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Freedman (2008a,b) showed that the linear regression estimator is biased for the
analysis of randomized controlled trials under the randomization model. Under Freed-
man’s assumptions, we derive exact closed-form bias corrections for the linear regres-
sion estimator. We show that the limiting distribution of the bias corrected estimator
is identical to the uncorrected estimator. Taken together with results from Lin (2013),
our results show that Freedman’s theoretical arguments against the use of regression
adjustment can be resolved with minor modifications to practice.

KEYWORDS: Randomized experiments, design-based model, regression adjustment.

1. INTRODUCTION

RANDOMIZED CONTROLLED TRIALS (RCTS) are increasingly popular in the social sci-
ences. When estimating average treatment effects, adjustment for pretreatment covari-
ates with linear regression is a common practice because it can reduce the variability of
estimates. However, adjusting for covariates remains somewhat controversial, in large
part because of Freedman (2008a,b).

Freedman argued that randomization does not justify the use of linear regression for
completely randomized experiments. Freedman’s theoretical arguments relied on three
results under the randomization-based (Splawa-Neyman, Dabrowska, and Speed (1923),
Imbens and Rubin (2015)) inferential paradigm:

1. asymptotically, the linear regression estimator can be inefficient relative to the un-

adjusted (difference-in-means) estimator if the design is imbalanced;

2. the classical homoscedastic standard error for linear regression is not valid asymp-

totically;

3. the regression estimator has an O,(n") bias term.

Freedman’s third argument garnered attention among social scientists. For example,
Deaton and Cartwright (2018)’s critique of randomization in empirical economics argued
that the bias introduced by regression undermines the gold standard argument for RCTs.

In general, the literature has concluded that these issues are qualitatively small, at least
relative to broader concerns about power and the quantification of uncertainties in RCTs.
Using Freedman’s framework, Lin (2013) showed that arguments 1 and 2 were resolved
by small modifications to practice. Freedman’s efficiency result may be addressed simply
by including treatment by covariate interactions. Then it can be shown that the adjusted
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estimator is never less asymptotically efficient than the unadjusted estimator. Regarding
argument 2, Lin (2013) proved that robust standard errors (White (1980)) are asymp-
totically conservative in Freedman’s setting, guaranteeing the validity of large-sample in-
ference. On argument 3, Lin (2013) noted that the leading term of the bias is in fact
estimable and can be shown to be small in a real-world empirical example. However, the
small-sample bias of the regression estimator was not yet fully resolved.

Since Lin (2013), there have been notable papers that have proposed unbiased
regression-type estimators for experimental data. Miratrix, Sekhon, and Yu (2013)
demonstrated that if the regression model is fully saturated (see also Athey and Imbens
(2017) and Imbens (2010)), then the associated effect estimate is unbiased conditional on
the event that treatment is not collinear with any covariate stratum. This approach can-
not generally be used without coarsening continuous covariates. In addition, Tan (2014)
studied first-order bias corrections in the survey sampling setting. Lei and Ding (2021)
and Chiang, Matsushita, and Otsu (2023) studied bias corrections in a setting where the
number of covariates increases with the sample size.!

The primary contribution of this paper is to resolve Freedman’s third argument by
proposing finite-sample-exact, closed-form bias corrections. Our idea builds on Lin
(2013)’s proposal to estimate the leading term of the bias, but further develops a finite-
sample-exact bias correction encompassing all higher-order terms. We derive these bias
corrections for both the noninteracted and interacted linear regression estimators. We
prove that the estimators have the same limiting distributions as the non-bias-adjusted
estimators.

Finally, we remind the readers that the practice of debiasing estimators is not uncontro-
versial. Tibshirani and Efron (1993) have warned that the bias correction could have costs
in practice due to its high variability in finite samples.? In real-world decision-making pro-
cesses, people may express different preferences for different statistical properties (i.e.,
unbiasedness or low Mean Squared Error). Our results shall imply that at least in large
samples, the additional variation caused by the bias correction is negligible.

The organization of the paper is as follows: Section 2 includes the model setup and as-
sumptions. Section 3 considers the characterization of bias terms of the OLS estimators
and proposes bias correction for the noninteracted ATE estimators. Section 4 considers
the case of the interacted estimators. In the Appendix, one can find proofs for the theo-
rems.

2. SETTING, ASSUMPTIONS, AND NOTATIONS

We follow the setting of Freedman (2008a), Lin (2013), Abadie, Athey, Imbens, and
Wooldridge (2020), and Lei and Ding (2021), which assume a Neyman model with covari-
ates (Splawa-Neyman, Dabrowska, and Speed (1923)). There are n subjects indexed by
i=1,...,n. For each subject, we observe an outcome Y; and a column vector of covari-
ates x; = (X;1, Xi, - - ., Xig) € R%.

Each subject has two potential outcomes y;(1) and y;(0). We observe Y; = y;(1) if sub-
ject i is assigned to the treatment arm 7, and Y; = y;(0) if subject i is assigned to the
control arm C. Let D; be a binary variable, where D; = 1 indicates that subject i is as-
signed to the treatment arm.

!Compared with Lei and Ding (2021) and Chiang, Matsushita, and Otsu (2023), we add to the literature by
proposing exactly unbiased estimators for both interacted and noninteracted estimators.
2We thank Winston Lin for suggesting this reference.
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The experiment is assumed to be completely randomized, where ny out of n subjects
are randomly assigned to the treatment arm 7 and the remaining nc = n — ny subjects
are assigned to the control arm C. Random assignment is the sole source of randomness
in our statistical analysis. The potential outcomes and covariates are considered fixed,
and the bias of an estimator is assessed relative to the randomization distribution of the
estimator. We do not assume the existence of a superpopulation: the n subjects are the
population of interest.

We define [T'] as the set of subjects chosen for the treatment arm, given by {i|D; = 1},
and similarly [C] as the set of subjects chosen for the control arm, given by {i|D; = 0}.
For a possibly matrix-valued variable a;, we use the notation a = 1" a; to repre-
sent the population average, ar = % > a; to denote the treatment group average, and

ie[T]
ac= % > a; to denote the control group average. The average treatment effect (ATE)
ie[C]
can be expressed in this notation as ATE = y(1) — y(0), and the difference-in-means es-
timator is given by Y7 — Y. Similarly, we can write 1 37 x;x; = xx’ for x; € R’ and
Ly yi(L)x; =y(1)x for y;(1) e R and x; € RY.

We make the following assumptions throughout the paper, which are standard in the

literature.

ASSUMPTION 1: For all n, there exists a finite constant K such that
1Xn:yv(1)2<l{ liy.(o)2<1< li:xz <K
n i=1 l B ’ n i=1 l B , n i=1 "o ’

forallk=1,...,dand d < n.

ASSUMPTION 2: For all n large enough, (1) x =0, and (2) xx' = I, the d x d identity
matrix.

ASSUMPTION 3: Let pr, = "F and pc,, = "~ denote the inclusion probabilities into the
treatment arm T and control arm C, respectively. There exist positive constants pui, and Pmax
such that 0 < puin < Pmax < 1 and puin < pr.n < Pmax for all n.

These assumptions are employed regularly in the literature. They are used to derive
consistency and the rate of convergence for the estimators below. Assumption 2 rules
out perfect collinearity. For data sets that are not perfectly collinear, Assumption 2 is
without loss of generality: in practice, researchers can just demean each covariate and
orthonormalize the columns.> Assumption 3 requires each arm to receive a nontrivial
fraction of subjects throughout the asymptotic sequence of the models. We shall hereafter
omit the » subscript in pr, and pc,, and write pr and pc unless otherwise noted.

We define two regression-adjusted ATE estimators for reference. The first estimator
results from a OLS regression:

Yi~a+1D;+x8, (D

3For example, assuming the covariate matrix has full column rank, one can use the procedure proposed in
Lei and Ding (2021). We denote the SVD decomposition of the centered covariate matrixby X = USV e R"™¢,
where U e R™?, and 3, 1V € R?*“, One can replace the covariate matrix X with \/nU.
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where one regresses observed outcome Y; on the treatment indicator D; and covariates
x;. We denote the OLS estimators for this case as (o, 7, ﬁ) The estimator 7 is hereafter
referred to as the noninteracted ATE estimator.

The second estimator results from an interacted OLS regression where researchers ex-
pand the covariates by including terms interacting the treatment indicator and covariates:

Yi~a;+7D;+x;Bc+Dx;Br. )

We denote the OLS estimators for the interacted case as (a;, 77, E 1.0 E 1.7)- The estimator
T, is hereafter referred to as the interacted ATE estimator.

3. BIAS CHARACTERIZATION AND CORRECTION FOR THE NONINTERACTED CASE

We characterize the bias of the noninteracted ATE estimator and present a bias-
corrected estimator in this section. Section 4 contains results for the interacted ATE esti-
mator.

As shown in Lin (2013), the noninteracted ATE estimator can be written as

ATE = y(1), - y(0) — (%, B — %.B), 3)

where E is the OLS coefficient estimators for the covariates. The noninteracted ATE es-
timator can be written as a sum of the difference-in-means estimator, adjusted by group
means and OLS coefficients. The bias can be viewed as coming from the regression ad-
justment term, particularly from estimating the coefficients for the covariates.

The coefficient estimators [3 can be algebraically written as ,8 LN, where L =
Iy — prX1X; — pcXcXc and N= pr(y(M)x; — (1)TxT) + PC/(\Y(O)XC - (O)CXC) by an
application of the Frisch-Waugh—Lovell theorem. The matrix L consists of the variance-
covariance matrix of the covariates and two additional stochastic terms that converge to
0 as the sample size increases. The vector N is a weighted average of sample covariances
between covariates and potential outcomes.

The OLS coefficient estimators can be thought of as estimating the (finite) population

coefficients B* = L~'N, where L = I, and N = pry(1)x + pcy(0)x. Note that I, does
not involve unknowns, so in principle one does not need to estimate it with L. This view
suggests that the randomness (bias) of L can be entirely avoided if we replace L with
L when estimating B*. With this replacement, the regression adjustments in (3) can be

written as X N - Y’CI\A] The remaining bias can be characterized by analyzing quantities
of forms ¥,y(1)x, and X,X7y(1),, which can be seen in the theorem below.*
Let y*(1) and y7(0) be the centered potential outcomes, that is, y(1) = y;(1) — y(1)

and y/(0) = y:(0) — y(0). Denote the (rescaled) leverage of the ith subject as h; = l|2;113.
As in Lei and Ding (2021), we define the maximum leverage as

2

h; llx:115

K= maxX — = ax .
i=1,..., nn i=1l,..n N

4
Our first theorem characterizes the bias of the noninteracted ATE estimator.

“Note we shall hereafter assume for simplicity that all design matrices, L, are invertible. In the case of
noninvertible design matrices, our debiased procedure will still work after choosing an arbitrary generalized
inverse matrix and computing the ATE estimators accordingly.
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THEOREM 3.1: Under Assumptions 1-3, the OLS coefficient estimators for the covariates,
[3 can be decomposed as B B* + v+ v, + vy with

= pr(y*(Dx; — y*(1)x) + pc(y*(0)x. — y*(0)x),
= (L'~ I;Y)N,

vy =—(pry*(1);Xr + pcy*(0)cXc)-

The bias of the ATE estimator is E[(Xc —X7)' (v1 + v2 + v3)], where

B[(Fe ~ %) n] = 1 () ~ < 30) ~ (D) ~x v (D) )

and
E[(Fc - fT)'Vz.]
e — ny— (6)
P 1)(n 2)n (hy(1) = h x y(1)) - n 1)(n ) (hy(0) — h x y(0)).

If £ = o(1), we have the stochastic expansion

KTTE:ATEJrniZ(Yi(l)—m—x;B*)— nl 2_ (1) =y(0) = x,) +0, (ﬁ)

ie[T] € el

REMARK 1: The first bias term (5) is the main component of the bias. It is the scaled
covariance between the leverage A; and individual effects y;(1) — y;(0). Note that the
formula suggests that the first bias term is 0 when the treatment effect is additive, for
example, if there is no treatment effect on all subjects. However, a large bias may result
from the presence of highly heterogeneous effects. The third term E[(X¢ — X7)'v3] is 0
when ny = n¢ = 1n. See also Freedman (2008b) and Lin (2013).

REMARK 2: The bias in E[(X¢c — X7)'v;] has been discussed previously. (Xc — x7)'v,
contains no unknowns and hence can be subtracted directly for debiasing purposes.

The first bias component (5) consists of covariances of leverages and outcomes. For
intuition, consider a simple problem of estimating the average centered treated outcomes
with a centered and s}‘gandardized one-dimensional covariate.” Recall the definition of the

constant xy*(1) = 1 > x;y7(1). We consider a simple adjusted estimator of the form

i=1

Y- ()

le[T 1e[T

= Zy' (1) =% x xy*(1) — X7 x <ni Z(x,-y;"(l) — xy*(l))).

T ierm) T iem)

5This example is only for illustration purposes as the average of the centered treatment outcomes is 0.
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The first two terms of the equation above have expectation 0, and the third term can be
further written as (up to a minus sign):

— g 2wy (1) = xy (D)
T ie[T)
1 nr—1 I 1 -
+(—2 > n(ey () D)+ Y xi(x,-y_;fu)—xy*(l))).
ny n ie[T) T j je[T),i#)

The term in the parentheses has mean 0. The weightings in the parenthesized term reflect
different values of E[D;] and E[D;D;]. The first term has expectation proportional to

1 Z x7y7(1). In this one-dimensional covariate case (and up to a scale factor), x7 is exactly
i=1

the leverage. With multiple covariates, the leverage h; plays the role of x?2.

The third bias component (6) can also be shown to be proportional to = Zx yi(1).
This is a direct result of the third-moment calculations in 51mple random samplmg, where
it can be shown that E[x_lTx_lTy*(l) ] is proportional to * qu y#(1). For this example,

we note that it is important for all three variables to have mean 0. For more details, see
Lemma A.2 and also Finucan, Galbraith, and Stone (1974).

Finally, some may find it redundant to center the outcomes when characterizing the
bias. However, this decomposition naturally yields an estimator of the bias that remains
invariant to the location of the potential outcome distributions, as can be seen below. The
bias estimator essentially consists of the estimators of the covariances of leverages and
outcomes.

REMARK 3: Our current analysis accommodates the case where the number of covari-
ates d increases slowly with the sample size n, in the spirit of Lei and Ding (2021).° If, in
addition, we assume d is fixed and with additional moment assumptions, it can be shown
that the bias is of order O(%). See Lin (2013).

Our bias characterization leads to a formula for exact bias correction.’

THEOREM 3.2: Under Assumption 2, an unbiased estimator for the bias of the noninter-
acted ATE estimator is

1 _ [
Bias = —— (hy(0)c = hcy(0)¢) — — (hy(D); = hry(1);) ()
n—2 n—2
+ & —Fr) (L' = I;Y)N. (8)
®We note that Assumption 1 on treated and control outcomes implies constraints on the magnitude of the

values of the associated coefficient vector (e.g., sparsity) when d increases with n.
7We thank an anonymous referee for suggesting a simplification of our initial bias correction formula.
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The estimator KT\EDebiased — ATE — Bias is unbiased for estimating the ATE. Under Assump-
tions 1-3 and if k = 0(1), the estimator ATEpeyiusea has the asymptotic linear expansion

— ]. V2R ! N*
ATEpepiased = ATE + . Z(J’i(l) —y(1) —x;B )

T e[

- L0 -0 - x8) 0|1,

C el

REMARK 4: Lei and Ding (2021) gave low-level conditions for k = o(1). In particular,
k= o(1) if d is fixed and 1 Zk LYo xh = 0(1). See also Lin (2013).

111

REMARK 5: There exist prior closed-form bias estimates in the literature, including
Cochran (1977), Lin (2013), Tan (2014), and Lei and Ding (2021). Most bias correction
estimators are for the interacted ATE estimator and involve estimating the covariances
between regression residuals and leverages, as in Tan (2014) and Lei and Ding (2021). To
our knowledge, none of the aforementioned papers provide an exactly unbiased correc-
tion for RCTs.

4. BIAS CHARACTERIZATION AND CORRECTION FOR THE INTERACTED CASE
We write the regression coefﬁ01ent estlmators of the pretreatment covariates in the
interacted case as B, = L5 NT and B c= L Nc, and their (ﬁnlte) population counter-
parts as Brr=1; NT and B;c=1; IN¢, with LT = XXy — X7 Xy, NT =y()x, — y(l)TxT,

Le=xx¢c— xcxc, Ne= y(0)x,. — y(O)CxC, N7 =y(1)x, and N¢ = y(0)x.
As shown in Lin (2013), the OLS regression-adjusted ATE estimator can be written as

ATE; =y(1); — y(0) — (YITEI,T - f,cEI,C)

for the interacted case, where B\,,T and E,,c are the OLS coefficients on covariates D;x;
and x;, repsectively.

THEOREM 4.1: Under Assumptions 1-3, the OLS coefficient vectors for the covariates of
the interacted ATE estimator can be written as B;r = Brr + vir + var + a1, and Bic =
Br.c +vic + vac + vic, with

vir =y (1)x, —y*(1)x, vr = (L' — I(;l)NT, vir = —(Xry* (1)),
vie =y 0)x. =y (O)x,  ve= (L —I;")\Ne,  vse =—(Fey (0),).

The bias of the ﬁ; estimator is E[z@, — ATE]| = E[xX.(vic + vac + v3¢)] — E[X;(vir +
Vor + V3T)]. We have
(hy(1) — h x y(1)),

E[Fomne] ~ E[Fpmr] = (50) i x 3(0)) -

nr nc
(n—Dnc (n—1ny

E[Y/CV3C] - E[Y/TV::,T]

nT(nT nc) nC(nC - nT)
hy(0 7 x v(0)) —
= o pm OO - e

5 (hy(1) — h x y(1)).
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If klogd = 0(1),}

ATE, = ATE + ni Y (i) = y(D) —xiB1r) — ni > (3(0) = y(0) — xiBy.c)

T el € ielc

kd
+o,,( 7).

THEOREM 4.2: Under Assumption 2, an unbiased estimator for the bias of the interacted
ATE estimator is

S n 7 — (T — _
Bias; = m(h}’(o)c —hey(0)c) + xc(Lcl —1, 1)NC

- (n_"ﬁ(ﬁ(lh —hry(l);) =% (L' = 1) N

The estimator ATE; pepiasea = ATE; — ]izs, is unbiased for estimating the ATE. Under As-
sumptions 1-3 and k = o(1), the estimator ATE[ peviasea 11as the asymptotic linear expansion

— | —
ATE; pepiasea = y(1) = y(0) + - > (1) = y(1) = xB1.7)

i€[T]

- X 0050 -5 + o, 1)

ie[C]

APPENDIX A: PROOFS
A.1. Constants

We define the following three constants:

(n —nr)(n—2nr)  nc(nc—nr)
=D (=D =2)ny
Ner — (n—nc)(n—2nc)  nr(nr—nc)
e (n—1)(n—2)ng S (n—-1)(n- 2)nt’
Npre = — (n—2ny) _ nr — A¢

n—D(n—-2nr (m—Dn-2n

A.2. Auxiliary Lemmas

Let a = (ai,...,a,) € R" and b = (by, ..., b,) € R" be arbitrary n-vectors with fixed
elements. We deﬁne the covariance estimator for the treated group as COVT(a b) =

abr — arby, and similarly for the control group as Covc(a b) = abc — acbe. The fol-
lowing lemma characterizes the mean and variance of these covariance estimators.

8The upper bound on the stochastic order of the bias of the interacted case is characterized in equation (15)
in Lei and Ding (2021).
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LEMMA A.1: Let t € {T, C}and n > 4. Then,
(n,—1)n

E[Cov,(a, b)] = [( )( ab —ab),
Var(Cov,(a, b)) < ”‘)1Z(ab —ab)* + (( "1);”’112 fx%ibf.

PROOF: We will prove the case for the treated group. The proof for the control group
case is analogous. To begin, we have

Blaby ~arbr] =E| 5 3 (@~ a)(b, - )}—i””(’” 3 (@ - )b~ by)

ny i je[T] 2 n(n oy
_ (nr—1n 1 (nT W
= = 1) 2 ;(a, a))(bi=b) = = — (ab ~ab).

To upper-bound the variance, we first note that the covariance estimator is location in-
variant and we can assume, without loss of generality, 2 =0 and b = 0.° We then have

— — — — — 2
Var(abT — ETbT) < 2Var(abT) + 2V3.r(ETbT) = 2Var(abT) + = Var( Z a,'bj)
n

T i,je[T]
nT) 1 2 nT)I’l 1
nT(n—l) Z(ab —ab)’+ 3(n 1) nZ Zb

where the last inequality follows from the variance calculation of simple random sam-
plings (first term) and Lemma A.5 in Lei and Ding (2021) (second term). Q.E.D.

Let x;, y;, and z; be three possibly identical vectors such that x =y =z =0.

LEMMA A.2: For n>3,'°
E[%;yrZr] = N 12”: d E[xryrzc]=N 12”:
X Zr|l = — X;yiz; an X Zc|= - XiYiZi.
TYrZr T 2 Y rYrzc TIc c Y

PROOF: We only prove the first equality. The second one can be proved analogously.
First, notice two useful equalities:

|:ZD XiYi ZD ZJ:| = ZZ[DiDj]xiinj n;EZT — 1) Z leytzj

J#I i=1 j#i =1 j#i

T\"*r — 1
= (sz’y’z’ Z”’Z’)

i=1 j=1

9This is required by the conditions of Lemma A.5 in Lei and Ding (2021).
10We note the following equalities can also be derived using results in Finucan, Galbraith, and Stone (1974).
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nT(nT — 1)
n(n—1) Zx Yizis

where the fourth equality uses the fact that Y | z; = 0. Also,

[ZD xiy Djy; > D zs:|

J#i s¢{i,j}

= Xn: > > E[D:D;D,]x.y;z,
=1 J#i s¢{i,j}
— nr(ny —1)(nr —
B nn—1)(n-2) ZZ Z XiYjZs

i=1 j#i s¢{i,j}

r(nr —1)(nr —2) [ - -
g (Z 22 Ka T 2 ) st Zj))

i=1 j#i s=1 i=1 j#i

_ el brs ) ( 3% w4 5) +zzx,ylzl>

i=1 j=1

_ 2nr(nr — 1)(nT - 2)
 on(n—1)(n— ny,z,,

where the fourth and fifth equalityuse >, x; =Y ., yi=> ., z;=0. Finally,

E[XTyTZT] 3 ( |:ZD X;YizZ z] —+ E|:Z ZD,-D,-(xiy,-Zj + x,-y]-Z,- + x]'in,'):|

ny i=1 j#i

E{IX::Dix,-ZDjyj > DSZ{|)

J#i s¢iJ}

1 (ny 3nr(ny—1) 2nr(ny —1)(nr —2)\
= (- T -2) )Z”

n\ n n(n—1)
where, for the last equality, we apply the previous two equalities. Simplifying the coeffi-

cients gives  Nrrr. Q.E.D.

APPENDIX B: PROOF OF THE MAIN THEOREMS
B.1. Proof of Theorem 3.1

By the Frisch-Waugh-Lovell theorem, the OLS estimate of the coefficient on the co-
variates can be written as ﬁ L- 1N where

N = pr(y(M)x, — y(1);%1) + pe(3(0)x — y(0) Fc)
= pr(y*(Dx; — y*(1);%7) + pe(y*(0)x . — y*(0) xc)
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=N+ pr(y*(Dx; — y*(0)x) + pe(y*(0)x. — y*(0)x) — pry (1), Xr — pey*(0) X

and z = Id — pTYTY/T — pcfcf/c
We have the following decomposition:

B=N+ pr("(Dx; =y (Dx) + pe(rO)xc =y (0)x) — pry (D%
—pey' O)cTe + (L7 = 1;")N.

As a result, E[ATE — ATE] = E[(¥c — %) B] = E[(Xc — X1)'B — (Xc — Xr)'B*], where we
used the fact E[X7] = E[X¢] = 0. See the proof of Theorem 3.2 for the characterization of
the bias.
B.1.1. Stochastic Orders of the Bias of the Noninteracted ATE Estimator

Let (a*, 7, B*) be the minimizer of the criterion p7 Y (yi(1) — « — 7 — X,B)* +

i=1

pe Y (3:(0) — @ — x}B)*. Some calculation shows that
i=1

-1

a 1 ) Z R U pry(1) “‘_PCW
™| = pPr Pr O pTy(l) . (9)
B* del del Id pTy(l)x =+ pcy(O)x

Define e;(1) = yi(1) — " — 7" — x;8* and ¢;(0) = y;(0) — a* — x;B*. Note PT% > (ni(1) —
i=1
o — 7 — X, B*)? +Pcl Z(yi(o) —a*—x/B*)? < pT% Yy + pc% > y:(0)? by definition.
i=1 i=1

We thus have 1Zez(l) O(1) and * Zez(O) O(1) by Assumption 1 and Assump-

tion 3. We can represent the observed outcome as Yi=a"+ mD; + x.8* + e;(D;). Some
manipulation shows that the OLS estimator has the following representation:

|

Define x; = (1, D;, x;)' and x¢ = (0, 0, x;)’. We have the decomposition

—1

o 1 pr 014 1 1
—|™|=||pr Ppr pi% =3 | Di | e(Dy). (10)
B Ouxi  prxr 14 S x

19

™)) R)

(o~ TV (B~ B) = (Er o)+ 3 wie(D) + (% — %) (O lzf (D).

3

() (%)
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Note X7 —X¢c = ifT. We bound the stochastic order of (x):

1 1
—Xp( =) xi(ei(1) — e (0)) + x,e;(0)
Pc (” ZE[XT:] Z >
1

- Ez}(% %(M(e,-(l) —e:(0)) + %% gxiei(o)»)

1 n

= —xr(; E{Zﬂ(x,—(e,—(l) —€(0)) — % > xi(e(1) - e,-(O)))),

Pc i=1

where, for the second equality, we use the fact that pTZ xie;(1)+ ch x:e;(0) = 0 implies

i=1
Zx (ei(1) —ei(0)) = ——Zx €i(0).
By Lemma A.5 in Lei and Ding (2021), the first moment can be upper-bounded as

E[(x)]=E [ExT Zx e(1)—e(0))] Cln E[sz;x,(ej(l)—e,m))]

ie[T] pcnitr i€[T] je[T]

zpcrlan(anc lex I5(e:(1) — :(0)) = ( Zn—lux 15 (e (1) — e(()))>

<o(|/%),
n
by Assumption 1 and an argument similar to (15) in Lei and Ding (2021). By Lemma A.5
in Lei and Ding (2021), the variance can be upper-bounded as

1

Var[(x)] < (pcnm>2n(’:;ic1) Z( <x, e;(1) — ¢;(0)) — %ém(&(l) - ei(O))>>z
< (o) ez Ytsnte - 00y

Pchrn

:<pc;11m>2 o iy 2 (e () - e)(0))’ = <n>

where, for the second inequality, we use the fact that, for each x;, 1> (xjx;(e;(1) —

€;(0)))* = 23 (xi(x;(e;(1) — €;(0)) — £ > x;(e;(1) — €;(0))))*. For the second to last
7 j=1

equality, we use the fact 3, (xjx;a;)* = 3~ a;x[ (3, xix))x; = n Y a7||x;||; by Assump-

tion 2. Thus, the term (x) is of order O, (\/g ).

Regarding the term (xx), we note the eigenvalues of the matrix O are uniformly
bounded above and below by Assumption 3. Let ||| - |||, be the matrix operator norm and
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A ~ d
| - |2 be the Frobenius norm. We have |||O — O|||, < |0 — O, = [2p> Z(é 3 xp)t=

k=1 T ie[T]
0,,(\/%) by Assumption 1. Thus, |||0~ — O~[||, = 0,,(\/%), if ¢ =0(1). A simple calcu-

lation shows that the term () is of the order 0, (,/ ).

B.2. Proof of Theorem 3.2

PROOF: We first propose estimators for the bias E[(x¢ — X7)(v; + v, + v3)]. Note, by
Assumption 2, (X¢ — X7) = ﬁfc = —piYT.
1. We first construct an estimator for E[(X¢ — X7)v;]. First notice:

E[(Xc —%r)w]= %E[f/c (pr(y*(Dxy = y*(Dx) + pc(y*(0)xc — y*(0)x))]

1

i=1

- ﬁ(hyw) T X (0) - m(%—ﬁ 5,

where the second equality follows from Proposition 1 from Freedman (2008b) and
Assumption 2. An unbiased estimator of this expression is

1 nc(l’l ) nT(l’l ) .

- o, wd D). 11

n—1 <(n 1y O hey(0)e) — (ny — Ty D =hryMy) ). (11)

2. (X¢ — Xr)'v, does not contain any unknown quantities, so it can be subtracted di-
rectly.

3. We now propose an estimator for E[(X¢ — X7)'v3]. First notice, by a term-wise appli-
cation of Lemma A.2,

. 1 ., — _ 1 ) — _
E[(Xc —X7)vs] = ZE[XTPTY*(DTXT] + ;E[XTPCY*(O)CXC]
1 —, — < — 1 — w0 =
= _E[XTPT}’*(l)TxT] - _E[XTPTY*(O)ch]
Pc pc

iTNTTT— Zx xyi(1) — —NTTC Zx x:y7(0)

i=1

= D Nera(hy(D) = B x YD) = 7 N (Ry(©) = 7 x Y (0))

Notice this bias is of order O(%). An unbiased estimator for this quantity is

N"[TTH%-(I’Z — 1)
ne(nr — n

NTTC”T(” )

(nc = Dn

(hy() — ETy(l)T)

(hy(0)¢ = hey(0)e). (12)
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Collecting the constants in front of hy(1), — hry(1), gives

1 nr(n—1) ne(nc—ny)  nip(n—1) n—nrn _ 1

n—1(r—n ' (n—0)(n-2)i2nc(nr—n (n=2)(ny—)n  n—2

Collecting the constants in front of Ay (0). — hy(0)y(0). gives

1 nc(n=1) (nr—nc¢)  nr(n—1) 1
n—1(e—n (nm—-1)(n-2)nr (nc—Hn n—-2"

Collecting terms gives the expression in the main text.
Now we derive the stochastic expansion for the debiased estimator:

ﬁchiascd
= (y(1)7 = y(0)c — Fr —X)L™'N) — (Fc — %) (L' = I;)N

+ %(hy(ln By~ 5 ()~ Fey(0))

- Z y1(1) n Z(yl(o) )

i€[T] ¢ ie[T]

— (X7 —%c) (N =N) + E(W(l)r hry(1);) = (hy(O)c —hey(0)e).

(O]

We now bound the stochastic orders of the terms. The term (x) can be decomposed as

Xe — %) (pr(y()xy — y(1) %7 — y(1)x) 4+ pe(y(0)x. — y(0)Xc — y(0)x))

(D~ Fry (D) — s (O~ hey(0),)

= —?x}(y (D, =y (0% =y (D) + 2 or X (0)x¢ =y (0) e — y*(0)x)

+ m(hy(l)r — hry(l);) — T(Wc — hey(0),)

_ —%Y/T(y*(l)xT —y(Dx) + %x’c(y (0)xc —y*(0)x) — (11)

Pr—, — Pc —7 = K
— 1 ——X.y*(0 —-12)=0,{./—-1,
+ pchy ( )rXT prxcy( )cXe — (12) p( n>

by the stochastic order estimates below and the fact that « € [4, 1].
We now derive the stochastic order estimates for terms of the treated group. The
stochastic order estimates for terms of the control group can be calculated analogously.

1. Since the first-order term in X7.(y*(1)x, — y*(1)x) is canceled, we only need to char-
acterize the variance of the term X (y*(1)x, — y*(1)x). By Assumption 1, Assump-
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tion 3, Lemma A.5, and (B.6) in Lei and Ding (2021), we have
Var (¥ (y*(1)x, — y*(1)x))

= L var(Y (e (1) = (D))

T i,je[T]

1 nTnC
_4
npn

5y Dl () = 02)’ <i4 oy Dy ()

nric

nrn(n—l)zn w900 = L T o bl ()

o)
n
where, for the second inequality, we use the fact that, for each x;, 2 > (x}x; yi(1) -
J

xy(1)x)? < 5 2 (xixy; (1)
J
2. Since the first-order term in (11) is canceled, we characterize the variance of the
form 2 (hy(1); — hry(1),). First notice, by Lemma A.1 and Assumption 1,

Var[(hy(1), — ETy(l)T)]
L 2n=nr) 2(n—ngr) 1

or Z( B ()~ iy (D) + 2(”( e 12 ) Y

2(n—nr) 1 < 2n—nr)nl g~ 5 o1 2
5—nr(n—1)E[Z yi(1)+ ﬁ;;yi(l)ﬁghi

2(n—ngp 221 > ny)n 1 2 1 —
SﬁnK Z (1) + (( )) Zi(l);;h,«xnk

i=1

= O(Kzn + K—d>
n

Thus, Var(X (7y(1), — hry(1);)) = O(S + =
3. The stochastic order of the term y*(1),X;X7 is OP(H%). The stochastic order of the
term in (12) is O(% + \/:j;—i- ).
We find that the dominant term is of order O, (\/%).

On Remark 4, note that k = max; uxnnz < ’11,/27:1 llx: 113 = 0(@), as in Proposi-

tion 1 of Wu and Ding (2021). Q.E.D.

nr(n—

B.3. Proof of Theorem 4.1

The decomposition of the bias is similar to the one in Theorem 3.1. We omit the details.
The stochastic order of the bias is derived in Lei and Ding (2021).
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B.4. Proof of Theorem 4.2

We derive the unbiased estimator and the stochastic expansion for the treated group.
We first propose estimators for the bias E[—X(vir + var + v37)]. Derivation and charac-
terization for the control group are analogous:

E[—X(vir + var + v37) ]

= —(B[x(L;' = 1, )Nr] + E[7; 0 (D, -y (Dx)] = E[% %y (D))

1. The term Y/T(’L\}1 — I;l)NT does not contain any unknown quantities, so it can be
subtracted directly for debiasing.

2. An unbiased estimator for the second term E[x’(y*(1)x, — y*(1)x)] can be derived
in the same way as the first term in the noninteracted case, which gives

nc —
————(hy(1); — hry(1),).
n(nT—l)( y( )T Ty( )T)
3. An unbiased estimator for the third term E[x;X7y*(1),] can be derived in the same
way as the third term in the noninteracted case, which gives
nr(n—1)
(nr —)n

Collecting the constants in front of (hy(1), — hry(1),) gives

Nrrr (hy(1); _ETWT)-

nc  (n—ng)(n—2nr) 5 nr(n—1)  nc
nnp—1) (n—=1)(n-2)n2 =~ (nr—Dn  (n—2)ny

Thus, an unbiased estimator for E[—X.(vi7 + vor + v37)] is

Hc
(n—=2)ny

(hy(), — hry(D),) — %o (L7* = 1) Ny

Similarly, an unbiased estimator for E[X,(vic + vac + v3c)] is

s O = hey0)) + 7 (B~ 1) Ne.

We can characterize the stochastic expansion for the debiased estimator of the treated
group as

—_—
ATET, 1,Debiased

=y(1); —%rL;'Ny — (—f;(f;l —I;")Ny — (n_”ﬁmy(l» - Erymr))

=y(1); — %rNr —%r (N7 — Nr) + (n_nﬁ(h)’(l)r —hry(1);)

K

Eom——)
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using the stochastic order estimates we derived in the proof of Theorem 4.1 and the fact
that k € [4,1].
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