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1 Introduction

Panel or grouped data are often used to allow for unobserved heterogeneity in econometric models
via fixed effects. For instance, panel data addresses the possible endogeneity of treatment when
selection is based on fixed (e.g. time-invariant) unobservables. In other applications, estimates of
fixed effects themselves are of interest. These include estimates of firms’ and workers’ unobserved
productivities using employer-employee matched datasets (e.g. Abowd et al. 1999) and estimates
of teachers’ unobserved quality using student-teacher matched datasets (e.g. Chetty et al. 2014a).

Classic fixed effects models separate the unobservables into the additive sum of scalar indi-
vidual heterogeneity «; — termed fixed effects — and an error term Uj;;. The fixed effects are time
(t) invariant and allowed to be correlated with treatment variables X;;, while Uy is uncorrelated
with treatment. As the fixed effects enter these models only in an additively separable way,
they are easy to difference out (Chamberlain, 1984; Hsiao, 2014); the “within” transformation
establishes identification and provides one estimator.

In this paper, we present conditions for identification of models in which fixed effects enter
additively as well as interact with covariates, such as treatment status. As a result, the standard
technique of differencing out «; is no longer valid. The existence of such interactions can have
important economic implications: treatment effects will depend on unobserved heterogeneity and
the marginal effect of a change in unobserved heterogeneity will vary with treatment. Estimates
of treatment effects and of fixed effects will be biased if it is incorrectly presumed that interactions
between unobserved heterogeneity and observed variables are null.

To preview our results and their intuition, suppose, as is often assumed in the literature,
that the structural equation relating X;; and «o; to outcome Yj; excludes X, for some s # t
and that E [Uy| Xy, Xis] = E [Uit|Xi] = 0.1 Then, X;s can be viewed as an instrument for the
unobserved «; if E [o;| X1, X;s] varies with X;s. In particular, variation in X, leads to variation
in E [o;| X1, Xis] holding X;; constant. Our key insight is that this variation can be exploited
to develop identification and estimation strategies for parameters of interest for a class of non-

additive fixed effects models.

!This condition holds under both strict and weak exogeneity (pre-determinedness) assumptions.



We present identification results informed by this insight. Our results obtain in “short” pan-
els and they preserve features of additive fixed effects model identification: they do not rely on
distributional assumptions about the shape of a; or place restrictions on the unobserved hetero-
geneity’s relationship with treatment variables. We establish identification results for extensions
of our baseline model, such as allowing for more than one treatment variable and for higher order
terms of the treatment variable interacted with the fixed effects. We also extend the results to
allow for the inclusion of covariates in the model. We then present a non-linear transformation
of the model that eliminates «;. This transformation serves two purposes: First, we derive a
conditional moment restriction using the transformation that provides the basis for estimation
of non-additive fixed effects models by linear IV regression. Second, as in Holtz-Eakin et al.
(1988), this transformation can be used to extend our identification results to the case where the
regressors are only pre-determined or weakly exogenous.

As an empirical application, we apply our proposed estimator to matched student-teacher
administrative data used to estimate value-added models of teacher quality (e.g. Kane and
Staiger 2008; Chetty et al. 2014a). Our data are from the North Carolina Education Research
Data Center and we focus on math and reading scores of 4th and 5th grade students. We first
show that the common assumption that the return to unobserved teacher quality is the same
for all students is rejected by the data. In fact, a counterfactual one standard deviation increase
in teacher quality in reading is estimated to be 15% more effective for a student one standard
deviation below average in their prior score. The estimates also indicate that the return to teacher
quality is lower for economically disadvantaged and underrepresented minority students. We show
these findings have meaningful implications for estimates of individual teachers’ qualities and for
how equitably teacher quality is distributed. Ignoring heterogeneity leads to overestimating the
quality of teachers assigned to highly disadvantaged classrooms.

We then consider the question of whether interactions between unobserved teacher quality
and student characteristics reflect workplace features of education production. To do this, we ask
whether and how variation in accountability pressure—incentives linked to student performance
on standardized exams—shifts the return to unobserved teacher quality. We do this using No

Child Left Behind-era accountability policy in a difference-in-differences framework that leverages



the timing of pressure. We show that accountability pressure induced by failure to meet Adequate
Yearly Progress targets caused meaningful increases in both subjects in the effectiveness of teacher
quality for lower performing students. Combined with the direct effect on teacher quality, the
net result of this heterogeneity is that the policy effect of accountability on test scores is over
twice as large—about 0.070 in reading—for a student one standard deviation below average in

their prior score.?

1.1 Literature and Outline

Our paper contributes to the recent literature on panel data models where parameter hetero-
geneity is present in both the intercept term and slope coefficients. See e.g. Chamberlain (1992);
Robertson and Symons (1992); Pesaran and Smith (1995); Durlauf et al. (2001); Browning and
Carro (2007). These models are often called random coefficients models and Arellano and Bon-
homme (2012) and Graham and Powell (2012) are recent papers studying identification of models
of this type in short panels. The models we consider in this paper can be viewed as random co-
efficient models with a unique parsimonious structure. Specifically, the intercept and the slope
coefficient of the treatment variable are both functions of the same scalar unobserved individual
heterogeneity. Our paper is thus closer in spirit to Evdokimov (2010), which considers identi-
fication of panel data models that do not assume a particular functional relationship between
regressors and fixed unobserved heterogeneity.

The parsimonious structure of our model allows us to entertain a different set of conditions for
identification than those considered by Arellano and Bonhomme (2012) and Graham and Powell
(2012). Arellano and Bonhomme (2012) focus on identification of the probability distribution of
random coefficients, while Graham and Powell (2012) examine estimation of their expectation.
Our identification results are based on model primitives, reflecting the more recent trends in the
econometric literature. Though the model we analyze is in principle less general than the one
Evdokimov (2010) studies in its linearity, our identification results and proposed estimator are

intuitive and clarify precisely the types of variation in observables needed to achieve identifica-

2This calculation assumes the student is assigned to a teacher one standard deviation better than the average
teacher.



tion.> Moreover, estimation of the class of models we consider is straightforward and requires
only appropriately transforming the data and then running a linear IV (e.g. 2SLS) regression to
carry out.

Most of the literature, Arellano and Bonhomme (2012) and Evdokimov (2010) included,
focuses on the case of strictly exogeneity and it is sometimes not obvious how an extension can be
made to the case where the regressors are only weakly exogenous. By considering transformations
based on a few adjacent periods, we are able to use an intuition similar to the one in Arellano
and Bond (1991) and accommodate the case in which regressors are only pre-determined. Our
paper thus makes a contribution by establishing identification results for non-additive fixed effects
models with weakly exogenous as well as strictly exogenous regressors.

Our empirical findings contribute to the large literature on measuring and assessing the
importance of teacher quality (e.g. Rivkin et al. 2005; Kane and Staiger 2008; Chetty et al.
2014a,b; Koedel and Rockoff 2015). This body of work relies on administrative datasets grouping
students and teachers in classrooms to recover estimates of individual teachers’ qualities as their
value-added to student test scores. This setup embodies an assumption—the return to teacher
quality is the same for all students—that we show is rejected by the data. Our paper is thus
related to Ahn et al. (2020), who allow for match effects via random coefficients.* Finally, our
findings identify a new channel supporting the effect of No Child Left Behind’s accountability
provisions on student learning: teacher quality becomes more effective for the students targeted
by the policy.’

The remainder of the paper is structured as follows. In Section 2, we introduce the model
and the identification results under the assumption that the regressors are strictly exogeneous.
Section 3 discusses how controls can be added to the baseline model. In Section 4, we use a

transformation to derive conditional moment restrictions suitable for estimation. Section 5 then

3We also establish identification for models that include higher order terms of, multiple, and interactions between
treatment variables.

“Ahn et al. (2020) specify and estimate a joint distribution of the random coefficients (which represent distinct
teacher skills or qualities), whereas we identify match effects assuming a scalar teacher quality that maps into
learning in a context- and student-specific way and whose distribution we do not require any assumptions about.

SRelated work on the effectiveness of accountability, NCLB and otherwise, includes Hanushek and Raymond
(2005); Ahn and Vigdor (2014); Deming et al. (2016); Hollinger (2021); Mansfield and Slichter (2021). Figlio and
Loeb (2011) summarize the literature on school accountability.



presents our empirical application to matched student-teacher data. Finally, Section 6 presents
identification results when the regressors are only weakly exogenous or pre-determined, while

Section 7 concludes. Proofs not presented in the main text are collected in the appendix.

2 Model

2.1 Baseline Model

In this section we introduce the baseline model and discuss the parameters of interest. We
will discuss extensions later. In this baseline model there is a single covariate X; (which is the
main explanatory variable of interest) in each time period ¢. It has two effects on the outcome:
one effect is the same across individuals; the second effect varies across individuals because X;

interacts with unonserved individual fixed effect. In particular, outcome Y; is determined by

Yir = Box + Gi + XitBrs + Xitfoxdti + Uy, (1)

where & is a random variable denoting individual specific unobserved heterogeneity, (Bo*, ﬁl*, 32*)
are non-random parameters and U;; represents additional unobservables. We are going to assume
the number of periods T is small and fixed. In fact, often we are going to assume 7" = 2. The

identification results we provide will be based on the observationally equivalent model given by
Yie = i + Xufrs + XirBoeci + Uy (2)

Before we discuss our identification approach we first illustrate that these two models (1) and
(2) are observationally equivalent. We do this in two steps. Let é, := E[a], and let o/ := & — é,,
be the demeaned version of the fixed effect. Then the model given in equation (1) is equivalent
to

Yit = By, + o + XitB1 + XitBoecl + Uy,

with 3, = Bos + s, Bl == B1s + Boxéy, and Bh. = 2. Furthermore, this model is equivalent

to the model given in equation (2) with «; := o + B(,, Bix := Bl. — 8580, and Bax = B5,.



Below, we provide sufficient conditions for the identification of S14, B2, E[a;] and E|oy| X =
x]. These are the parameters that show up in evaluation of important marginal /treatment effects.
In particular, consider the model given by equation (1). In that model the potential outcomes

that we would observe if X;; is exogenously set to z and 2/, respectively, are

Yie(z) = Box + & + 1614 + 2 Poxd; + Uy,

Yie(2') = Box + @i + 2/ Bra + ' Bawds + Uy,
so that the effect on individual 7 from exogenously changing their X;; value from x to =’ equals
Yie(a)) — Yau(x) = (2 — 2)B1s + (2/ — @) Bosdis.
For this model the average treatment effect is
E [Yie(2') = Yir(2)] = (2 — 2)f1e + (2' — ) B2 B[]

If we consider the model given in equation (2) instead, the potential outcomes and average

treatment effect become, respectively

Yit(z) = oy + P14 + xPB2x0t; + Uy,
Yie(2') = o + &' Brs + 2’ Boscvi + Uy,

E [Yie(a') = Yig(x)] = (2' — 2)Brs + (2/ — 3) B2 [0s] .
Since a; = &; + 30*, Bis = 31* — 52*50*, and [, = 32*,
(@' — 2) (Brs + BouE [ai]) = (2 — z) (Bl* ¥ BoE [@i]) ,

therefore, when [31, B2« and ¢, := FE[a] are identified, the average treatment effect is identified.

In addition, for individuals whose initial treatment value at time ¢, X%, equals x, the average



ceteris paribus effect of changing their treatment value from z to z’ is given by
E [Yir(z') = Yie(2)| Xy = 2] = (2" = 2)B1e + (2 — 2) B2 E [0 Xy = 2] (3)

Note that since E[a|X;] may depend on ¢, our framework allows for the average effect of changing
the treatment value from z to 2’ for the subpopulation of individuals whose initial treatment

value in period ¢ equals x to depend on the t.

2.1.1 Empirical Application: Estimating Teacher Quality

In this subsection, we preview the empirical application of our baseline model. A large literature
estimates unobserved teacher quality as a teacher’s value-added to student test scores (e.g. Kane
and Staiger 2008; Chetty et al. 2014a). This is based on a panel data model where education
production is additively separable into the contribution of student-level inputs, captured by
student covariates (including their lagged test score); the value-added or quality of the teacher;
and an error term.

A representative setup is given by:

Yijg = f(Yig—1) + YTig + aj + €ijg (4)

The dependent variable in this equation is the test score of student i, who is taught by teacher j,
in grade g. yis—1 is the student’s score in the prior grade, while z;4 is a vector of other observed
student covariates that may include sex, race, ethnicity, and (proxies for) economic advantage.
Test scores may be linear in the prior score or f() may be specified as a polynomial, e.g. a cubic.
a; summarizes the quality of teacher j while ¢;;, represents remaining determinants of learning
that are unobserved. Importantly, teacher quality, o, is also unobserved to the econometrician
and the goal of estimation is to recover reliable estimates of these parameters in addition to
estimates of f() and ~.

In this paper, we consider the case where education production is no longer linear in teacher

SEmpirical Bayes techniques are common to reduce noise in individual teacher effect estimates, which are only
consistent as class size grows (see e.g. Koedel and Rockoff 2015; Gilraine et al. 2021. Note that these techniques
can be combined with the results and methods in this paper in the same “two step” fashion.



quality because the return is heterogeneous across students. This heterogeneity is summarized
by the inclusion of a new term that is the interaction of teacher quality with observed student

covariates. For example:

Yijg = f(Yig—1) + YTig + a5 + BYig—105 + Vijg (5)

This equation is equivalent to the standard setup above, except for the addition of the Sy;q—1¢;.
This term captures the heterogeneity in the return to a;; with respect to students’ current learning
level, with 8 governing the magnitude and nature of the heterogeneity. In the case where 5 > 0,
students with higher prior scores will benefit relatively more from an increase in teacher quality,
while students with lower prior scores benefit more when £ < 0 (all else held equal).

In Section 5, we apply the results in this paper to matched student-teacher data to estimate
models like equation (5) that relax the assumption that the return to teacher quality is common

across students.

2.2 Identification of Baseline Model

For identification, we maintain that E [| Y]] < oo, E [|Xj¢|] < 0o, and that E [|a;|] < oo. The main
assumption we make, in addition to these maintained assumptions, is a form of strict exogeneity

assumption.
Assumption 1 For each t = 1,2, and s # t E[Uy| X4, Xis]| = E [Uy| Xi] = 0.

Strict exogeneity assumptions are commonly made for identification of panel data models. While
this assumption is restrictive, it may be more believable in the context of fixed (short) 7" panels
considered in this paper.” In Section 6, we discuss identification of the baseline model under a
pre-determinedness assumption instead.

Our identification approach will rely on first differencing. Specifically, under Assumption 1,

"Note that in Section 3, we discuss how to introduce covariates W;; into the baseline model. In that version of
the model, we require strict exogeneity of X; conditional on these additional covariates.



for s # t we have

E [th - Y:@|Xs =25, Xy = xt] = (ZCt - xé’) (/81* + 52*E [O[’Xs = x5, Xt = $t]) . (6)

When x; # x5 we can divide both sides of equation (6) by (z; — zs) to identify

’51* + B [a| Xy = x4, Xy = 4] ‘ (7)

Note that equation (2) implies that

E[Y;| Xt = 24, Xs = 2] = E[a| X5 = 25, Xy = 2¢] + 24014 + 22 E [0 X5 = 25, Xy = 24] . ()

Subtracting x; times the identified object (7) from (8), we identify

E[o] X, = 2, X; = 2] | (9)

Inspection of (7) leads to our key insight: if E [a| X = x5, X; = 2] depends on X;,, we could use

the variation in X, to identify and .

This strategy in essence treats X;; with s # ¢ as an instrument for the endogenous variable

a;. In order to understand this interpretation, note that we can rewrite (2) as
Yie = Ea|Xis, Xit] + XitB1s + Xit B2+ [a| Xis, Xit] + Ui + €it. s,

where € s := Yiy — E[Yi| Xis, Xit]. Thus, dependence of E [a| X = x4, X; = 24| on X5 plays the
role of the relevance condition. On the other hand, the strict exogeneity assumption, together
with the fact that X;s; does not directly enter the structural equation for Yj; for s ## ¢ means that
X5 is a valid instrument for the endogenous variable ;. The difference between our method and
the standard instrumental variables methods is that «; is an unobserved variable. The following

theorem formalizes this intuition.

Theorem 1 Suppose T = 2 and that Assumption 1 holds. Let pi(x1,22) = E[a| X1 = 21, Xo = 29],

10



and

Ay :={x1 : Tz, T such that (z1,x2), (x1,T2) € Supp(X1, Xo) with x1 # xa,x1 # Ta2, T2 # To,

and py(x1,x2) # p«(x1,Z2)},
Ay := {2 : Jx1,T1 such that (z1,22), (T1,22) € Supp(X1, Xo) with x1 # x2,T1 # T2, 11 # T1,

and p*(xlva) # p*({i‘17$2)}.

Suppose that A1 U Ao is measurable and has strictly positive probability. Then (1« and [o. are
identified.

Proof. Suppose that P(A) > 0, and a € Ay with b and ¢ as corresponding to two different

values of X7 as specified in Ay. Then,

E[Y'Q—Yl‘Xl :b,Xg :a]

p— = B1x + Baxp«(b, a), (10)

BN b X = ol BN = b X (11)
E[Y - Yliﬁ_j & Xs =a] = P1x + Boxpx(c,a), (12)

aE [Y1| X1 = ¢, Xp = @i : ZE [Yo| X1 = b, X5 = df = p:(c, a). (13)

Subtracting (12) from (10) yields

EY; - YilX;=bXs=a] E[Y2-YiX,=¢,Xs=ad
a—2>b a—c

= Bos (p*(b, a) - p*(c, a)) .

Given equations (11) and (13), we can check if p.(b,a) — p«(c,a) # 0. Moreover, if p.(b,a) —
p«(c,a) # 0, then [, is identified. Finally, since S1. + [2sp« (b, a) is identified, these arguments
show that (31, is identified as well. The arguments for the case in which P(A;) > 0 are similar.
[

This theorem says that if the support of (X;1, X;2) contains {a,b,c}? (with a,b, c distinct
from each other), and if holding Xj;o (Xj;1) fixed, varying the value of X;; (Xj2) causes a change

in p.(x1,x2), then we can identify (S, f2«). If T'= 2 and if X; and X5 each take the same two

11



values, however, we cannot use this theorem. The proposition below shows 514 and [s, can still

be identified.

Proposition 1 Suppose T' = 2 and that Assumption 1 holds. In addition, suppose that {a, b}2 -
Supp(X1, X2) with a #b. If p.(b,a) # ps(a,b), then Bi. and Ba. are identified.

Proof. See Appendix. =

As the proof of Theorem 1 illustrates, p.(z1,z2) is identified whenever xg # x1. Therefore,
the assumption that p.(a,b) # p«(b, a) is empirically verifiable. The next proposition shows that
even if X;; takes only (the same) two values in each period, we can still identify 81, and [Ba. as

long as T' > 3.

Proposition 2 Suppose T = 3 and that Assumption 1 holds. In addition, suppose that Supp(Xi, X2, X3) =
{a,b}3 witha #b. If E[a|X] = Xo =a, X3 =b] # E[a|X] = a,Xs = X3 = V], then B1. and PBa.

are identified.

Proof. See Appendix. m

Next, we discuss identification of E [a|X; = z] once (1, and Ba, are identified:

Proposition 3 Suppose that E [Uy| X)) = 0, B1. and Pos are identified, and P(X; P2« = —1) = 0.
Then E [a;| Xit] is identified a.s., and E [oy] is identified.

Proof. See Appendix. m

Finally, if (1) is the preferred way of writing the structural equation, recalling that a; =
&i + Bos, we can see that Bos is identified under the location normalization E [a;] = 0.

The identification approach outlined so far suggests a straightforward estimation strategy.
When Xj; is continuously distributed, however, an alternative estimation procedure based on a
moment condition approach might be preferable. In Section 4, we discuss how (1, and (2. can

be identified and estimated using this alternative approach.

2.3 Extensions

In the Appendix we discuss some extensions of the model. These include the case of multiple

treatment variables and of higher order terms of treatment variables in the structural equation.

12



Appendix Section A.4 and A.5 consider these cases, respectively. The next section considers
the inclusion of covariates. In Section 6, we extend the identification results to the case of
weak exogeneity. Finally, we also discuss estimation of the model using unconditional moment

restrictions in the Appendix.

3 Covariates

In this section, we discuss how we could add controls to the baseline model. By controls we mean
observable variables, denoted W, whose partial effects on the outcome are not of interest to the

researcher. Typically, controls are used to make exogeneity assumptions more credible.

3.1 Coefficients Depending on Covariates

In this section we consider the following alternative model:

Y, = a + Bo(Wy) + X1 B1(Wy) + Xy Bo(Wy)é& + U (14)

For brevity of exposition, we assume T' = 2. Now suppose for each t and any s # t, E [Uy| Xy, Wy, Xs, W] =
E [U| X, Wy] = E [Us|Wy] := Ao(Wy). Note that under this assumption W is not required to be
exogenous. Let g, := Uy —E [U| Xy, Wy, X, Ws] = Uy — \g(Wy). Substituting this into the outcome

equation (14) we get

Yy = a+ Bo(Wi) + Mo(Wy) + XiB1(Wy) + X B2 (Wi)a + &4 (15)

Recall that X; is the treatment variable. The potential outcomes are

Yi(z) = Bo(Wy) + Ao(Wy) + a + xB1(Wy) + 282(Wy)@ + &4,

Y;g(.%”) = 60(Wt> + )\O(Wt) +a+ $/5~1<Wt) + 1'/52(Wt)56 + &t

13



Individual treatment effect equals

Yi(x) = Yi(a') = (x = 2") i (W) + (2 — 2") B2 (Wh)ar.
Average treatment effect conditional on W; equals
E [Yi(2) - %i(@!)| W] = (& — &)Bi(W) + (¢ — o) Ba(W)E [a] Vi),

Now let us define o := Bo(W;) + Ao(W:) + & and B1 (W) := B1(Wy) — B2 (Wy) [Bo(Wi) 4+ Xo(Wy)].

With this notation, the model given in equation (15) can equivalently be written as
Y; = Oé—l—Xtﬁl(Wt) —i—l‘tﬂg(Wt)Oé-i-Et. (16)

We now discuss identification of the model (16). To keep the notation simple, we as-
sume that Supp(W;) = Supp(W;_1).® Also assume that for each w in this common support,
Supp(X¢—1, X¢|Wi—1 = Wy = w) contains the points (a, b) and (a, ¢) with a, b, ¢ all distinct. Then
using the conditional versions of the arguments in the proof of Theorem 1, we can show that for

each w € Supp(Wy), Bi1(w) and Sa(w) is identified. Next, we write
E Y| Xy =2, Wy = w] — 2f1(w) = E[a|X; = 2, W, = w] (1 + z82(w)) .

Then if support of (X, W;) is such that 1+x82(w) = 0 occurs with zero probability, E [« Xy = z, W} = w]
will be identified for almost every (z,w). Integrating X; and W; out we identify E [«].

The last point we make is that, even though we only identified §; (W) and E [a] as opposed
to B1(W;) and E [a], and did not even discuss identification of either Bo(W;) or Ao(Wy), if X; is

the treatment variable, none of this matters for causal analysis. To see this note that potential

80therwise we can identify the average treatment effect for w € Supp(W;) N Supp(Wi—1).

14



outcomes based on equation (16) are equal to

Yi(z) = a+ 281(Wi) + 2B2(Wi)a + e,

Vi(a') = a+ 2'B1(Wy) + &' Ba(Wi)ex + €.
Thus, individual treatment effect of changing X; exogenously from z’ to x equals

Yile) = V(') = (& — 2)B1 (W) + (2 — ) Bo(Wi)a
= (@ = ') (Bu(W2) = Balwe) (Bo(We) + ho(W2)) )
+ (x — 2") Ba(Wr) (& + Ba(we) (Bo(We) + Ao (Wr)))

= (z — 2") 51 (W) + (z — 2') B2(Wi) .
Moreover,
E[Yy(x) — Yi(@)| Wi = w] = (z — 2')B1(w) + (2 — &) Bo(w)E [o| Wy = w],
which is identified.

3.2 Linear Controls

Estimation of the model in the previous section will be infeasible if the dimension of W; is big.
For that reason, researchers might prefer controlling for W; in a linear fashion. To illustrate how

this can be done for our model, recall our model as expressed in equation (2)
Yie = ai + XitB1s + XitBowai + Uy

Let W;; denote the controls. The following assumption is the extension of the usual assumption
made by empirical economists when they introduce controls in cross-section settings to short T'
panel data setting. Before we discuss identification with covariates, we present the strict and

weak exogeneity assumptions with covariates:
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Assumption 2 Strict exogeneity with covariates: For eacht, E [Uy| X1, Wir, ..., Xir, Wir] =
E [Uit|Xit, Wzt] a.s.

Assumption 3 Weak exogeneity with covariates: For eacht, E [Uy| Xi1, Wit ..., Xit, Wir] =
E [Uit’Xity Wzt] a.s.

Assumption 4 (Covariates)
(i) E[oi| Xit, Wit] = Wil k1s + 60(Xit) a.s.;
(i) B [Us|Wit, Xit] = W;{ kv a.s..

This assumption allows the conditional expectation of each unobservable given treatment and
controls to depend on the controls. It requires, however, that each of these conditional expectation
functions to be additively separable in treatment and controls, with the part that depends on

the controls being linear. Under this assumption, we can write
Yie = &+ XitBrs + XuuBoul + Wiy 614 + Xu Wiy 624 + €, (17)

where €;; := Uy — E [Uy| Xit, W], mi = o — E 04| Xie, Wir], & = 1 + ¢(Xir), 014 1= K1x + Ko
and 9, := K1+02«. Then

Yie — E[Yie| Xit) = (Wi — E[Wit|Xit])T O + Xyt (Wi — E [Wz’t|Xit])T 02+

+ (& — E[&]Xu)) (14 XiBox) + €t (18)
Note that & — E [&;|X;:] = n;. Moreover, E [n;| X, Wit| = E [€i¢| X4, Wit] = 0. Therefore,

E[(Wit — E[Wi| Xa]) ((& — E & X)) (14 XiefBox) + €it)]
E[Xit (Wit — E [Wit| Xat]) ((§ — E [§] Xat]) (1 + Xt B2x) + €it)]

=0.

As a result, OLS regression of Yj; — E [Yj;| X;] on Wy — E [Wi| Xy] and Xy (Wi — E [Wi| X))
consistently estimates 1, and d2.. Since Y, Wy and X;; are observed, E[Yj:|Xi] as well as

E [Wi| Xit] can be estimated, so that running such an OLS regression is feasible. Once d1, and
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b9+ are identified/estimated, we can subtract W11, and X;; W 2, from Y;; and we will be back
to the scalar covariate model. That is, all of our identification methods can be applied to the

model

Yie = & + XitBrw + Xt Pl + €it,

where Vi, = Yiy — W] 81, — Xt Wit

Remark 1 Note that when X is binary taking values 0 and 1 only, E[Y;|Xy], E[Wi|Xi]
and E[XyWi|Xi] are all linear functions and can respectively be estimated by OLS regres-
sion of Yir and Wy on constant and Xi. In fact, by applying Frisch-Waugh-Lovell Theorem
OLS regression of Y; = (Yiz, Yat, ..., Yue) T on constant, Xy, Wy and (XW);, where (XW); =

(X1uWhy, XoWay, ...,Xm;VVm)T will yield consistent estimators of 61 and ds.

4 Estimation

In this section, we derive conditional moment restrictions that provide the basis for estimation
via linear IV regression. For ease of exposition, we first adopt the framework where Xs are
strictly exogenous, X;; contains a single regressor or treatment variable, and T' = 2. However,
the transformation applied is easily generalized beyond these cases, as appropriate. We also use
this transformation later when extending the results to the case of weak exogeneity in Section 6.

Given Y = a; + X101+ + XitfBosay + Uy, it follows that:

Yie — XitBre U;
— =0t (19)
1+ Xitfox 1+ Xt B«
Differencing this expression for t = 1 from ¢ = 2, we further obtain
Yio = XigBre Y —Xufu Ui Ui (20)

1+ Xiofo. 1+ XifBow 14 Xpfor 1+ Xifo.
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Strict exogeneity then implies that

Yio — Xiof1« Y1 — XiBis
i2 2261 14l zlﬁl X“’Xi :| _ 0’ (21)
1+ Xi2B2+ 1 + X1 B2«
which further implies that
E[(1 4 X;182+) (Yiz — Xi2B14) — (1 + Xy202+) (Yir — Xi1614)| Xi1, Xio] = 0. (22)

This equation can be simplified to

E[(Yie — Yi1) — (Xi2 — Xin1) Brx — (Xi2Yi1 — Xi1Yi2) Bax| Xin, Xi2] = 0.

Therefore, one may hope to use the conditional expectation

E[(Yio — Ya) — (Xi2 — Xin) B1 — (Xi2Yi1 — X Yio) Ba| Xi1, Xio] =0 (23)

as a basis for estimation. Note that this equation is linear in parameters 1. and P2, and
«; does not appear following the initial differencing. Y5 — Y7 is the dependent variable and
the equation contains two right hand side variables: the differences in Xs and XoY; — X1Yo.
This latter term is endogenous. Following the identification argument earlier and reflected in
this moment restriction, identification is obtained from the interaction between X; and X5, an
instrument which is “excluded” from the structural equation. The conditional moment restriction
in equation (23) thus provides the basis for estimation of 51, and [, via linear IV regression.
E [o;] X4t] and E [a;] can then be estimated using equation (19) above.

In the empirical application that follows, we use this conditional moment restriction to esti-
mate a model that features multiple regressors that interact with the unobserved heterogeneity
(including one that is continuously distributed) and also includes other covariates that do not

interact with the unobserved heterogeneity.
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5 Empirical Application: Heterogeneity in the Return to Teacher

Quality

In this section, we apply our results to examine and test for heterogeneity in the return to teacher
quality across students. To do so, we adapt our proposed estimator to the classroom setting and
marshal student-teacher matched administrative from North Carolina. We focus our attention
on end-of-grade math and reading scores in 4th and 5th grades in school years 2002-3 to 2008-9.
The Data Appendix describes the data and sample construction in detail; Table Al presents
summary statistics.

We begin by estimating the following equation for each subject pooling both grades and all
years:

Yijt = YTit + i + Baizit + Vi (24)

Note that this equation is similar to equation (5) previewed earlier, but differs in a couple respects.
First, we drop the grade notation and add time (t) subscripts to reflect pooling data across school
years. Second, we interact teacher quality with a vector of student covariates, z;. We examine
results when only student i’s lagged score interacts with teacher quality as well as models that
additionally include indicators for economic disadvantage and underrepresented minority (i.e.
Black or Hispanic) status in z;. x; then includes the elements in z; as well as lagged score
squared and cubed (recall f() in equation (5)), indicators for female, Asian or other non-White
race/ethnicity, and whether flagged as an English learner, special education, or gifted. If the
commonplace assumption that the return to teacher quality is the same for all students is true,
then we expect to fail to reject that 5 = 0.

To estimate equation (24), we first residualize y;;; with respect to the covariates not in z; (i.e.
those that do not interact with teacher quality). Denote by ;;; the residualized test score. We
then apply the transformation from the previous section with respect to the classroom average,

yTjt.g In the case where z;; contains one variable (e.g. only lagged score), we obtain the following

9In principle, however, the transformation could be applied to all student pairs in each classroom.
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conditional moment restriction:

E(ijt — yjt) — (2t — Zjt) — B(Wjezie — VijeZje)| @i, Tje) = 0 (25)

where zj; collects classroom average characteristics among teacher j’s students. This expectation
forms the basis of the estimator we use—2SLS. gjjtzit — ¥ijtZj¢ is an endogenous regressor. The
instruments we use for our main results are the other elements of x;; not in z;, e.g. whether
female; class averages of the covariates Z;;; and student-class average interactions, e.g. ;.
For models that include economic disadvantage and underrepresented minority status in z;, the
estimating equation includes several additional terms.'® We cluster standard errors by teacher.

Table 1 presents results for both math and reading. The results allowing for heterogeneity in
the return to teacher quality are presented side-by-side with results from estimating models that
assume homogeneity. The results show that assumption of common returns to teacher quality is
rejected by the data. Column (2) reports estimates for math and shows that the interaction on
lagged score and teacher quality is -0.05 and statistically significant. The economic interpretation
of this is that a one standard deviation increase in teacher quality would be 5% more effective
for a student who is one standard deviation below average in their prior score. Column (3)
adds additional teacher quality interactions to the model. The estimates show that an increase
in teacher quality is about 3% less effective for an economically disadvantaged student and 6%
less effective for an underrepresented minority student in math. Columns (4) through (6) report
parallel estimates for reading and show that the economic significance of the interactions with
teacher quality is even larger. A one standard deviation improvement in teacher quality would
be 16% more effective for a student one standard deviation below average, but 12% less effective
for a minority student.

These results in Table 1 show that not all students in a classroom benefit to the same degree
by improvements in teacher quality and that, all else equal, lower performing, advantaged, and
non-minority students benefit relatively more. These results have important implications for

estimates of how teacher quality is distributed and of individual teachers’ qualities. On the first

10We write out the full estimating equation for this case in the Appendix.
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Table 1: Estimates of Education Production Function

Math score Reading score
(1) (2) (3) (4) (5) (6)
Lagged score 0.82%**  (.83%**  (.2%¥* (. 79¥F*k  (Q.79Fkx (. 79%**
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00)
Lagged score x Teacher quality -0.05%*F*  _0.Q7*** -0.15%%* - _0.16%**
(0.00) (0.00) (0.01) (0.01)
Econ. disadv. -0.07FF*  _0.07*FFF  L0.07FF*  -0.09%**F  -0.09%F*  _0.08***
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00)
Econ. disadv. x Teacher quality -0.03%** -0.04***
(0.01) (0.01)
URM -0.06%**  -0.06%*F*  -0.06%**  -0.09%**  _0.09%*¥* _0.09%**
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00)
URM x Teacher quality -0.06*** -0.12%**
(0.01) (0.01)
Female 0.00 0.00 0.00 0.03***  0.03*¥**  (.03***
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00)
Asian 0.11%F%  0.10%**  (0.10%** 0.01%* 0.01** 0.01%*
(0.01) (0.01) (0.01) (0.01) (0.01) (0.01)
other race/ethnicity -0.03%FF%  _0.03%F*  _0.03***  _0.04***  -0.04***  -0.03%F*
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00)
Teacher quality p 0.03 0.03 0.03 0.04 0.04 0.04
Teacher quality o 0.25 0.25 0.26 0.19 0.20 0.21
N =544,546 student-years (13,747 unique teachers). Standard errors clustered by teacher. All models

also control for the square and cubic of lagged score, and indicators of limited English proficiency, special

education, and gifted status.
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point, a standard deviation increase in the classroom share of economic disadvantage is associated
with a 0.003 increase in how much reading teacher quality is overestimated by the homogeneous
model. For many teachers, the bias can be economically large: Appendix Table A3 shows that,
when heterogeneity is ignored, reading teacher quality is underestimated by more than 0.02 for

21% of the sample and overestimated by more than 0.02 for 22% of the sample.!!

5.1 Does Accountability Pressure Affect the Return to Teacher Quality?

The previous results show that the data reject the assumption that the return to teacher quality
is the same for all students. In this section, we examine whether and how the return varies with
working conditions. In particular, we examine whether test-based accountability pressure under
No Child Left Behind (NCLB) shifts the return and whether the shift is in the direction implied
by the policy’s goals. The specific aspect of NCLB we focus on is failure to make Adequate
Yearly Progress (AYP).

We examine accountability-induced shifts in returns in a difference-in-differences framework.
The basic idea is to estimate equation (5) on those schools belonging to each of the four cells—
pre-treatment, pre-control, post-treatment, and post-control—and then difference. To implement
this idea, we create subsamples for each “cohort” 7 from 2004 to 2008.12 We code as “treated”
those schools that missed AYP for the first time the prior year and so experience accountability
pressure in school year 7. We code as “control” those schools who have not yet failed AYP—but

who eventually will.'® This variation is summarized in Table A4.

11 reading and math, teachers whose quality is overestimated tend to serve more disadvantaged and minority
classrooms, while teachers who quality is underestimated tend to serve higher prior achieving classrooms. See the
cross tabulations in Appendix Tables A2 and A3 for details.

12Note that 2004 is the first year a school could be treated, while schools treated in 2009 have no valid control
schools that were first treated in 2010.

13Schools that previously failed AYP are excluded from subsequent subsamples and thus do not re-enter the
sample as later controls.

22



Pi Post Pre Post
-0.05 \ -0.05

-0.1 -0.1
-0.2 -0.2
-0.25 -0.25
= Treatment Control = Treatment Control
(a) Math (b) Reading

Figure 1: Impact of Accountability Pressure on Lagged score x Teacher quality

The difference-in-differences estimating equation is given by:

Yijt — Yje =70(zie — Zjt) + Bo(Gjezie — VijeZje) + - + €ijt
+ 1[t > 7[yi (it — Zjt) + Br(Gjezin — YijiZie)]
+ Treat} [v2(zit — Zje) + Bo(Ujezie — VijiZit)]

+ Treati1[t > 7[v3(zit — Zjt) + B3(9jezit — VijeZjt)] (26)

where T'reat’ is indicator for whether teacher j was treated in year 7.'® The subsamples are
pooled in estimation and weighted by their inverse number of observations.'® 5, summarizes the
pre-control return to teacher quality, while By is the difference in the return among treatment
group schools—before they are treated. (3 thus represents the main estimates of interest: the
change in the return to teacher quality associated with the onset of accountability pressure.
Figure 1 plots estimates from estimating equation (26) for math and reading, respectively.
The figure focuses on how the lagged score interactions with teacher quality are impacted by
accountability pressure. In math, the figure shows that control schools’ interaction is around -0.06

and this level changes only slightly from pre- to post-. However, treatment schools’ interaction

MNote that we do not write out all of the terms in the equation for when z;; contains multiple variables. In our
application, z;; contains three variables and the estimating equation includes twelve additional terms in total.

15We residualize yi;¢ separately by treatment-control/pre-post cell for each 7 in a first step.

16Note that observations corresponding to a school-year may appear up to twice in the final pooled dataset,
e.g. year 2004 observations for a school that experiences accountability pressure in 2005 will appear in subsample
T = 2004 (as post-control) and in subsample 7 = 2005 (as pre-treatment). The weighting is to guard against
negative weights arising from heterogeneity in the effects across 7.
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is near zero prior to accountability pressure and then drops to about -0.05. The difference-in-
differences estimate is reported in Table 2 and is -0.09 and is statistically different from zero.
For reading, the figure is similar: control schools’ interaction actually increases from pre- to
post-, while the onset of accountability likewise drives the interaction to be much more negative
for treated schools. The net impact in reading is likewise an effect of -0.07. In words, these
results show that in both math and reading accountability pressure causes the relative return to
teacher quality to increase for lower ability students. Table (2) reports estimates on the other
quadruple interactions in the model, which show no statistically significant effects on the return

for economically disadvantaged or underrepresented minority students.

Table 2: Impact of Accountability Pressure on Return to Teacher quality

Math Reading

Lagged score x Teacher quality x Treat x Post  -0.09***  -0.07*
(0.03)  (0.04)

Econ. disadv. x Teacher quality x Treat x Post 0.02 0.02
(0.06) (0.07)
URM x Teacher quality x Treat x Post -0.00 -0.07

(0.07) (0.08)

N =176,496 student-years (4,206 unique teachers). Standard errors clustered
by school.

The results above provide novel evidence that NCLB-era accountability raised the relative
return to teacher quality for lower ability students. What do our results imply for the net im-
pact of accountability pressure? Conceptually, accountability can raise teacher quality—perhaps
through an effort channel—in addition to changing how quality maps into students’ learning.
To examine this, we take the teacher quality estimates implied by the results above and regress
them on accountability pressure in a difference-in-differences fashion.!” These results, reported
in Appendix Table A5, show that teacher quality increases by around 0.03 in math and 0.04 in
reading.'® We then consider the net effects of accountability on two students, both assigned to
a high-quality teacher (i.e. a teacher one standard deviation better than the average teacher):

one who is one standard deviation below average in lagged score and one who is one standard

17Specifically, we estimate &;; = 6 Post; x Treat; + 05 4+ 1y + ejs.
18Notably, this direct effect of accountability pressure on reading teacher quality is not present when hetero-
geneity in the return to teacher quality is ignored. See Appendix Table A5.
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deviation above average. For the above average student, the net impact of accountability is zero
in math and about 0.020 in reading. This is because the direct effect channel on teacher qual-
ity is offset (fully, in the case of math) by teacher quality becoming less effective for them. In
contrast, the below average student benefits from both better teacher quality and that teacher
quality being more effective: the implied policy impact on the below average student is 0.06¢0 in

math and 0.07¢ in reading.

6 Identification Under Weak Exogeneity

In this section we discuss identification of parameters without assuming strict exogeneity. Thus,

we replace Assumption 1 with the following assumption:

Assumption 5 Foreacht =1,2,....,T, the Uy in the model (1) satisfies E [Uz’t|Xﬂ =E [Uy| Xit] =
0, where Xf = (Xil,XZ‘Q, ...,Xit)T

In contrast to the strict exogeneity assumption, this assumption only requires U;; to be condi-
tionally mean independent of Xf_l when we also condition on X;;. Thus, U;; can arbitrarily
depend on future values of treatment even after we condition on the current value of the treat-
ment. Before we start discussing identification under this assumption, we maintain the following

additional assumption throughout this section:

Assumption 6 For eacht=1,2,...,T, E HH)[(]%

| <o

6.1 Conditional Moment Restrictions

Under Assumption 5, the identification arguments leading up to Theorem 1 as well as those in
sections 2.3, A.4, and A.5 no longer work. Similarly, equation (22) no longer holds. We can,

however, still use a similar idea underlying equation (21), i.e., the conditional moment condition

Yie — XitB1x  Yie—1 — Xit—1B1«

1+ Xt Box 1+ Xit—1B2+

X;—l] =0
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to identify the parameters. With 7" = 2, identification of S, requires that the (31, 82) that solves

(Xi1 — Xi2) oy
(14 Xi252) (1 + X;162)

Xi1— Xio

0=E (1—|—X2262) (1+X1162)

(B1x — 1)

(B2x — B2) +

%] e

is equal to (14, 32¢). Because of the nonlinearity, it is difficult to come up with a primitive
condition for identification, although we can discuss it in some special cases. For example, if
(X1, Xi2) has only four support points (a,a),(a,b),(b,a),(b,b), each associated with positive
probability, and if (1 4+ af2.)(1 + bf2«) # 0, it is straightforward to show that requirement (27)

becomes equivalent to (31, 32) = (S1«, B2«) be the only solution to

__(a=b)p.(a,b) B a—b -
O T8 (1 + ) (Bon = o) + (1+0B2) (1 + aps) (Bre = B1).
0= (o wr e (B2« — f2) + ba (Brx — B1) -

(1+apB2) (1+bB2) (1+apB2) (1+ bBs)

After some simplification we can show that identification of 3, is equivalent to
b
0 # det = p« (b,a) — p« (a,b).

When T = 3, we can exploit

0 | Yis = XisBix _ Yio — Xiofh1s
14 X302+ 1+ X202+

XilaXiQ]

as well. Thus, point identification of 8, means that any (81, f2) that solves

(X2 — Xi3) oy
(14 Xi352) (1 + Xio02)

Xio — X,

0=E (1 + Xigﬁz) (1 + Xi262)

(Brx — B1)

(Box — B2) +

Xi1, Xi }
is equal to (Bi«,B2+). Suppose that (X1, X2, Xi3) = {a,b}® with each point in this support

associated with positive probability. Consider § such that (1 + af2)(1 + bB2) # 0, and let

9*(1‘1,I‘2,5E3) = ]E[a|X1 = LEQ,XQ = $2,X3 = .Tg], a.s. Note that for the case (Xil,XZ'Q,Xi ) =
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(a,b,a), the above equality is equivalent to

(b—a)bs(a,b,a) b—a

0= e (L rom) P P Ty v om)

(Brx — B1) -

When (X1, Xio2, Xi3) = (b, b, a), the above equality is equivalent to

(b—a)b.(b,b,a) b—a

0= (1+082) (1 +aBs) (Bo = B2) + (1+ Xi362) (14 aBs)

(61* - 51) .

These two equations, after multiplication by (1 4 b52) (1 + af2) / (b — a), become

0= 0* (CL, ba CL) (62* - /82) + (Bl* - /81) )
0= 0. (b,b,a) (B2sx — P2) + (B1+ — B1) -

The solution exists as a unique value at (1., f2.) if

0. (a,b,a) 1
0 # det =6, (a,b,a) — 0, (b,b,a).
6. (b,b,a) 1

Thus, as long as 8, varies with the value of X; we obtain point identification of £, in this case
even if 0, is symmetric in (2, x3).!"

Before we end this section, let us consider the T" = 2 case again. Suppose there exists
E C Supp(X;) with P(E) > 0, such that for each xz; € E, the support of X2|X; = x; contains
at least three distinct points and that E contains at least two distinct values z; and z;. Let

Ix,|x, (z2|71) denote the conditional density of Xs given X; = 1. Then evaluating equation

(27) at X; = 21 and X = %1 for Z; # 21 and 21,%; € F yields®

f (1+x2g§)_(910-1|-1‘152) fXQ‘Xl ($2 ‘xl)dx? f ((195_’2_;2%2))%1(_7_0;»11;2)) fX2|X1 (:Ez |x1)d$2

| T fox @al@)dey [ ETIRE p v (@0l )day

19 : : : — Yiz— X381« Yi1—Xi1B1x
If 6, does not vary with Xi, but varies with X2, we could use 0 = E [ liXig%zi — 11-)(“}321

Xi1, X :| to
obtain point identification of £« in a similar fashion.
20Tn writing these equations we assumed that for each 3 € E (27) is well-defined.

27



If fx,x,(z2|71) = fx,(w2) for each x1 € E and p, does not depend on X (so that p.(71,z2) =
p«(Z1,x2) for almost all z2), the second column is a multiple of the first, and f, is not identified.
On the other hand, even if fx, x, (z2|71) and p«(x1,22) both vary with z1 € E, we cannot rule
out that the possibility that the determinant of the above matrix will be 0, although we would
expect the set of 5 values for which the above matrix has zero determinant to be countable.
Thus, proper analysis of estimation and inference of the set of 3, satisfying these conditional
moment restrictions will have to use tools from the partial identification literature. We leave this

for future research.

6.2 Special Case: Binary Treatment

In this section, we discuss identification of parameters under pre-determinedness when X; is
binary taking values a and b, with b # a, for each ¢, even when T is small. For this purpose,

consider the T = 2 case first.

E[V1|X; =a] = E[V1| X1 = Xo = a| P(X2 = a| X1 = a)
+EY|X] = a,X; = b)P(X, = b| X1 =
= {ps(a,a) + a[B1s + Boips(a, A)}P(Xs = a| X1 = a)
+ {ps(a,b) + a[Brs + Baps(a, b) }P(X2 = b| X1 = a)
=E[Y2]X; = Xy = a] P(X; = a| X; = a)

+{p«(a,0) + alBrx + B2p+(a, b) }P(X2 = b| X1 = a).

Therefore,

E {Y1|X1 == CL] —E[YVQ|X1 = XQ = a] P(Xg = CL|X1 = a)
]P(XZ = b|X1 = CL) '

P (a7 b) + a[ﬁl* + B2*p*(a7 b)] = (28)

Moreover,

E [Y2|X1 =a,Xo = b] = p*(a7 b) +b (/81* + 52*,0*(61, b)) . (29)
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Combining (28) and (29), we can see that ’ﬁl* + Baxp«(a,b) ‘ is identified by

B(Y31X: = o, X; = - OB maF iz

b—a

= Bl* + /32*/7*(@, b) (30)

Next, by subtracting b times (30) from (29), we identify | p«(a,b) | Repeating these steps for
X1 = b and X5 = a, we can identify ’ﬁl* + B24ps(b, a) ‘ and

p«(a,b) is equal to p.(b,a). If they are not equal, then we can identify , and then also .

Next suppose T' = 3. Note that

p«(b,a) ‘ Now we can test whether

E[Ya]| X1 = Xo = a] = E[Ya| X1 = X = a, X3 = a] P(X3 = a| X1 = X» = a)
FE[Ya| X1 = Xo = a, X3 = b P(Xs = b| X1 = Xo = a)
= {0.(a,a,a) + a[B1x + B2:0+«(a, a,a)]}P(X3 = a| X1 = X9 = a)
+ {0.(a,a,b) + a[f1x + Pa:bs(a,a,b)]}P(X3 = b/ X1 = X3 = a)
—E[Y;|X; = Xo = X3 = o] P(X3 = a|X; = X = a)

+ {0.(a,a,b) + a[Bi« + B2:0+(a,a,b)]}P(X3 = b| X1 = X3 = a).

Therefore,

E[Y2|X1 = XQ = a] —E[K),’Xl = XQ = X3 = CL] ]P’(Xg = a]Xl = XQ = a)
IP(XQ = b‘Xl = X2 = a)

= 0.(a,a,b) + a (Bix + P2+b+(a,a,b)) . (31)

We also have
E D/3|X1 - X2 = CL,Xg = b] = H(CL, a, b) + b(ﬁl* + BQ*G*(CL’ a, b)) . (32)

From (31) and (32), we identify

’51* + B2.0.(a,a,b) ‘, and m. (33)
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Repeating the same steps with E [Y2|X; = X3 = b] and E [Y3|X; = X2 = b, X3 = al, we can also

identify

(1. + B2t (b,b.a) | and [0,(b.b,a)] (34)

Then provided 0, (a, a,b) # 6.(b,b,a), we can identify and from the identified objects
(33) and (34).

7 Conclusion

In this paper, we introduced a short T" panel data model in which the intercept and the coeffi-
cient on treatment variable are both functions of a scalar variable which represents unobserved
individual heterogeneity. We provided novel identification results as well as intuitive linear IV
estimators for parameters of this model. We also provided identification results for extensions
of the model, including multiple treatment variables and in which higher order terms of treat-
ment variables and their interactions with the unobserved individual heterogeneity enter into the
structural equation (under strict exogeneity). Finally, we provided sufficient conditions for iden-
tification and estimation of parameters in our baseline model assuming that the regressors are
only weakly endogenous (pre-determined). Our identification results illustrate clearly that the
dependence of the conditional expectation of the unobserved individual heterogeneity on other
periods’ treatment values holding current period’s treatment value fixed is essential to obtain
identification.

We applied the results to matched student-teacher data to test the assumption, common in the
prior literature, that the return to unobserved teacher quality is the same for all students. In this
application, identification leverages that interactions between a student’s own characteristics and
those of their classmates are excluded from the structural equation. We show that the assumption
that the return to teacher quality is homogeneous is rejected by the data in both math and
reading: teacher quality is less effective on average for disadvantaged and minority students, all
else equal, and its effectiveness decreases with a student’s prior test score. Further, we show that
exogenous changes in incentives due to No Child Left Behind-era school accountability pressure

raised the effectiveness of teacher quality for those students lagging behind.
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A Appendix

A.1 Proof of Proposition 1

As discussed in the text below Proposition 1, p.(b,a) and p«(a,b) are identified since a # b and
(a,b), (b,a) € Supp(Xi, X2). Then

E[YQ — Y1’X1 = b,XQ = CL]

a—b = Bre 4 Baeps(by ), (35)
E[Ys —Yi|X1=a,Xs=b
[ : 1|b i a : ] = 51* —|-62*p*(a,b), (36)

so that
E[Y2—Y1|X1=bX2=a] _ E[Y2-Yi|X1=a,X2=b]

a—b b—a _ 62*‘
P*(b, a) - p*(aa b)

Since every term on the left side of the above expression is either known or identified, Ba. is
identified. Then f;4 can be identified using equation (35) or (36). W

A.2 Proof of Proposition 2

Let 9*(501, x9, .733) =K [Oz’Xil =x1, X9 = 22, Xj3 = $3]. Then
E [Yi3|Xi1 = Xio = a, Xj3 = b] — E[Yi2| Xi1 = Xio = a, X3 = b] = (b— a)[B1 + P20+(a, a,b)],

From this equation, we see that 51 4+ 5204 (a, a,b) is identified. Moreover, using the level equation

for period 3 (or period 2 or period 1 potentially), we can identify 0, (a,a,b). Similarly,
E [Yia|Xi1 = a, Xiz = Xj3 = b] — E[Vi2| Xi1 = a, Xjo = Xiz = b] = (b— a)[B1 + B20«(a,b,b)].

This equation identifies both 31 + £20.(a,b,b) and 6, (a,b,b) using period 2 outcome equation.
Then the following two equations in two unknowns identifies 81 and fs as long as 0.(a,a,b) #
0. (a,b,b).

E [Yis| Xi1 = Xi2 = a, X;3 = b] — 0.(a,a,b)
b

E [Yi2| X51 = a, Xi2 = X3 = b] — 0.(a,b,b)
b

= Bl + 629*(a7 a, b)a

= 1 + P20+ (a,b,b). ]

A.3 Proof of Proposition 3

Since B1, and [, are assumed to have been identified, under the strict exogeneity assumption

we have
E [Yie — Xitf14| Xit = ]

1 + .CU,BQ*

E [041'|X¢t = l’] =
Since E [o;| X = ] is identified for almost every value of X;;, E [«] is also identified. B
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A.4 Interactions of Treatment Variables

In this section, we discuss identification and estimation of the following model in which two

distinct treatment variables interact with each other: Consider T = 4.
Y: = a+ X11f11x + X1eBrosa + XotfBo14 + Xorfoosar + X141 X014 + X141 Xopdowar + Uy

Consider x, xy, z1, T, and tq, to, with z; # zy, 1) # xy, and ty # to, such that (z;, zx, 1, Tm, t1, 1, t2, t2)
is in the support of (X1, X12, X13, X14, Xo1, X292, Xo3, Xo4), and let

M (X1, X2, X3, X4, Xo1, Xoo, Xo3, Xoa) 1= E [o| X711, X12, X3, X714, Xo1, X22, Xo3, Xo4] .
Then

E[Y) —Y3|X11 =25, X12 = 2, X13 = 21, X14 = T, Xog = Xoo = 1, Xog = Xoy = 1]
= (xm — x1) [Br1x + Me(T, Tk, T, T,y t1, 81, 2, E2) Br2s + L2 {014 + OS2 (2, T, 1, T, 1, E1, B2, T2) }]
= (zm — 21) [Br1x + 12015 + M (5, T T1, Ty t1, t1, E2, 02){ Brow + L2024} - (37)

Since x; # x,,, we identify

‘511* + 12014 + M@, Th, 1, Tin, T, t1, E2, t2) (Br2s + t2024) (38)

from (37). Similarly, we have

E[Y: — Y| X1 = x5, X12 = 2p, X13 = 21, X14 = T, Xo1 = Xop = 1, Xo3 = Xoy = t9]
= (zr — 2j) (Bi1s + 11014 + M@, Th, 1, T, L1, 1, t2, t2) (Brow +11024)) . (39)

Since x; # w1, we identify

/Bll* + tl51* + )\*(Cﬂj,xk,zﬂl, l'm,tl,tl, t?)tQ) (512* + t162*) (40)

from (39). Next, note that the difference of (38) and (40)

Biis + t201x + M@, T, Tpy T, L1, t1, B2, T2){ Br2s + L2024}

- <511* + 11015 + M@, T, T, Tyn, 15t t2, t2){ Bros + t152*}>

= (tQ - tl) (61* + A*($j7xka xl)xmvtla t17t27t2)62*> .
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Since tg # t1, this means that

014 +)\*(ij,xk,xl,l’m,tl,tl,t27t2)52* (41)

is identified. Subtracting ¢; times (41) from (40), we achieve identification of

Brix + M@, Tk, 21, T, 1, T, T2, T2) Brox | (42)

On the other hand,

E[Ys - Y5| X1 = x5, X12 = 23, X13 = 21, X14 = T, Xo1 = Xop = 1, Xo3 = Xoy = t9]
= (21 — x1) [Br1x + M@, Tk, Ty, T, 1, 11, T2, T2) B124)
+ (1t — xpt1) (015 + M@, Ty 21, T, 1, E1, B2, T2) 024 ]
+ (t2 — t1) [Bars + Au(Tj, The, T1y Tnsy B, H1, T2, t2) B2 - (43)

Because (41) and (42), which appear in the first two terms on the right of (43), are identified,

we can see that this equation identifies

Bo1x + A (5, Thy 1y Ty t1, t1, E2, t2) Boos | (44)

Now, note that

E[Y1|X11 =25, X12 = 2k, X13 = 21, X14 = T, Xo1 = Xog = 11, Xoz = Xog = 19]
= (&, T, 21, Tin, 1, t1, T2, T2)
+ 2 (Br1x + BrosAa (T, Tk, 71, Ty t1, 11, t2, 12))
+ t1 (Bo1x + Bo2eA(X, T, X1y Ty, L1, E1, E2, T2))
+ xjt1 (01 + 02 M (T4, T, T, T, t1, E1, B2, E2)) (45)

Because the last three terms on the right of (45) are multiples of (42), (44), and (41), we can see
that

)\*(-Tfj,xk,$l,$m,t1,t1,t2,t2) <46)

is identified. Next, consider changing exactly one of x;, x, x;, Tm,t1 or to. Say it is the value of

X3 that is changed from ; to #;, with &; different from both z; and z,,.2! Going through almost

210bviously, changing all or a subset of components of (25, Tk, T, Tm, 1, t2) would also work, provided that the
support of (X11, X12, X13, X14, Xo21, X22, X23, X24) is sufficiently rich.
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identical steps we can identify

O + A, Tk, Ty, Tmy t1, t1, T2, 82) 024 |, | Biis + A, Tk, Ty, Ty t1, T, B2, 82) Brox |,

/821* + )\*(Sﬂj,l’k,f&[, l‘m,tl,tl, t27t2)522* 5 )\*(l‘j,ﬂjk, i‘l,l’m,tl, tl)t27t2) .

Then if Ay (2, Tk, Ty, Tm, t1, t1, L2, t2) # AT, Tk, 1, Tm, t1, L1, 2, t2), which is a testable assump-
O1s |y |02+ |y | Br1s |y [ P12« |y | P21 | and ’522*
identified, ’)\*(.%'1,$2,x3,$4,t1,t2,t3,t4>‘ is also identified for each (z1, w9, xs,24,t1,t2,t3,t4) in
the support of (X1, X12, X13, X14, Xo1, X292, Xo3, Xo4).

tion, , , ! , are all identified. Once these parameters are

A.5 Higher Order Terms

Consider
Vi = a+ Xy Bi1s + X2 P12 + XiBorea + X} Bogear + Uy (47)

We assume T' = 2 for brevity. We also maintain the strict exogeneity assumption (Assumption 1)

in this section. To discuss identification of this model we first assume that there exist z1, 9, 3, x4

all distinct from each other and distinct from 0 such that (0, z1), (0, z2), (0, z3), (0, z4) € Supp(X1, X2).
With this assumption, E[Y1|X; =0, Xo = z;] = p(0,2;) for j = 1,2,2,3. So for each x such
that (0,2) € Supp(Xy, X2), p«(0, x) is identified. Then for x # 0:

E Y2 X1 =0, Xo = 2] = p.(0,2) + 2[B11x + B214p+(0,2)] + 2°[B1ox + Booep« (0, 7)]
E(Yal X1 = 0, X5 = o) — pu(0,2)
x

= P11« + Bar«p« (0, 2) + 2[Br2x + Ba2+px(0, 7)].

Then if the matrix

L pu(0,21) @1 21p4(0, 1)
1 pe(0,22) m2 22p4(0,22)
1 P*(Oax?)) 3 $3P*(07$3)
1 pe(0,24) ®4 24p4(0,24)
is invertible, Bs = (Bi1x, B124, P21+, P22«) is identified. Note that since p,(0,x;) is identified, the

invertibility of this matrix is verifiable. Similarly, if the support of (X, X2) is sufficiently rich,
in the sense that (0,z1), (0, 22),...,(0,27) € Supp(Xi, Xo) for J > 2K + 1, then the parameters

in the model

K
Vi =) X[Bu+a +Ui,
k=1

K
1+ X{ o
k=1

is identified.
Next, we discuss identification of the model given in equation (47) without requiring that the
support of X; contains 0. Instead, we are going to assume we have three periods of data (T = 3)

and that (z,z;,xy), (x, 2, 2;) € Supp(X1, X2, X3) with x, z;, zy, 2; all different from each other.
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Note that

EV1|X) =z, X2 = 2, X3 = x| = Ou(z, 2, 7%) + 2 [Br14 + Ou(, 5, 21) Bo14] + 22 [Br2s + Ou(2, 25, 71 ) Bo2s]
E[Y2| X1 = 2, Xo = xj, X3 = xg] = Oz, xj, 25) + 25 [Br1x + 0s (2, 25, 1) Bo14] + a:? [Bi2« + Ox(x, zj, k) Bo2s] »
E V3 X1 =z, X2 = 2, X3 = 23] = Ou(2, 25, 7%) + 2k [Br1x + 0x(@, 5, 21) Bo14] + T3 [Br2s + Ou(z, 25, 71) Boz] -

Taking differences and rearranging we get

EYs| Xy =2, X0 =25, Xz =] —EY1| X1 =2, X0 = 2, X3 = 2]
:I?j—l‘

= Bi1x + 0 (z, 2, 1) Pors + (x5 + ) (Br2« + Ox(z, 25, 1) B22+) (48)

and
E[Y})’Xl = (E,XQ = afj,Xg = {L'k] — E[Y1|X1 = x,Xg = .%'j,Xg = mk}
T —X

= Brix + Ou(z, 25, k) P15 + (xk + ) (Br2e + 0i(x, xj, 1) B224) - (49)

Differencing once more yields

E[Yz| X1 =2, Xo=1;,X3=x;] -E[V1|X1=x,Xo=1;,X3=2k]

Tri—X

J
o E[Y3|X1:1‘7X2:$]',X3:Ik]—]E[Yg‘Xlzw,XQZZ‘j,XQ,:a}k]
LTp—X
k = B2« + O« (2, 25, T ) B2s. (50)
xj — T,

Since everything on the left side of the above equation is identified, the above equation identifies

Bros + O0x(x, 25, 21) Bazs | (51)

Plugging (51) into (48) or (49) identifies

Biix + 0(z, 25, 1) P12« | (52)

Finally, plugging both x [B11+ + 0.(z, 2}, z4)Ba14] and 22 [B124 + O (2, xj, Tk) Ba2s] into the equa-
tion E[Y1|X; =z, Xy = x;, X3 = x;] identifies

Oi(z, 2, 1) | (53)

Repeating these arguments with X3 = x; instead of zj, we can identify

/812* + 0*<x,xj,$l)622* 9 /811* + 0*(.T,$j7xl)521* ) 0*(.T,$j7xl) . (54)

622*

611*

) and ’ 621*

Then, as long as 0, (z, z;,2;) # 0.(x, xj, x1),we can identify ’ B1ox |, , , using
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the identified objects (51), (52), (53), and (54).

A.6 Unconditional Moment Restrictions

In practice, some unconditional moment restrictions implied by the conditional moment restric-
tions discussed in the main text are likely to be adopted as a basis of estimation. In this section

we discuss how this could be done both under strict and weak exogeneity assumptions.

A.6.1 Under Strict Exogeneity

Under strict exogeneity, one can adopt

B Xi{(Y2 = Y) = (X2 = X3) fre — (Xo¥1 = XaY2) Bou} | 0
Xo{(Yo = Y1) — (X2 — X1) B1s — (XoY1 — X1Y2) Bau}

as a basis of estimation. The identifiability of the § is an empirical matter that can be tested.

/81*
/82*

For example, one can rewrite the above equation as

X1 (Y2 —Y)
X2 (Y2 — Y1)

E
Xo (Xo— X1) Xy (XoY1 — X1Y5)

g [ X1 (X2 = X1) Xi (XY) — X Ya)

and we can see that the identifiability is guaranteed if the matrix

E X1 (X2 —X1) Xy (XoY1 — X1Ya)
Xo (Xo — X1) X5 (XoY1 — X1Yo)

is nonsingular, which can be tested from the data.

We can repeat the same idea for T' = 3 case. We have the conditional moment restriction
E[(14 Xf24) (Y — Xif14) — (1 + Xif2x) (Vs — XsB14)| X1, X2, X3] =0,
which delivers the estimating equation
E[(Y: = Ys) — (Xt — X5) B — (XiYs — X Y3) Bo| Xu, Xo, X3] = 0. (55)

Because E [Y;| X1, Xo, X3] = 0. (X1, X2, X3)+ X S1.+X10, (X1, X2, X3) Box, where 0, (X1, X, X3) :=
(| X1, X9, X3), this amounts to

(Xt — X5) (Bix — B1) + (X2 — X1) 0, (X1, X2, X3) (B2x — f2) = 0.

In particular, the identification would be achieved if there exist (X1, X2) = (21, z2, x3) , (2}, 24, 2%)
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such that the matrix
z3 — a2 (r3 — x2) Ok (21,22, 73)
:LJQ_'xll ( /) *(xllvxéaxg)
is nonsingular. Let’s try (z1,z2,x3) = (a,a,b), (2], x5, 2%) = (a,b,b), in which case we have

—a (b—a)0b,(a,b,

da[b_a(hﬂw&mﬂﬁil:w_afwumaw—edm%®>#0

under the earlier condition 6, (a,b,b) # 6, (a,a,b).
We can also derive unconditional moment restrictions, we can derive a unconditional moment

restriction from (55). For example, we can use

'Xﬂ% Y1) = (X2 — X1) Bre — (X2Y1 — X1Y2) Bau} |
Xo{(Ya = Y1) — (X2 — X1) Brs — (X271 — X1Y2) Bou}
E Xs{(YQ—Yl) (X2 — X1) Brs — (XoY1 — X1Y2) Bou} 0
X1 {(Y3 = Y2) — (X5 — X2) Brx — (X3Y2 — X2Y3) Ba.}
Xo {(Y3 — Ya) — (X3 — Xo) B1x — (X3Y2 — XoV3) fos}
| X5 {(Ys — Y2) — (X3 — X2) Bix — (X3Y2 — XoY3) Bas} |

as a basis of GMM estimation. Identifiability of S, is a testable restriction which amounts to the

question whether the rank of the matrix

X1 (Xe—X1) X1 (XoYh — XhYa)
Xo (X2 — X1) Xy (XoY1 — X1Yo)
E X3 (X —X1) X3 (XoY1 — X 1Y3)
X1(X3—X2) X1 (X3Y2 — XoY3)
Xo (X3 —X2) Xo(X3Ys — XoY3)
| X5 (X3 — Xo) X3(X3Y2 — XoY3) |

is equal to 2 or not.

A.6.2 Under Weak Exogeneity

When X; are continuous, using the conditional moment restrictions might be challenging, espe-
cially if the sample size is not large. For this reason, we discuss using unconditional moment
restrictions. As was the case in the previous section, the key challenge is to come up with intuitive

sufficient conditions for point identification of S,.
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With T' = 2, we can exploit the following moment restrictions:

Yio—Xi2B1x _ Yi1—Xi1B1x
E 14+ X282+ 1+ X1 P2« _ 0 (56)
X Yio—Xi2B1x  Yi1—Xi1B1x - 0 :
i1\ T X080 14+ X1 B2+

Let 8 := (B1,32)". Then whether B, = (Bi«,B2«)" is identified relative to 8 by the moment
conditions given above depends on whether

(X2—X1) (X2—X1)px(X1,X2)
AP(B) :=E (1+X182) (14 X232) (1+X182)(1+X2f,)
2 : X1(X17X2) X1(X27X1)p*(X1,X2)
(1+X182)(1+X282) (14+X182)(1+X262)
is invertible or not. It is because
Yio—XioB1s _ Yin—Xi181x Yo—XoB1 _ Yi-Xafh
E 1+ X282+« 1+ X1 B2+« _E 1+ X252 1+ X182 _ APre i Brx — B
X Yio— X281« Yi1—Xi1B1+« X Yo— X281 Yi—-X181 2 ( ) ?

L\ T X2B2 14 X152 L\ T+ X282~ 1+X162 Box — B2

As in the previous section, we first discuss identification when Supp(X1, X2) = {a, b}?, with

each point having positive probability. In this case the determinant of A5(8) equals

—(b—a) fx1,x2(a,b) 2fX17X2(b,a)
(b—a) ((1+a52)(1+b52)> fx,.x,(a,b)

which will be different from 0 if and only if p.(b, a) # ps«(a,b).
To investigate the possibility of point identification with binary X; even when p, is symmetric,

we consider the case for which T' = 3 and Supp(X1, X2, X3) = {a, b}® with a # b and each triplet

having positive probability. When 7' = 3, the unconditional moments we have can be summarized

by
o (Y= XiBiw  Ys— XsBix
E |:Xl< 8 tPix B ﬂ o,
1+ Xy B2 1+ XS24

[P* (b7 a’) — Px (a’7 b)],

where X; denotes any measurable function of the constant and X! with [ < s < ¢t. We will focus

Yo—XoB1.  Y1—X1B1x 0
14+ X2 824 14+ X1 B2« —
Y3— X381« Yo— X581« 0 :

1+ X2 824 1+ X2 B2+

on two of these conditions:

E

The B, will be identified relative to any 3 such that the the expectations in the above equation

evaluated at 3 are all well-defined if

Xo—X1 (X2—X1)04(X1,X2,X3)

E | (+X2B2.)(1+X152.) (1+X262:) (1+X1 824 )
X3—Xo (X3—X2)04(X1,X2,X3)

(1+X382+) (1+X262+) (14+X3082+ ) (14+X262+)
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has rank 2. When the support of (X1, X2, X3) equals {a,b}3, the above matrix evaluated at 3
such that (14 af2)(1+ bB2) # 0 equals Wrcﬁlé)_% times

b,a, (1) 0*((1, b, a)fX1X2X3 (a7 b, (Z) — 0. (b7 a, a)fX1X2X3 (b7 a, a)
- fX1X2X3 a, bu CL) fX1X2X3 (CL, a, b)e* (CL, a, b) - 0* (CL, ) b7 a)fX1X2X3 (CL, b7 CL)

b)) 0.(a,b,b) fxy x5 (@5 b, b) — 0.(b, a, b) fx, X, x5 (b, @, b) ]
)

leXQX,?, a, bv a
a

9*(ba a, b)fX1X2X3 (b7 a, b) - 9*(b> b, a)fX1X2X3 (b> b, a)

Now suppose that 0,(x1, e, x3) = 0, (7(x1, 22,23)) for each permutation 7, of (z1, z2,x3). Then

the matrix above simplifies to

q1 0*((1, a, b)Ql
g 0.(a,a,b)q

where

Q=[x x.x5(a,0,a) — fx,x,x5 (b, a,a),
@2 = fx,x.x5(a,a,b) — fx,x,x;(a,b,a),
43 7= fx,x,x5(a,0,0) — fx,x,x5 (b, a,b),
@1 = Fx1x0X5 (0, @,b) — fx, x5 (b, b, a).

The determinant of this matrix equals (6.(a,a,b) — 0.(a,b,b)) [g2g3 — q1q4]. Thus, B, will be
identified if (0«(a,a,b) — 0.(a,b,b)) and [g2g3s — q1q4] are both different from 0. Note that a
necessary condition for the latter is that (X;, X2, X3) is not exchangeable. To further highlight
the importance of non-exchangeability of (X7, Xo, ..., X;) for identification we focus on T" = 2

again:

Theorem 2 Suppose T = 2, (X1, X3) is exchangeable and pi(x1,12) = p«(w2,21) for almost

every (z1,x2). Then By is not identified by the moment condition given in equation (56).
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Proof. (X, X2) exchangeable means fia(x1,x2) = fi2(z2,21) for almost every (x1,x3). Then

(X2 — X1)
B [(1 + X182)(1 + X252)]

_ L2 B 1
B / (1 +2182)(1 + 22f32) fia(@1, z)dwrde, / (14 2152)(1 + z252) Fra(1, 22)dwyday

— L2 1
_/(1+$152)(1+x252)f12($27$1)d9€1d$2—/(1+x162)<1+x252)f12(951,x2)d:v1d:n2
-0,
[ (X2 — X1)p (X1, X2) ]
(14 X182)(1 + X2/32)

i Tops (71, T2) r1p+ (21, 2)
— / EETAIE x262)f12(a:1,932)dx1d$2 - / AT x252)f12(:v1,x2)dx1da:2

. Taps (T2, 1) r1p« (21, 2)
B / (14 2182)(1 + x2062) Sralwa, i)dandrs - / (14 z182)(1 + x2/32) Fiz(z1, z2)dwrdzs

=0.

Thus, the rank of AY(82) is at most 1. m

Our earlier results showed that when T' = 2 and Supp(Xi, X2) = {a,b}?, 8. cannot be
identified if p, is symmetric, regardless of whether the joint density, fx, x,(z1,z2), of (X1, X2) is
symmetric or not. That is because in that special case, symmetry of p, means that p, is constant
and X; cannot be used as an instrumental variable for p, in the second period equation because
of the failure of the relevance condition. In contrast, Theorem 2 says that when Supp(Xi, Xs)
is richer, a sufficient condition for failure of identification is symmetry of both fx,x, and p. in
(z1,x2). When Supp(X7i, Xs) is richer, Theorem 2 leaves open the possibility that /3, is identified
even if p, is symmetric, as long as fx,x, (21, z2) is not symmetric, which is a testable condition.
On the other hand, even when fx,x,(z1,x2) is not symmetric and Supp(X1, X2) is richer than
{a,b}?, we cannot ensure that S, is the only element of R? that satisfies the moment conditions
(56).

A.7 Data Appendix

We use detailed, student-level administrative records from the North Carolina Education Re-
search Data Center (NCERDC). The records include information about all North Carolina public
school students for the 2000-2013 school years from grades 3 through 10. The data contain an
identifier for the student’s school, reading and math test scores from standardized end-of-grade
exams, an identifier for the teacher who monitored the standardized exams, and student charac-
teristics including: sex, ethnicity, English proficiency, gifted/talented status, learning disabilities,
and economic disadvantage.

To generate the analysis sample, we first select students following several criteria to help limit
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measurement error in exam scores. We do this by removing observations where the reported test
score is from a retake exam or where a student is linked to multiple, different scores for a subject
in an academic year. Additionally, since the scores come from end-of-grade standardized exams,
we remove observations where the student is recorded as being in a grade that conflicts with the
raw data file specific grade, since it is unclear which grade is accurate and relevant for the exam
scores. Similarly, we remove observations where the student is either observed in multiple schools
or associated with multiple teachers in a given grade and academic year since it is unclear which
of these is accurate.

Our analysis to estimate teacher value added relies on the assumption that the observed
teacher associated with the student level observation is the teacher who actually taught the stu-
dent math. Since the teacher identified in the dataset is the teacher who proctored the exam, it is
reasonably likely that this teacher also taught the student, but it is not guaranteed. We therefore
further select on observed teacher characteristics to minimize the likelihood that the observed
teacher is not the associated student’s math teacher. First, we remove observations where the as-
sociated teacher is recorded as performing any administrative tasks, teaching nonstandard classes
such as special education or honors courses, or teaching at a charter school. Second, we remove
observations where the associated teachers are not recorded as specifically teaching both math
and reading or as teaching a self-contained class. Third, we limit our sample of students to those
in grades 3-5 (since beyond elementary school students are more likely to have multiple teachers
in a given year), and keep observations where the associated teacher also only teaches in grades
3-5. In cases where teachers are recorded as teaching multiple grades, we identify the teacher’s
primary grade taught as the grade with the most students in it. We remove observations where
the teacher has less than half of their students in their primary grade or the teacher teaches both
grades 3 and 5. We also remove observations where the grade of the student does not match the
teacher’s primary grade taught. Finally, we restrict the sample to classrooms with more than 10
and no more than 24 valid student observations and where fewer than 50% of valid students are
gifted /talented.

A.8 Estimating Equation

ijt — Uit =" (=l — 257) + B Wjezif — vijezhy)
+ P (=l = 20+ BE ezl — vijezh)
+ Y (Y = 2 + BY (U502 — viez5r)
+ m(zﬁzﬁ — Zﬁzft)

+ (22l — Zjzi)

j
_EU -U_E
+ 73(Zj12it — Zjr2it) + €t
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where z{; is student ¢’s lagged score, zf; is an indicator for economic disadvantage, and zg is an

indicator for underrepresented minority; zj; are the respective classroom averages.
A.9 Appendix Tables

Table A1l: Summary Statistics

p5 p25 pbs0 Mean SD p75 p95

Math score -1.58 -0.62 0.05 0.04 0.96 0.71 1.63
Reading score -1.65 -0.61 0.07r 0.03 0.97 0.75 1.53
Grade 4 4 4 447 0.50 5 5
Econ. disadv. 0 0 0 0.46 0.50 1 1
URM 0 0 0 035 048 1 1
Female 0 0 0 0.49 0.50 1 1
Asian 0 0 0 0.02 0.14 0 0
other race/ethnicity 0 0 0 004 0.21 0 0
Class size 12 15 18 17.85 3.48 21 23

N = 544,546 student-years

Table A2: Classroom Characteristics by Difference in Teacher Quality Estimates (Math)

Teacher quality Class average

Teacher-years (N)  afet- — gNobet. gHet.  gNohet.  Tag score Econ. dis. URM
2611 < —=0.02 -0.35 -0.32 0.01 0.58 0.53

5135 > —0.02 & < 0.01 -0.16 -0.15 -0.02 0.50 0.41

10130 > —0.01 &<0 -0.02 -0.01 -0.03 0.46 0.33

8613 <0.01 &>0 0.13 0.13 0.03 0.44 0.32

3483 <0.02 & >0.01 0.27 0.25 0.15 0.44 0.35

1834 >0.02 0.44 0.41 0.31 0.45 0.40

31806 Mean 0.03 0.03 0.03 0.47 0.36
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Table A3: Classroom Characteristics by Difference in Teacher Quality Estimates (Reading)

Teacher quality Class average

Teacher-years (N)  affet: — gNobet. gHet.  gNohet.  Tag score Econ. dis. URM
7101 < —0.02 -0.12 -0.08 0.03 0.50 0.39

4219 > —0.02 & < 0.01 -0.02 -0.01 -0.02 0.48 0.35

5113 >—-0.01 &<0 0.02 0.02 -0.02 0.47 0.34

4946 <0.01 &>0 0.06 0.05 -0.02 0.46 0.35

3866 <0.02 & >0.01 0.10 0.08 0.00 0.46 0.35

6561 >0.02 0.21 0.17 0.12 0.44 0.37

31806 Mean 0.04 0.04 0.02 0.47 0.36

Table A4: AYP Difference-in-differences: # schools (# teachers) by subsample

Control Treated
2004 138 (1718) 101 (1612)

2005 118 (1063) 33 (188)
2006 76 (611) 51 (350)
2007 56 (509) 43 (336)
2008 53 (501) 23 (175)

Table A5: Impact of Accountability on Estimated Teacher Quality

Math Reading
No het. Het. No het. Het.

Treat x Post  0.03*  0.03* 0.0l  0.04**
(0.01)  (0.02) (0.01) (0.02)

N =7,661 teacher-years (4,206 unique teachers). Standard
errors clustered by school. All models include teacher and
year fixed effects.
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