduce additional notation and define the objects of interest. Let v(w) be
a bounded function of w such that [ v(w)dw = 0 and [ w~y(w)dw = 1, where the integrals are computed using
a relevant measure on the domain of W (e.g., counting in case W is discrete or Lebesgue if it is continuous) and
define

500 = [ (i (w)dw,

To understand the logic behind this quantity, suppose w € {0,1}. Then the only possible contrasts are v(1) =
—v(0) =1 and 65 () is the conventional unit-specific treatment effect 77 (1) — 77(0). Expectations of the objects
of this type will be our estimands of interest. In particular, we consider two types of expectations:

52(’)/,1‘,6) = ]E[(()‘Z(PY)lX =z, F= 6]

and
on (v, @) = E[05 (v)|X = z].

Observe that in §5 (v, z, ¢), dependence on e appears twice: as the index of the relevant event time and the index
of the subpopulation, we compute the expectation for.

Proposition 1. (IDENTIFICATION WITH KNOWN IP’EI/)

Suppose Assumptions B.1 - B.4 hold. Suppose that IP’E’ is known and has a density f,(-) (with respect to the relevant
measure on the domain of W). Then for any contrast v(-) we have for each group g € G, 0 < h < hy, and
a € A(hg, h1)

E [ v(W,) #1{E - B=a} ] _JE [67T*(v,X,B+a)], ifpart @) of Assumption B.3 holds,
fo(Wy) E[I{E — B = a}|X] E[52+ (v, X)), if part (b) of Assumption B.3 holds.

as long as |y(w) 75 (w)| < Z and E[Z] < oc.

Proof. Using the results of Lemma 1 we have if part (a) of Assumption B.3 holds

E ['y(Wg) #1{E — B =a} ]
fq(Wy) E[I{E — B = a}|X]

’Y(WQ) TB+a . —a _ Bta . B ., _
E{E{fg(Wg)h (W)lE - B X” E[E[6)"(v,X,B+a)|E—B=a,X|]

E [67T (v, X, B +a)],

where we used Fubini’s theorem to get the second equality. Alternatively, if part (b) of Assumption B.3 holds,
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then we get, again using Lemma 1 and Assumption B.1,

- qu(&)) E[Tlh{lé]i;im};q] =B [%Eg[ﬂ?*“(%)lﬂ = E[627%(v, X)].

O

Proposition 1 provides a group-specific moment that identifies a relevant causal effect. In the statistical
analysis, we can aggregate these moment conditions (across groups) to construct an unbiased estimator for an
average (across groups) causal estimand.

B.3.2 Partially known P}

This section considers environments in which IP"V; is not known, nor can it be identified from the data. This
premise is reasonable in observational studies, in which the g-specific probability distribution of W, can never be
fully learned unless we make restrictive assumptions. Instead, we will impose restrictions on certain features of
PW

lg *
In our analysis, we will focus on a practically relevant case in which W, has a time-series structure:

Wo= Wy, o, Wy Tan)-

Given this structure, we restrict the causal model for 75 (w).

Assumption B.5. (LINEAR TIME-HOMOGENEOUS DYNAMIC MODEL)
For any e, h and w we have for each g € G

h+1
5 n(w) = B+ Y 6 ntern—j,

Jj=0
where (5 and {0, 1, ;‘i& are g-specific random variables.

This model imposes several restrictions on the underlying potential outcomes. The first is linearity: We
assume that the interactions of policies from different periods do not matter for potential outcomes. Second, we
impose a dynamic structure, assuming only policy levels from periods e — 1, ..., e + h are relevant. This imposes
the non-anticipation assumption (future policies are irrelevant to current outcomes) and limited dynamics (lags
in distant periods are irrelevant). The final restriction is time homogeneity: The effect of the policy does not
structurally change with e—i.e., there is no 4% ;.

We make the following assumption about the structure of IP’l";/.

Assumption B.6. (RESTRICTED MEAN)
For any g € G and t we have
E[Wgyi] = ag + by.

This assumption imposes a particular model for the mean of W, ;. Note that if we observe a finite number
of periods or a finite number of groups, then the parameters {a,4, b}, cannot be identified from the data. As a
result, we cannot learn even the first moment of ]P’l";/ from the data.

For each h and e we define 5; = (d0,hy---+0n+1,n) and

e T
(AW, ) = Wyern = Wyeqn—1,-- -, Wge1 — Wy e2).
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Also, for each h < hy, g € G and e we define

ABta . - 1{E - B=a} 1{E—B=a-1}
T T (E[l{E—B —a}|X] E{E-B=a— 1}X])

The next proposition provides us with a g-specific moment condition.

Proposition 2. (IDENTIFICATION WITH PARTIALLY KNOWN IP’E’)
Suppose Assumptions B.1, B.2, and B.4 - B.6 hold. Fix 0 < h < h; . Suppose either part (a) of Assumption B.3 holds
and E[8,,|X, E] = E[0,|X] or; alternatively, part (b) of Assumption B.3 holds. Then for any {a,a — 1} € A(hg, h1)
we have

VIAW D41 X]6, 0 (X) = E[(AW D — EIAW D) A#2 T X],

g,h
where 8, ,(X) :=E[0,| X = z].
Proof. Using Lemma 1 we get if part (a) of Assumption B.3 is satisfied:
E, [A7P1YX] =E, [fPT*(W,)|X,E - B=a| —E, [t/ '(W,)|X,E-B=a—1].
Next, using Assumption B.5 and the premise of the proposition, we get

Ey [Pt W)X, E—B=a] —E, [T " (W,)|X,E-B=a-1] =
E, [BPT|X,E~B=a] -E, [P X, E-B=a-1]+ 5;h(X)AW§,t“.

The rest of the proof follows using Assumption B.1 and B.6. Alternatively, if part (b) of Assumption B.3 is satisfied,
the computation is more straightforward, and we have using Lemma 1

E, [A7PT0|X] = E, [7PT4(Wy) — 2T (W,)|X]
The rest then follows in the same way as before. O

This result shows that we can use the knowledge of the first two moments of AW, ; to construct a moment
for the average value of the relevant coefficients. If part (b) of Assumption B.3 is satisfied, then this result does
not rely on additional restrictions. However, if part (b) of Assumption B.3 is satisfied, then to achieve the same
result we need to impose restrictions on the underlying heterogeneity and assume E[d,|X, E] = E[d4|X].

To understand why Proposition 2 is useful in practice, suppose that we observe independent data from
multiple groups g € G.2* Then we have for any {a,a — 1} € A(hg, h1)

1 b+a 1 b+a b+a _
@ Z(Awg,h - @ Z Av‘/vg,h )ATg,h (.’E, 9) -

geg geg
1 1
— Y E[(AW" e —EBIAW AT (2, W)+ 0, | —— | =
|g| gezg [ g,h [ g,h ] g,h g ] P m
1 1
— VAW 8, +0, | — |,
4 q; g 1ok TP Vil

23In the discussion below, we rely on the statistical model described in the next section that postulates that
policy variables are independent across groups.
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where A7V (2, W,) := Ey[AFPT|X = 2, E — B = a]. Similarly, we have

1
b+a AWb+a Wb+a = b+a _ V Wb+a + O )
|g| Z gh |g| Z g:h (A g:h G| Z g,h |g| Z 9 ") P <ﬁ|g|>

geg geg geg geg
As a result:
—1
5 — bta b+a bta b+a
on(x) = |Q|ZAW9,L |g|ZAW (AW —@ZAW X
Y geg geg
b+a b+a b+
‘g|z gh*@ZAWgh JATS L (2, Wy) =
g€g 9€eg

-1

b+a b+a 1
|Q|ZV AW MZV AW?H418 1 () +op<m>. (B.2)

geg geg

This result is directly useful if 4 5 (z) = 6, (x)—i.e., there is no heterogeneity in averages across groups. If such
heterogeneity exists, we need to strengthen Assumption B.6 and either assume that V[Awgﬁf] does not vary
over g or that it can be estimated. In the latter case, we can learn the average effect (across groups) by using
VAW =L AW — 167 2geg AW?') as instruments; see Goldsmith-Pinkham et al. (2024) for further
details and alternative procedures.
Even if V[AWZ?;L“] is known or can be identified, Proposition 2 is not directly useful if part (a) of Assumption
B.3 holds but E[§,| X, E] # E[§,|X]—i.e., there is systematic heterogeneity in coefficients across units with
different observed event times. To address this case, we need to use moments in levels analogously to Arellano

and Bover (1995):
E[(AWH — EAW )7 (2)] = E[(AW" e — EAW ) (W) T18, 4 (2,b + a).

Again, if either (a) 8, (, ) does not vary over g or (b) E[(AWh* — E[AW"}4))(W"*)T] can be identified
from the data, this moment restriction can be directly used to construct an estimator.

There are two problems with this approach in practice. First, to use it we need to assume that moments
E[(AWDE* — E[AWH4]) (W 34) ] are well behaved and the corresponding matrices can be inverted. Second,
this IV approach does not have the double-robustness property discussed by Arkhangelsky and Imbens (2022);
Arkhangelsky et al. (2024a), unlike other moments discussed above. See the discussion in Section B.5.

Remark B.2. Assumption B.6 specified a particular model for E[IV, ], but in applications other models can be
more appropriate. For instance, we can consider a dynamic model of the type analyzed by Holtz-Eakin et al.
(1988) and write

Wy =bi+agh+pWyeio1+vge, Elvg (1, Wyio1,...)] =0,

where oy, bs, 9, and p are unknown parameters. This model implies that for each g the mean satisfies the
following recursive formula:
E[Wgt] = bt + agthe + pE[Wy 1],

with unrestricted initial conditions. It is thus substantially more general than the model in Assumption B.6.
However, this additional generality does not present a major problem for identification. Consider the following
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transformation:

< P Y
Wg,t = Wg,t — pW, =1 7t(Wg,t—1 - pr,t—2) =b — L bi_1 + Vgt — 7th,t—1-

Vi1 Y1 Y1

Holtz-Eakin et al. (1988) demonstrate that p and w’fil are identified from the data on multiple groups and thus

W, can be constructed. Applying the same transformation to our causal model, we can show a significant

generalization of Proposition 2.

Remark B.3. Assumption B.6 is directly connected to the literature on formula instruments (Borusyak and Hull,
2023, 2024; Borusyak et al., 2024a). The assumption that the first moment of the appropriate transformation
of W, , is known (identified) is needed to recenter the instrument. The restrictions for the second moment are
required to address the contamination bias, as defined by Goldsmith-Pinkham et al. (2024). The above discussion
connects these ideas with the identification results for panel data models.

B.4 Statistical analysis

B.4.1 Statistical model

The statistical model is based on the probability model described above. We assume that the group-specific
shocks are realized independently for each group, and then ny units (with n, being deterministic) are randomly
sampled from each group. Formally, the distribution of the realized data takes the following form:

ng mD(
PP = x e (IP"V; X (xiZIIP"g( ))> .

The total number of observed units is thus n := ) __. n,. For a given unit 4, we let g(¢) be the group from which

Y
the data for this unit were generated.

Finally, for each unit i, we convert the g-specific random variables defined before into i-specific random
variables through the mapping i — ¢(4). For instance, E,;[Y; B, +a|Es, X;] is an i-specific random variable equal

to E[Ypya|E = E;, X = X3, Wy = Wy(,;)], where g = g(i) and (Ypq, E, X, W) is an independent random draw
D

from IP’lg.

B.4.2 Estimation

The first step of our analysis relies on constructing 7; ,. We do this in two steps following the approach described
by Borusyak et al. (2024b). First, we estimate

(ééia j\g,t(')) 1= arg (avl'ilill(.)) Z (}/i,t — oy — )\g(i),t(Xi))Qv
DA G ) By > t—hg

Since our covariates are discrete, we consider a completely unrestricted class of (g, t)-specific functions Ay .(-).

Next, we compute for h € {hg,...,h1}:
%fhjs =Yg rh — Qi — Ag(i) 4 (Xi).
We use Sy, to denote the sample of units for which we can construct %Z.?hJ 5 for all values of h € {ho,...,h} and

use 7279 to denote the (hy — hg + 1)-dimensional ULES.
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B.4.3 Statistical results

Unweighted regression: In the analysis in this section, we maintain part (a) of Assumption B.3. Define

oh = Wyetn, -, Wye1). For each h € {0,...,h1} our estimator takes the following form:
. . 2
(8ns @ (), () = ag min Y (7575 = a(B:, X;) = Blg(i), Xi) — 6, W) (8.3)
’ €S,
Define
g n ) Qf‘g . ng 9 alm,g . Zl 1{X7 — Z‘,g(l) _ g} )

with the convention that #,, , = 0if >, 1{X; = x,g(i) = g} = 0. Next, we define

Zz €Sir,9(i)=9,X;=2,E;—B;=a A?,BhJS
Ziestr 1{X7—I’7g()—g7E7 Bz*a}

Fora (e, W) =

Formally this object is well-defined only if > 1{X; =z,9(i) = g, E; — B; = a} > 0, but we can ignore this

1€Str
because it is multiplied by 7, 4-

It is straightforward to see that the problem (B.3) is equivalent to the following one:

<8h7@h(')a6h(')) =
arg mm Zﬂ'g Zﬂxw Z Taa,g | T, ( o (@ W) —a(b+a,x) — B(g,x) — b, Wz+ha) .

(). a€A(ho,h1)
For any g,z and a € A(hg, h1) define the conditional probability:

Y. . Ta|g,x
a\g T

A b)
EZEA(ho,hl) Tlg,a
with the convention that 75, . = 0if 3>;c 4y 4,) Filg.e = O-

We use this probability to define the following projection:

% b+a . b+a ~c b+l b+a ~c b+l
Won (z) = Woh — Z 7Tl\gﬂvvvg,h —E W - Z 7Tl\gyﬂﬁvvg,hHXi’Ei}iEg

l€A(ho,h1) leA(ho,h1)

We also consider the following prediction problem:

~ N ~ b+a e 2
ap(+) := arg min Zﬂ'g Zﬂ'ﬂg Z 7Ta|:z:,gHWg,h () —ap(b+a,x) + Z Tljg,x0h (b + l,x)‘

an(+) 2’
a€A(ho,h1) 1€ A(ho,h1)

and define the corresponding residual:

~ b4a ~ _b+a R “c R
W, (@) =W, () [ éanb+az) - Z Tlgx0n(b+ 1, )
leA(ho,h1)
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For each (g, z, a) we define
Tt (@, Wy) = Bg[r0 | X =2, E— B =a], B3 (x):=Eg[8/ "X =a,E—B=al

Define the error:
b ~b b
(:g:;a(x) = TQIG(L W) — Tg,—za(% Wy).

For each (g, =, a) we define {)%*(x) and ng;f(a:) analogously to WZ?::I(I) and VAVZ;a(a:) above.
We define the following set of functions

Fi={ven) Zﬂng S Fagelvgn® a2 =1,

a€A(ho,h1)

vgr(b+a,z) = op(b+a,z) — Z Talg,e@h(b+1,2), for some au(b+1, x)}
1€ A(ho,h1)

Heuristically, for each h these are functions that have a unit norm in the L? space generated by the empirical
measure on (g, z,a) and have a special structure generated by the underlying functions ay, (b + a,x). Next, we
define the conditional variance

b+a b+a

shhe(a) —E[W (@) (W (x))T{Ei,Xi}Z-Gg],

which we use to define another variance, which will be the variance of the OLS estimator,

-1

N N A b+a
E :”95 :”xlg § : TalgwXgn (T) X
g xT

a€A(ho,h+1)

~ N ~ X b+a a ~b4-a
DNEVIY Fag Y FalgaWon @B (@) + (@) B, Xitieg | | %
g x a€A(ho,h1)

-1

N N ~ b+a
Z”gz%\g Z TalgaXgp (2)
g xT

a€A(hg,h+1)
We make the following high-level assumption:

Assumption B.7. (HIGH-LEVEL RESTRICTIONS)
As n and |G| approach infinity the following statements hold conditionally on { E;, X; }_, with probability approach-
ing 1: (a) the fixed effects do not overfit

“ T +3,b+a
sup Zﬂ'g Zﬂw\g Z Tra\g,w (Vg,h(b + a, .’,E)) Wg,h = O;D(1>;

von(@)€F a€A(ho,hy)

(b) the conditional LLN holds

= bia N T
Zﬁ'g Zﬁ'x‘g Z ﬁ'a‘gyzWZ:; (3;‘) (WZ:’:(;);)) = Zﬁ'g Zﬁ'xw Z ﬁ'algyngﬁla(:ﬂ) + Op(l);
g x

G.GA(h(),hl) g x aeA(h(),hl)
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(©) the effective sample size is going to infinity
[Zllop = 0p(1);

and (d) the conditional CLT holds

[N

N ~ N ~ _b+a Sbta Sbta "
SRV Ry Y RagaWon @B (@) 4+ Co4e (@) { B, X}y x
g x

a€A(ho,h1)

ST Hd Ty 30 Falga W (@) (B3 @) + 4 () > N(0,T).

g a€A(ho,h1)

This assumption is very mild, and we expect it to hold as |G| approaches infinity even if the group size stays
fixed as long as some mild regularity conditions are satisfied. The first part of this assumption says that two-way
fixed effects do not asymptotically overfit the relevant policy variation. It is trivially satisfied if the support of
X and E — B does not increase with n and |G|. The second part is the requirement that the conditional law of
large numbers applies. A sufficient condition for this is that 3, 72 = o(1) and boundedness of W, ;. The third
restriction is a very mild requirement for the effective sample size, with }° wg = o(1) being a sufficient condition
as long as W, ; and potential outcomes are bounded. Finally, the last restriction is the conditional validity of the
central limit theorem, which we expect to hold under mild conditional moment restrictions.

Theorem 1. (ASYMPTOTIC BEHAVIOR)
Suppose Assumptions B.1 - B.2, B.4 - B.7 hold and part (a) of Assumption B.3 holds. Suppose for all g we have
E[0r|X, E] = 8. Then, as n and |G| go to infinity we have

272 (6 — 8) —q N(0,7),

where

N s ~ T
S (YA A Y FaneWor @ (Wi'@) |
g T

a€A(ho,h1)
.

R R R ~_b+a . ~ _a~_bta
(zw; S S g W@ W) - W @) | x
g T a€A(ho,h1)

~ . ~ b+ta “bta ~ .2 bta

STty D FaugWon @FES (@, W) = 8, W, (2) )

x a€A(hg,h1)

-1

SR e Y Fue W @) (Wi @)
g T a€A(hg,h1)

Proof. In the proof, we use the fact that W, , is independent of {E;, X;}!_,, and thus, we can treat the latter as

fixed. We then conduct the analysis for the subset of realizations of { E;, X;}]-; on which Assumption B.7 holds,

and show that for each such realization, we have convergence in distribution. Since this set has a probability

approaching one, it implies that the same convergence holds unconditionally.

61



Using the standard FWL representation of the regression coefficients, we get the following expression for &y,

(sh =

D7D iy
g T

Wi (Woi()

§ : Talg,x

a€A(ho,h1)

e bta /oabta. NT
S fulgaWon (@) (W' (@)

a€A(hg,h1)

§ : Talg,x

a€A(ho,h1)

-1

D7D Tl
g T

Wi (Wol@)

E ’/Tgé ﬂw‘g
g T

-1
§ :ﬂg E :leg
g T
D7) Falg
g x

-1
§ :ﬂg E :leg
g T

“ ~ b4a ~b
Z W“|£],1‘Wg,h (:ZZ)Tg:;a(:E,Wg) =
a€A(ho,h1)

~ fal b+a b
Z TalgaWgn (x)ngla(m’WQ)—F
a€A(hg,h1)

“ ~ b4a a
S fagaWon @) ().

a€A(ho,h1)

Using the second part of Assumption B.7, we have for the denominator

N s bta ~ bta T
> FapaWon @) (Wey' @) =
a€A(ho,h1)
b+a

D Tg D Tl
g xT
- bta - T
Zﬁg Zﬁrlg Z 7ATaIg,scW/{:;L (2) (Wg,h (95)) -
9 x a€A(ho,h1)

a€A(ho,h1)

Talg,x X

ap(b+a,z) — Z

leA(ho,h1)
SoFgd Falg D FalgaDh (@) +0p(1)—
g xT
Zﬁgzﬁﬂg Z 7Ara|g,m><
g T

a€A(ho,h1)
a€A(hg,h1)

a\q wah(b—Fl .'L')

ap(b+a,x) — Z

leA(ho,h1)

Talg,wQn(b+1,2)

We can bound the remaining error

H§ :7%5 :erg E : Talg,a X
g x

a€A(ho,h1)

ap(b+a,z)— Z

1€ A(ho,h1)

Zﬁg Zﬁx\g Z 7ATCL\g,ac”é‘h(bJFa,m) - Z
g T

a€A(ho,h1) 1€A(ho,h1)

alq xah(b +1 I)
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ah(b + CL,J)) -

ap(b+a,z) —

ap(b+a,z)—

.
Z a\q wah(b+l .13) =
l€A(ho,h1)
.
> e aounb+1x)
leA(ho,h1)
.
> (bt 1) <
op

1€ A(ho,h1)

frfﬂg,aﬁdh(b + lv x)”ga



and by using standard OLS logic, we have

zg:ﬁg%:ﬁ'mlg Z

a€A(ho,h1)

~C

7Ta|g,z(1h(b + l,JZ‘)H% <

>

1€ A(ho,h1)

ﬁ-a|g,m||éh(b +a,x) —

N ~ ~ T e
4 sup Zﬂ—g Zﬂx\g Z Talg,x (Vg,h(x)) gh | — Op(l)a
vo.n(2)€F g z a€A(ho,h1)
where the last equality is guaranteed by the first part of Assumption B.7.
The rest follows trivially. First, we have
—1
. . R ~_b+a ~ _b+a T . R . ~ _b+a a
Sa Y X AW o (W) | TaXh, X Wi -
g T a€A(ho,h1) g T a€A(ho,h1)

A jad b+a Ab+
Talga W g n (2)Cgh'"

>

aGA(hg,hl)

>

a€A(ho,h1)

-1
7ATalg,aczf();,T(9[5) + op(1) Z g Z Talg (z).
g T

E :”g E :chlg
g xr

We can decompose the other part of the estimator:

-1

. . . s~ _b+a ~_b+a T . . . ~_b+a a
S Falg D FalgaeWon @ (Wen @) | Yo w5 Falg D FalgaWon @i (@, W,) =
g z (lEA(ho,hl) g z GGA(hU,hl)
-1
. . . ~ bta ~ bta T . . . ~ bta o\ T
Zﬂg wa\g Z FalgaWgn () (Wg,h (:z:)) Zﬂg Zﬂ'wlg Z TalgaWgn (T) (ngh ) 0g.n(7)+
9 z a€A(hg,h1) g z a€A(ho,h1)
~1
N N R ~ _bta ~_b+ta T R R . ~ b+a a
D oFgd Falg D Falga W (2) (Wg,h (x)) Do) Falg D FalgaWon (1)855" ()
g z (lEA(ho,hl) g z aGA(hUJIl)
For the target, we use that the parameter is not heterogeneous, E[d,| X, E] = 4, for all g:
-1
" . . ~_b+ta ~_b+ta T . . R ~_b4a a T
St faly D FageWon @ (Wen' @) | w5 Fay D FagaWon (@) (W) 6n(@) =
g z a€A(ho,h1) g x a€A(hg,h1)
-1
. . . ~_bta ~_b4a T . . . s _b4a a T
Dofg) Falg D FalgaWon (@) (Wg,h (Z)) DoFaD Faly D Falga W (@) (WSE ) On =
g i a€A(ho,h1) g T a€A(ho,h1)
~1
. . . ~_b+ta ~_b+ta T . . . ~_b+ta ~_b+ta T
S A A D FalgaWon @ (Won' @) | YA Fay D FalgaWon @) (Won (@) 81 =
g z a€A(hg,h1) g x a€A(hg,h1)

o
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For the final part, we have

-1

N a ~ a T ~ a
S Fals 2 FeaeWon @ (W' @) | S Y Faly D g W ()85 () =
g z g T

a€A(hg,h1) a€A(ho,h1)

—1
S w0ty Y B @ o) | S w Y ty S AW ()8 (@)
g T g T

a€A(ho,h1) a€A(ho,h1)
We then immediately have, from the third part of Assumption B.7,
273(8p, — 6n) —a N(0, 7).
Since ||X||,p — 0,(1), we also have that b—6= op(1). It then follows using standard arguments that
ST N =T +0,(1).
This concludes the proof. O

Theorem 1 abstracts away from all heterogeneity in effects. The limiting distribution has an additional term
if such heterogeneity is present. We can compute the probability limit of the estimator with such heterogeneity:

-1

A a N a T
SR Faty Y FalaeWon (@) (Wen' @) | x
g T

a€A(ho,h1)
~ ~ ~ 5 bta b+a T
Zﬂg Zﬂ—xlg Z Walg,xwg,h (l) (Wgyh ) 5g,h(x) =
g x a€A(ho,h1)

-1
Z@Zﬁm Z Fal g Do () Z@Zﬁm Z Falgo S (2)8g (1) + 0p(1)
g z g T

a€A(ho,h1) a€A(ho,h1)

Observe that even if 4, ,(x) = 6, (x) for all g € G and V[WZJ;L“} does not depend on g, the resulting estimand is
not equal to a convex combination of §,(x), unlike in our analysis in the previous section. The reason for such
behavior is that the regression (B.3) induces particular (g, z, a)-specific weights that render the analysis more
complicated. To address this problem, we can use alternative weights analogous to the estimator we discussed
in Section 2.4. In particular, consider the following weighted regression:

~WOLS . . . . e )’ 1
(A ORS00 = ars min 37 (77— a(B X0~ Blo(0), X0) ~ 6T W) 2

which is analogous to one we propose in situations where part (b) of Assumption B.3 holds. A straightforward
extension of the previous analysis shows that the limit is now equal to

<Z 7ATgEg,h> Z TgXig,h <Z 7AT-%_q‘sg,h(x)>
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where
1
o . b+a !
SpnimSm S VW s Y W,

G,GA(hg,hl) lGA(ho,hl)

In particular, now if either (@) > 7, 404,n(x) = &p, or (b) X, = X, we have that the resulting estimand is
either (a) equal to 4y, or (b) equal to

(Xr) X (Z mmag,h(x)) |

Weighted regression: We now briefly discuss the differences in the analysis for the environments in which
part (b) of Assumption B.3 holds. The weighted version of the OLS problem has the following form

~WOLS 5 2 1
(6}1 ,thOLS(~),B}f/OLS(-)) = arg ( )Hél(r% 5 Z (f’fh‘]S — (B, Xi) — B(g(d), Xs) — JJW;h) BBl .X
al-), '7LZ.€S” i—Di)|g(1),Aq

This construction implicitly assumes that (g, _p,)|4(:),x, > 0 for all i—a random event. We define the corre-
sponding indicator variables

A=1 min T >0,.
{geg,m,aeA(ho,m) alg.@

Following the same path as in the previous case, we wish to conduct the analysis fixing { X;}? ; and A = 1. How-

ever, because E; is causally related to W, , the second condition affects the distribution of {W,, ; },, shifting its first
. . B 9

two moments, which were relevant for our computations. However, as long as 1 — E[A{X; };] = 0, (- ¢ wg),

we can rely on the following CS bound:

IE[f({Xi}icg, {Wg,i }e|A = 1,{Xi}i] = E[f ({Xi}icg, {Wg, e }e){Xi 1] <

VVIF{XiYieg, (Wi} {XG o JE[ANX 1] (1 — E[A{X }4])
E[A{X;}]

op \/V[f({Xi}ieg» (W hl{Xir ] ) #2

It follows that under mild technical conditions (e.g., boundedness of all relevant random variables), fixing A = 1
does not change the relevant moments of W, , enough to affect the first-order analysis. In particular, one can
proceed analogously to the previous case, establishing an analog of Theorem 1.

B.4.4 Normalization

Our empirical analysis sometimes normalizes the estimated #2° by the average imputed outcome. In particular,
for each (h, e, x, g) we construct

D ieSu Bime, Xim,g(i)=g (@i + Ag(i),1(Xi)

nir(e, )

Yhew,g =

)

where n (e, ) := 1{E; = e, X; = z,9(i) = g}, and then define for each i € S;,

1E€EStr,



Remark B.4. Our theoretical and statistical analysis is conducted for 7579, ignoring the normalization. To

address the normalization, one needs to restate Assumption B.5 for the normalized version of 77 (w). Statistical
guarantees analogous to those we establish below would hold for the normalized coefficients as long as the
number of units per group is sufficiently large. In particular, group-level clustering would still deliver correct
inference.

B.5 Alternative analysis

The analysis in this section relied on random variation in W to establish causal claims. However, a large body
of applied work, particularly in policy evaluation, focuses on conditional analysis that fixes the path of W, and
instead relies on unobserved shocks. For instance, this is the case for the standard DiD analysis. This subsection
briefly discusses how we can incorporate such analysis into our framework.

If we fix W, our previous probability model does not allow for group-level uncertainty. To incorporate such
uncertainty, we assume that in addition to W,—the observed policy shock—the potential outcomes are also
affected by the unobserved policy shocks U,. We extend Assumption B.1 and now assume

(Ea X, YB+Amin(')a R YB+Amax(')) 1 (ng Ug),

where, as before, each variable can have a g-specific distribution. The measurement model remains the same as
in Assumption B.2, but now incorporates dependence on (u):

Yi(w,u) = a(w,u) + A (X, w, u) + Z T (w, w){E(w,u) —t = h}H{E(w,u) = e} + e(w, u),
h>0
Ele:(w, u)|a(w, u), 7(w,u), X, E] = 0.
The next restriction extends part (a) of Assumption B.3:

E(w,u) = E.

We can also consider a straightforward extension of part (b) of Assumption B.3; it does not affect the discussion
below much, and we focus on a simpler case for brevity.
These restrictions guarantee

T;h(x,w,u) =E[r(w,u)|X =2, E=¢e,Wy =w,Uy = u] = E[r;(w,u)|X =2,F =e].
We assume that U, has the same structure as W, and thus we can write

Ug = (Ug,lv EERR) Ug7Tmax)'

We use this structure to extend Assumption B.5:

h+1 h+1
T (w,u) = B + Z B1.j,nte+h—j + Z 05, hWeth—j,
j=0 j=0

where 85, (1,51, and §; j, are g-specific random variables. So far, this model is a generalization of the one we had
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previously, but next, we impose restrictions that are more demanding than before. In particular, we assume

E[B;|X =, E = e] = fo,1,9,n(x) + Boz2,n(z, €),
E[f1,nX =2, E =¢€] = B1jn(x),
E[0; | X =2, E = x| = d4 ().

Here, the last restriction is the same as we imposed before, and the first two are new. Finally, we restrict the
conditional distribution of U, ; and assume

Ug,t =a4+ by + Vg,t, E[Vg7t|Wg] =0.

Using all these restrictions, we arrive at the following model:

h+1
7o 11, Wy, Ug) = Brgn(@) + Ban(,€) + > 89 n(@)Wyern—j+ gerns  Elbgern|Wy] =0, (B.4)

=0

where

h+1

Bron(®) = Borgn(@) + > 1 n(r)ay,
7=0

h+1

BQ,h(SIJ, e) = Boan(z,e)+ Z B1,5,n(2)betn—j,
j=0
h+1
geth =Y Brjn(®)Vgern—j.
=0

Compared with the model we had before, this one has a specific structure of the error term, which was not
previously present. It is directly related to the one considered by De Chaisemartin and d’Haultfoeuille (2020).

To understand identification and estimation in this model, we consider a simple example with three periods,
which is the same as in the main text but now allows for covariates. Suppose that W, takes three possible values,
W, € {(0,0,0),(0,0,1),(0,1,1)}. Consider the following difference:

1
A792,0(377 Wy, Ug) = Tg2,0(x7 Wy, Ug) - Tgl,O(x7 Wy, Ug) = Aﬂzh(x) + Z 5g7j,0($)AWg,2—j + Af’gﬁ-
=0

Using the restriction on A7, » we get the following:

5 () = deg Ang,O(x’ Wy, Ug){AWgQ =1LAWy, = 0} B

0 > yea{AWyo = 1, AW, = 0}

deg A7'5;2,0(xa Wy, Ug){AWgQ =0,AWy, = 0}
deg{AWg,g =0,AW,, =0}

Y geg 9a.00(@){AW,2 = 1, AW, = 0} 1
ZgGQ{AWg,Q =1,AW,, =0} P ;

vid
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and similarly

Sl(x) _ deg ATQQ’O(.’L’, Wo, U ){AWy 2 =0,AW, 1 = 1}_
deg{AWg,g =0,AW,, =1}
Y gec AT20 (@, Wy, Up) {AW, 0 = 0, AW, 1 =0}
Y geg{AW, 2 =0,AW, 1 = 0} B
2geg 09100 { AWy 2 =0, AW 1 =1} (1)
deg{AWgQ = OaAWQ,l = 1} b |g| '

As a result, we can construct an estimator for a particular weighted average of the underlying coefficients. Note
that the weights are random, and their expectation is not generally identified. It is also easy to see that this
estimator is equivalent to estimating (B.4) by OLS with two-way fixed effects using data on G groups and is
also equivalent to the estimator we considered previously in (B.2). This result is directly connected to the ideas
developed by Arkhangelsky et al. (2024a).

Remark B.5. The discussion in this section illustrates the benefits and costs of the conditional approach. On
the positive side, we do not need to restrict the marginal distribution of W,, i.e., we have not used an analog
of Assumption B.6. However, instead, we assumed the presence of unobserved shocks with a two-way structure
and mean-independent errors, as well as more substantial restrictions on heterogeneity. Finally, in terms of the
estimand, we got a convex combination of average effects, but the weights are different for different coefficients,
which makes the interpretation more challenging.

B.6 Validation

Our empirical analysis relies on the first part of Assumption B.3. To validate this assumption, we conduct em-
pirical analysis based on the model described in this section. For each ¢, g, w, b define the following conditional
probability (hazard function):

mgt(w,b) == E[E(w) =t|E(w) >t —1,B = b.
We assume that this probability has the following functional form:
mgt(w,b) = wg)t(b) + By(t — b)ws_1.

This specification does not restrict the baseline variation in the hazard rate without policy. Still, it assumes that
the potential probability only depends on the current (at ¢ — 1) level of policy, and this effect is constant across
time, though it varies across age. Define the following two variables:

Amgi(w,b) :=mg(w,b) —mg 41 (w,b—1),
Aﬂ27t(b) = ﬂgvt(b) - 7r27t_1(b - 1.

Using this definition, we arrive at the following equation:

Arg i (Wy,b) = Axl) (b) + Byt — b)AWg ;1.

68



This implies that under Assumption B.6 we have the following:

Z €g Aﬂ-gﬂt(Wg’t - b) AWgﬂffl S Z cG AW(],t 1
g ( 9 ) Z Bg wg t + O Z wg’t R
9€g

> geg (Angt—l - édeg AWg,t—l) g€eg

- V[AW,,t—1] e . . 3 _
wherew, ; := WM' If none of the group-specific variances dominates, then we have O,, (1 /2 geqW M) =

O, (ﬁ) This implies that the OLS regression of the group-level outcome An, (W, Z,t — b) on the policy

differences is a consistent estimator for a weighted average effect of the policy. In practice, we do not observe
the probability 7, . (w, b) directly; instead, we use its unbiased estimator.

B.7 Examples

We now return to examples from Section 2.5 and discuss them in more detail.

B.7.1 One- vs. two-step estimation

Recall that we consider estimating the following equation

Yie =i+ A+ > (Bn+ 0 W)UE —t =h} + e
h>0

assuming that Wy is binary and is randomly assigned and ¢t = 0, 1, 2. For simplicity, we difference out the unit
fixed effects by subtracting the outcomes in the first period, which leads to the following equation

Yie= gt + Z(ﬂh + 0 Wo)1{t — E; = h} + &,
h>0

where fﬁ-yt =Y, —Yiofort=1,2,and S\M and ¢;, are defined analogously. We consider the population limit
of this problem; that is, we solve for

2
({)\OLS}g 0, {BOLS §OLSLL 0) = arg min Z ZE Y; — Agit — Z(ﬂh + 0 Wy)H{t — E = h}

1
{Ag,t}g,h{ﬂhagh}h:() geg t=1 hZO

First, suppose that part (a) of Assumption (3) holds. Then, by using the FWL theorem multiple times, we get the
following:

2

{6OLSY = arg mln ZZE T;;lh(Wg,E>1{ﬁ —E=h}- Zéh (Wg - ;) (H{t—E=h}—mgsn) ,

{on} h 0geg t=1 h>0

where 7, , := E4[1{t — E = h}] and 7. " (W,, E) := Ey[r; " | E]. Because W, is binary we have

W (W, B) = B E) + ot M E)YW, = BL3M(E) + 2cif,,f‘( ) + 05 1 (E)W, (Wg;)
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Applying the FWL result once again, we get

075} = arg. min - B (Z (33 (Bt~ B=h} =6, (1{t = B =) - wg,t,m)) =

Snti— 0 geg t=1 h>0

5OLS
(5(()3Ls> = | 22 Vo +Vy2) ZE 11(E)8,(E) + Vy o(E)8; (E)).

geg geg

where

(
{t—E=1}1{t-E=1}—7,.1)) \M{t-E=1A{t-E=1} —my.1)

o (B50() -
,(E) = (5;)11@)) L Voo = ElVy(E)]

Vi (E) = (1{t - E=0}1{t-FE =0} - wg,t,o)> T (1{75 ~E=0}1{t-E=0}— Mt’o))

This illustrates that, in general, the OLS coefficients suffer from the contamination bias introduced by Goldsmith-
Pinkham et al. (2024). Note that this is the case even if we shut down the heterogeneity in the event times, making
t ¢ . . . . o e
d,(E) = &,. This still leaves heterogeneity across groups, which matters even though W, is i.i.d. across groups.
We now turn to the second part of Assumption 3. To illustrate the point in the most straightforward setting,
we focus on a single period; that is, we consider estimating the following linear equation

Yie= 5\g + (Bo + 0oWy)I{E; = 1} + €4,

where Y; ; := Y;; — Y; o and t = 1.2* Focusing on the population problem, we have

({)\?LS}Q,BOLS,éoLS) = arg {)\H}lil}g 5ZE [(Y} Ag — (B+ W )I{E = 1}) }

Applying the FWL theorem, we get that this is equivalent to estimating

(ﬂOLS 5OLS> _ argman]E [ oWe)(1{t — E=h} —mg10) — (B+W,)(H{E =1} — ”g,l,o))ﬂ 7
geg

where we used the fact that 7 (w) is independent of E(w). The last problem is thus equivalent to the following
one

(BOLS, 6OLS) = argngiénZE [(TS’O(WQ) —(B+ (5Wg))2wg(Wg)} ,

T geg

where w,(W,) := V[1{E = 1}|W,]. Using the FWL results again, we get that

(W )(W — )] Z 5 OE[WQ )(Wg — )] Zg 5S,OE[‘”9(W9)W9(WQ — )]

(;OLS . Z E[wg( T ,0 _
. Z E[”g( 9) Wy — 11)?] EQE[‘*@( 9) Wy — 11)?] EQE[‘*’g(Wg)(Wg O
where p : %. The g-specific weight E[w,(W,)(W, — 1)] is in general not equal to zero (these

weights sum up to zero across all groups, though), and thus the OLS estimator is biased even if 50 (o is constant
across g. This result should not be surprising because the OLS problem that we got uses weights that depend on

24With two periods, we will also have the contamination bias in addition to the bias we discuss below.
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W, thus shifting the distribution of W, away from the uniform.

B.7.2 Unit-level policy variation

Next, we consider the model with unit-level variation in policy:

Vi = M(Wi) + Z(ﬁh +0,Wi)1{t — E; = h} + € 4.
h>0

Again, focusing on the limit problem, we have the following optimization problem:

(AP o L8R, 617 Yimo) =
arg min ZE Y; — (W, Z(Bh + 6, W)1{t — E = h})?]

{At() —1s A(Bns 5h)}; =0 ¢ h>0

Applying the FWL theorem, we get that this problem is equivalent to the following one:

({(BR2,67"%)  hzo) =

{(Br-0n)}0 5 h>0 h>0

arg  min Y E (Z "W E)L{t—E=h} = (B +W)A{t - E = h}—mh(W)))

where m, ,(W)) := E[1{t — E = h}|W]. If part (a) of Assumption (3) holds, then the last problem is equivalent
to

({(67"%)h=o) =arg min Y E (Z((s;—h(En{t —E=hy—6,WA{t—E=h}— m)) ,

{Gn)hoo 5 W0
which, using similar computations as in the previous section, implies
oS :
§OLS (V1 +V2)) ZE Vi(E )+ Va(E)6°(E)],
g€y

where all components are defined analogously to our previous analysis. Even if E is not correlated with the
heterogeneity in coefficients, we still get contamination bias because of the variation over time.
Alternatively, if part(b) of Assumption 3 holds, then we get the following problem:

(B91%,690%) =arg _min ZE —B—8W))TVi(W)(rH (W) — B — W),

(,@OLS 5OLS)

where (39%9)T .= (8913, BOLS), §°L% is defined analogously, and (7! (W)) T := (& (W), 7?(W)), and we define
B" and &' analogously. We also defined

Vi(W):=V[1{t — E=0},1{t — E = 1}|W]
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Solving this problem, we get the following:

-1

599 = (Z wn) (Z Vt(1)6t> + (Z v;<1)> (Z vi(1) (8" ﬂOLS)> :

-1
where 899 = (Zle Vt(O)) (3, V2(0)8"). As before, there is a selection bias and a contamination bias
caused by heterogeneity across periods.

B.7.3 Causal analysis vs. projections

Our computations in the previous section show that if we only use a single period rather than two periods, then
the resulting coefficients have a causal interpretation. This section illustrates the same phenomenon using a more
straightforward model.

Consider a statistical model where

Yi=7X;+e, Ela:|X:,Wi]=0,
and researchers want to project ; on binary W; € {0, 1}, i.e., estimate the coefficient in the regression

As long as X; # 0 almost surely, we can construct 7; := % for all units and project it on W;. This two-step
procedure is conceptually analogous to our proposal. Alternatively, we can directly estimate a single linear
equation

Yi=a+BX; +0X;W; + &,

where we substituted 7; with its projection on W;. The problem with this approach is that the new error &;
can be systematically correlated with X, thus potentially rendering the whole analysis invalid. This issue arises
regardless of the nature of the variation in W;, which can be randomly assigned. See Muris and Wacker (2022)
for a detailed analysis of a more general version of this problem.

The situation becomes more nuanced if we postulate a causal model for 7;, and write 7;,(W;). In this case,
if W; is randomly assigned, and neither X; nor ¢; is causally affected by W;, then the one-step OLS estimator
converges to a weighted average effect

X2

E (Tz(l) - Tl(o))EpéQ]

This effect differs from the standard average treatment effect from the two-step regression, but it is still a mean-
ingful causal quantity.
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C Household Labor Supply and Childcare Decisions Model

This section presents a simple household model to illustrate the economic intuition behind
the relationship between the child penalty and childcare provision in Figure IV, discussed
in Section 4.3. Let U(c, k) represent the joint utility function of the household, where the
household enjoys consumption ¢ and child-rearing time k. For simplicity, we assume both
fathers f and mothers m have the same utility function. The joint household maximization

problem can be expressed as:

max Ule, k) = u(cm, km) + u(cs, ky)

subject to the budget constraint:
p-d+cpm+ =Wy My + Iy

where p is the price of outsourcing child-rearing time d, h; are market working hours at a wage
w,, for mothers and wage for fathers at a wage rate we normalize to be the numeraire w; = 1.
Each parent can split their total time of 7' = 1 between market work and child-rearing in the
following way:

1=h;+ k.

Finally, someone needs to care for the child daily for a total time of 7" = 1, which can be
outsourced by choosing d. Finally, someone needs to do home production for a total time of
h, which results in the following household time constraint:

L+ h = ky+ky+d.

This simple model produces a heterogeneous relationship between labor supply and the
cost of outsourcing childcare time, as Figure C.1 shows.
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Figure C.1: Time allocation to childcare and labor supply versus childcare cost
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Notes: This figure presents the XX.
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