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Abstract

What should researchers do when their baseline model is refuted? We provide four construc-
tive answers. First, researchers can measure the extent of falsification. To do this, we consider
continuous relaxations of the baseline assumptions of concern. We then define the falsification
frontier: The smallest relaxations of the baseline model which are not refuted. This frontier
provides a quantitative measure of the extent of falsification. Second, researchers can present
the identified set for the parameter of interest under the assumption that the true model lies
somewhere on this frontier. We call this the falsification adaptive set. This set generalizes the
standard baseline estimand to account for possible falsification. Importantly, it does not require
the researcher to select or calibrate sensitivity parameters. Third, researchers can present the
identified set for a specific point on this frontier. Finally, as a sensitivity analysis, researchers can
present identified sets for points beyond the frontier. To illustrate these four ways of salvaging
falsified models, we study overidentifying restrictions in two instrumental variable models: a
homogeneous effects linear model, and heterogeneous effect models with either binary or con-
tinuous outcomes. In the linear model, we consider the classical overidentifying restrictions
implied when multiple instruments are observed. We generalize these conditions by considering
continuous relaxations of the exclusion restrictions. By sufficiently weakening the assumptions,
a falsified baseline model becomes non-falsified. This lets us derive the falsification adaptive set,
which has a simple closed form expression that depends only on a few 2SLS regression coeffi-
cients. We obtain similar results in the heterogeneous effect models, where we derive identified
sets for marginal distributions of potential outcomes, falsification frontiers, and falsification
adaptive sets under continuous relaxations of the instrument exogeneity assumptions. We apply
our results to four different empirical studies: Duranton, Morrow, and Turner (2014), Alesina,
Giuliano, and Nunn (2013), Acemoglu, Johnson, and Robinson (2001), and Nevo (2001). We
show how our results, especially the falsification adaptive set, can help researchers go beyond the
binary pass/fail outcome of a specification test and instead summarize the variation in estimates
obtained from alternative non-falsified models.
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1 Introduction

Many models used in empirical research are falsifiable, in the sense that there exists a population
distribution of the observable data which is inconsistent with the model. We equivalently call these
overidentified or refutable models.! With finite samples, researchers often use specification tests to
check whether their baseline model is refuted. A well known example is the overidentifying restric-
tions test in linear instrumental variable models (Anderson and Rubin 1949, Sargan 1958, Hansen
1982). Abstracting from sampling uncertainty?, the population versions of such specification tests
have a persistent problem: What should researchers do when their baseline model is refuted?

One option is to ignore the finding and report some point estimand, like the 2SLS estimand in
an overidentified linear instrumental variable model. There are two problems with this approach.
First, it is often justified by appealing to large sample sizes. For example, Nevo (2001) refers to
this justification on page 325: “It is well known that with a large enough sample a chi-squared test
will reject essentially any model.” If we are willing to relax assumptions, however, this common
justification is not true: There always exist assumptions which are sufficiently weak that they
are not refuted. Second, such point estimands can be highly misleading. For example, Heckman
and Hotz (1989) compare estimates from observational data with those from experimental data. In
their data, they show that the observational estimates from models which fail specification tests are
much farther from the experimental estimates than observational estimates from models which pass
specification tests. Essentially, parameters like the 2SLS estimand are motivated by arguments that
they deliver a causal effect of interest under a set of baseline assumptions. When those assumptions
are known to be false, there is no reason for the corresponding estimand to be close to the causal
effect of interest. In appendix B we discuss five other responses to baseline falsification from the
literature. We review the related literature in appendix A.

Instead of ignoring findings from specification tests, we provide four constructive ways for
researchers to salvage a falsified baseline model. First, researchers can measure the extent of
falsification. To do this, we consider continuous relaxations of the baseline assumptions of concern.
We then define the falsification frontier: The smallest relaxations of the baseline model which are
not refuted. This frontier provides a quantitative measure of the extent of falsification. Second,
researchers can present the identified set for the parameter of interest under the assumption that
the true model lies somewhere on this frontier. We call this the falsification adaptive set (FAS). This
set collapses to the baseline identified set or point estimand when the baseline model is not refuted.
When the baseline model is refuted, this set expands to include all parameter values consistent with

the data and a model which is relaxed just enough to make it non-refuted. This set generalizes the

!'Keep in mind that falsifiability is a property of a model, not a parameter. It is nonetheless common for researchers
to discuss “overidentified parameters.” These are parameters whose identified sets are either empty (when the model
is falsified) or a singleton (when the model is not falsified). Thus such parameters are point identified when the model
is not falsified. To avoid confusion between properties of a parameter and properties of a model, we only use the
terms falsifiable and refutable when describing models.

2We study population level identification and falsification in this paper. We briefly discuss finite sample estimation
and inference in sections 2.5 and 3.4, but this is not the focus of the paper.



standard baseline estimand to account for possible falsification. Importantly, researchers do not
need to select or calibrate sensitivity parameters to compute the falsification adaptive set. While
this set is agnostic about the direction of relaxation, our third suggestion is that researchers present
the identified set for a specific minimally relaxed model. Finally, as a further sensitivity analysis,
researchers can present identified sets for points beyond the falsification frontier. We discuss a
complementary Bayesian approach in appendix D.

To illustrate these four constructive ways to salvage a falsified baseline model, we study a clas-
sic source of overidentification: observation of several instrumental variables. We do this in two
different models. The first is the classical constant coefficients linear model with multiple instru-
ments. This model imposes homogeneous treatment effects, but allows for continuous treatments.
We generalize the usual overidentifying restrictions by allowing the instruments to have some direct
effect on outcomes. We use this result to characterize the falsification frontier, which trades off
bounds on the magnitudes of these direct instrument effects. We then characterize the identified
set along the falsification frontier. This leads to a particularly simple closed form expression for the
falsification adaptive set, depending only on the value of a handful of 2SLS regression coefficients.
We also show how to use these identified sets to do sensitivity analysis for non-falsified models
beyond the frontier.

It is well known that the classical overidentifying conditions may not hold when treatment
effects are heterogeneous, even if all instrument exogeneity and exclusion restrictions hold. We
therefore also study a second model, which allows for heterogeneous treatment effects and multiple
instruments. In this model we focus on binary treatments. We consider both binary and continuous
outcomes. Although this model allows for heterogeneous treatment effects, it is nonetheless falsi-
fiable. We relax statistical independence between each instrument and potential outcomes using
a latent propensity score distance from our previous work, Masten and Poirier (2018a). Under
these relaxations, we derive the identified set for the marginal distributions of potential outcomes.
We show how to quickly compute the falsification frontier and the falsification adaptive set using
convex optimization. We then discuss how to use these identified sets to do sensitivity analysis
regardless of whether the baseline model is refuted.

We show how to use our results in four previously published empirical studies: Duranton,
Morrow, and Turner (2014, The Review of Economic Studies), Alesina, Giuliano, and Nunn (2013,
The Quarterly Journal of Economics), Acemoglu, Johnson, and Robinson (2001, The American
Economic Review), and Nevo (2001, Econometrica). Each paper reports 2SLS estimates using
multiple instrumental variables and each paper discusses concerns about instrument validity. All
four papers run overidentification tests, which sometimes fail. Even when they do not fail, the
authors sometimes express a concern that this could simply be due to low sample size. We show
that the falsification adaptive set is an informative complement to these traditional tests: Rather
than focusing on null hypothesis significance testing, the FAS summarizes the range of estimates
obtained from alternative models which which are not falsified by the data. Thus the FAS reflects

the model uncertainty that arises from a falsified baseline model: Relying on different instruments



to different degrees yields different results. The FAS gives this range of results.

Finally, it is important to distinguish between two kinds of falsifiable models. The first kind
is falsified because of an assumption made directly on observed random variables. For example,
suppose we observe a scalar random variable. Consider the model which assumes that this variable is
normally distributed. At the population level, we can simply check whether the observed variable
is actually normally distributed. If not, the model is refuted. When the model is refuted, it
can be salvaged by removing the normality assumption. A massive literature in statistics and
econometrics on semi- and non-parametrics is largely concerned with salvaging refuted models by
relaxing parametric assumptions on observed random variables. For example, see the survey by
Spanos (2018). The second kind of model is falsified because of an assumption made on unobserved
random variables, or unobserved structural parameters. Salvaging these models is delicate because,
even at the population level, the data themselves do not tell us the correct alternative assumptions.

We study this second kind of falsifiable model in this paper.

2 Salvaging Falsified Models

In this section we consider a general falsifiable model. We use this model to precisely define our four
recommended responses to baseline falsification. In particular, we formally define the falsification
frontier and falsification adaptive set. In sections 3 and 5 we illustrate these general concepts in
two specific instrumental variable models. We discuss some interpretation issues in section 2.2. In
section 2.4 we discuss the relationship between the falsification frontier and the breakdown frontier
we studied in our previous work (Masten and Poirier 2019). We discuss estimation and inference

in section 2.5.

2.1 Measuring the Extent of Falsification

Let W be a vector of observed random variables. Let F denote the set of all cdfs on the support
of W, supp(W). A model is a set of underlying structural parameters which generate the observed
distribution Fyy and restrictions on those structural parameters. This definition of a model suffices
for our purposes. See section 2 of Matzkin (2007), for example, for a more formal definition. A
given model M is falsifiable if there are some observed distributions Fy which could not have
been generated by the model. If such a cdf is observed, we say the model is falsified (equivalently,
refuted). For a given model, let F; denote the set of cdfs Fyy which falsify the model. Let Fy¢
denote the set of cdfs Fy which do not falsify the model. Falsifiable models are often said to have
testable implications. We prefer the terms ‘falsifiable’ or ‘refutable’, to distinguish this population

level feature from issues arising in statistical hypothesis testing.3

3Informally, it is possible that for every non-falsified distribution of observables there exists a falsified distribution
of observables which is arbitrarily close. Thus hypothesis tests in finite samples have a difficult time distinguishing
the two cases, even though we can distinguish them at the population level. In this case we say the model is falsifiable
but not testable. Canay, Santos, and Shaikh (2013) study an example of this; also see Freyberger (2017).



Suppose we begin with a falsifiable baseline model M(0r,). Let F¢(0,) denote the set of joint
distributions of the data which are not falsified by this model. Hence Fy,¢(07,) is a strict subset of F.
L denotes the number of assumptions which we believe may be the reason the model is falsifiable.
For each assumption ¢ € {1,..., L}, we define a class of assumptions indexed by a parameter dy
such that the assumption is imposed for §; = 0, the assumption is not imposed for d, = 1, and
the assumption is partially imposed for 6, € (0,1).* These assumptions must be nested in the
sense that for 0, > d,, assumption ¢§; is weaker than assumption d;. Let M(J) denote the model
which imposes assumptions 6 = (d1,...,dr). Let Fn¢(6) denote the set of joint distributions of the
data which are not falsified by this model. Suppose further that the model M(1y) which does not
impose any of the L assumptions is not falsifiable.

Recall that Fyy denotes the observed distribution of the data. Suppose Fy ¢ Fue(0r), so that

the baseline model is falsified. We first consider the case where we only relax a single assumption.

Definition 1. Suppose L = 1. The falsification point is
0" =1inf{0 € [0,1] : Fiy € Fue(0)}.

That is, the falsification point is the smallest relaxation of the baseline assumption such that the
model is not falsified by the observed data Fyy. For any § < §*, the model is falsified. For any § > §*,
the model is not falsified. Under mild conditions, we can show that the set {J € [0,1] : Fyyy € Fpe(d)}
is closed, and hence the model is not falsified at §*.

The falsification frontier is the multi-dimensional version of the falsification point. To formally

define it, partition [0, 1]” into the set of all assumptions which are falsified,
Dy = {6 € [0,1]%: Fyy ¢ Fur(6)}
and the set of all assumptions which are not falsified,
Dyt = {6 € [0,1]% : Fyr € Fur(9)}.
Definition 2. The falsification frontier is the set
FF = {6 € [0,1]% : 6 € Dy¢ and for any other &’ < §, we have &' € Dy }

where ¢’ < 6 means that d; < dy for all £ € {1,..., L} and 4,, < 0y, for some m € {1,...,L}.

That is, the falsification frontier is the set of assumptions which are not falsified, but if strength-
ened in any component, leads to a refuted model. In the one dimensional case, this corresponds
to the smallest relaxation § such that the model is not refuted. For example, suppose L = 2. For
each 6; € [0, 1] define

95(01) = inf{d2 € [0,1] : Fyy € Fnt(d1,92)}-

“More generally, the range of & could be [0, dmax] for some value dmax > 0, possibly +oco.



Model Not Falsified

Model is False

Relaxation of assumption 2

Relaxation of assumption 1

Figure 1: An example falsification frontier, partitioning the space of assumptions into the set for
which the model is falsified and the set for which the model is not falsified.

This function 65(-) plots the falsification frontier in the two-dimensional case. Figure 1 shows
an example of such a function. Our baseline model is refuted and we have picked two different
assumptions to focus on as possible explanations. The horizontal axis measures the relaxation of
the first assumption. The vertical axis measures the relaxation of the second assumption. The origin
at the lower left represents the baseline model. The point at the top right of the box represents
the model where neither of the two baseline assumptions are imposed. First, look at the top left
and lower right corners. We see that if we completely drop one assumption while maintaining the
other, the model is no longer falsified. However, we can learn more by studying the points at which
the model becomes non-refutable—that is, by examining the falsification frontier. This is shown as
the boundary between the two regions. Consider its vertical and horizontal intercepts. Supposing
the units are comparable, then the model continues to be refuted even for large relaxations of
assumption 1, while maintaining assumption 2. Conversely, the model is not refuted if we allow
moderate relaxations of assumption 2, while maintaining assumption 1. Looking along the frontier,
strengthening assumption 2 by some amount requires relaxing assumption 1 by even more, if we
want to avoid falsification. Thus the falsification frontier gives the trade-off between different

assumptions’ ability to falsify the model.

2.2 Interpreting Falsified and Non-Falsified Models

In this section we discuss two well-known points that are nevertheless important to keep in mind
when discussing falsification. First, although a falsified model cannot be true, a non-falsified model
is not necessarily true. This asymmetry underlies Popper’s (1934) philosophy of falsification. In the
classical linear instrumental variables model of section 3, this is discussed in Kadane and Anderson
(1977), Newey (1985), Breusch (1986), Small (2007), Parente and Santos Silva (2012), and Guggen-
berger (2012). They noted that the classical overidentifying conditions are really constraints that



the instruments are consistent with each other. Thus it is possible that the instrument exogeneity
assumptions fail in such a way that all instruments yield the same biased estimand for the true
parameter. In this case, the baseline model is not refuted even though it is false. This is often
explained by saying that the classical overidentification test is “not consistent against all alterna-
tives.” This is why the falsification frontier is not a partition of true and false assumptions, but
rather of falsified and non-falsified assumptions. We discuss this point further in appendix I.
Second, when the baseline model is falsified, it could be due to any combination of our baseline
assumptions. Importantly, this is true regardless of the shape of the falsification frontier. The
falsification frontier does mot tell us why the baseline assumptions were refuted. For example,
consider figure 1. This figure does not tell us that ‘assumption 1 is probably the reason the baseline
model was refuted’. Instead, it tells us about the robustness of falsification to certain relaxations
from the baseline assumptions. It tells us that, maintaining assumption 2, we must substantially

relax assumption 1 in order to prevent falsification.

2.3 The Falsification Adaptive Set

In section 2.1, we formalized our first recommendation: Measure the extent of falsification. When
the falsification frontier is far from the origin in all directions, researchers may wish to stop there. In
other cases, researchers may want to proceed and present identified sets for non-falsified relaxations
of the baseline model.

Let O7(d) denote the identified set for a parameter of interest § € ©, given the model which
imposes the assumptions §. When § € Dy, § is below the falsification frontier. In this case, the
identified set ©1(9) is empty. When & € Dy, 4 is on or above the falsification frontier. In this case,
the identified set ©7(J) is nonempty.

The set of d’s on the falsification frontier are minimally non-falsified, in the sense that they
are the closest to the baseline model while still not leading to a falsified model. These §’s, along
with the ¢’s beyond the frontier, are consistent with the data. As discussed in section 2.2, the data
alone cannot tell us which of these models are true. It only tells us that §’s below the falsification
frontier are not true. Indeed, the same remark is true when the baseline model is not falsified. Yet
in that case, it is common to present identified sets or point estimands under the baseline model.
To generalize this practice to the case where the baseline model is falsified, consider the following

definition.

Definition 3. Call

U 01(9)

0eFF

the falsification adaptive set.

The falsification adaptive set is the identified set for the parameter of interest under the assump-
tion that the true model lies somewhere on the frontier. When the baseline model is not refuted,

this set collapses to the ©7(0z), the baseline identified set (which may be a singleton). This is what



researchers typically report when their baseline model is not refuted. When the baseline model
is refuted, however, the falsification adaptive set expands to account for uncertainty about which
assumption along the frontier is true. Hence this set generalizes the standard baseline estimand to
account for possible falsification. We recommend that researchers report this set.

In some cases, researchers may have a prior belief over the relative role of the various assumptions
in falsification. In this case, researchers may also want to present ©;(d) for a specific § on the
falsification frontier. For example, consider figure 1. Two natural relaxations of the baseline model
are the horizontal intercept (67,0) and the vertical intercept (0,05). These correspond to fully
maintaining one assumption while sufficiently relaxing the other. The corresponding identified sets
are ©7(d7,0) and O;(0, 63). Presenting sets like these for specific points on the frontier is our third

recommendation.

Cautious Optimism

Although the points on the falsification frontier are consistent with the data, this does not mean one
of them is true. For this reason, the falsification adaptive set—although it represents uncertainty
due to the nature of the misspecification—is nonetheless an optimistic set. It assumes that, although
the model is misspecified, it is only minimally misspecified. Since this may not be true, our fourth
and final recommendation is that researchers present identified sets ©;(d) for points ¢ beyond
the falsification frontier, as a sensitivity analysis. We discuss this recommendation in the next
subsection.

The widespread practice in existing empirical work is to first present results from a usually
optimistic baseline model—which typically point identifies a parameter of interest—and then to
present results from various sensitivity analyses. Our recommendations directly generalize this
standard practice to falsified baseline models: First present the falsification adaptive set and then

present identified sets for further relaxations.

2.4 Breakdown Frontier Analysis

Our fourth recommendation is to present identified sets ©(0) for §’s beyond the falsification fron-
tier. To guide this analysis, researchers can use the breakdown frontier concept which we previously
studied in Masten and Poirier (2019). In this subsection we briefly summarize this concept and
relate it to the falsification frontier. Consider the model M(J) from section 2.1. As above, let
©7(0) C O be the identified set for some parameter of interest § € ©. Let C C ©. Suppose we are
interested in the conclusion that 8 € C. For example, if our parameter is the average treatment
effect, then we may be interested in the conclusion that the average treatment effect is positive,
ATE > 0. Then C = [0, 00). Define the robust region

RR = {0 € [0,1]Y: ©,(5) CC,0,(5) # 0}
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Figure 2: An example of using the falsification frontier jointly with a breakdown frontier for a
specific conclusion of interest. Here there is a band of assumptions which are sufficiently weak that
the model is not falsified, but are sufficiently strong that the conclusion of interest holds. This
band is the robust region.

The conclusion of interest holds for all assumptions in this set. That is, for all assumptions such
that all elements of the identified set are also elements of C. We also restrict the set to assumptions
such that the model is not refuted. The breakdown frontier is the boundary between the robust
region and its complement:

BF = RR N RR".

In the two dimensional case, we can write the breakdown frontier as the function
BF(81) = sup{d2 € [0,1] : ©7(61,d2) € C,01(d1,02) # 0}.

It is possible for the robust region to be empty. This happens when the baseline model is
falsified, but as soon as the model is not falsified, the identified set ©;(d) contains values of
outside of C. When the robust region is not empty, so that the breakdown frontier is not empty,
the breakdown frontier will always be weakly larger than the falsification frontier. This follows
since the identified set is empty for all points below the falsification frontier.

Figure 2 depicts an analysis combining both the falsification frontier and the breakdown frontier.
Here the robust region is a band between the falsification frontier and the breakdown frontier. It is
the region of assumptions which are weak enough that the model is not falsified, but strong enough
that our conclusion of interest holds.

A key difference between the breakdown and falsification frontiers is that the falsification frontier
does not depend on (a) the parameter of interest or (b) the conclusion of interest. For a given class of
relaxations from the baseline assumptions, there is only one falsification frontier. In contrast, there
are many different breakdown frontiers, depending on the parameter and conclusion of interest.

This difference is important since there have been extensive debates in the literature regarding



what parameters researchers should study (for example, see Imbens 2010 and Heckman and Urzua
2010). Thus one’s opinions on this issue do not affect the problem of measuring the extent of

falsification.

2.5 Estimation and Inference

In this paper we focus on population level analysis. In this section we briefly discuss how to imple-
ment our recommendations with finite sample data. First, to measure the extent of falsification, one
can estimate and do inference on the falsification frontier. The basic idea is similar to our analysis
of inference on breakdown frontiers (Masten and Poirier 2019). For the breakdown frontier, we
recommended constructing lower confidence bands. For the falsification frontier, we recommend
constructing upper confidence bands, since this provides an outer confidence set for the area under
the falsification frontier—the set of models which are refuted. When doing a combined analysis, we
recommend constructing an inner confidence set for the robust region; that is, for the area above
the falsification frontier but below the breakdown frontier. This will require constructing two-sided
confidence bands, whereas one only needs to construct one-sided confidence bands when considering
each frontier separately.

When there are closed form expressions for the identified sets ©7(d)—like in our analysis below—

the falsification adaptive set can be estimated by sample analog:

FAS = | 6;(5).
SeFF

In the linear instrumental variable model of section 3, we provide a particularly simple character-
ization of the falsification adaptive set which does not require pre-estimation of the falsification
frontier. In that case, estimation and inference is straightforward. Recall that, by definition, the
falsification adaptive set simplifies to the standard estimand when the baseline model is not re-
futed. Thus there is no need to do a specification pre-test—researchers can just always present the
estimated falsification adaptive set with accompanying confidence intervals. However, note that
in finite samples the estimated falsification adaptive set will generally always be an interval. This
situation is similar to Haile and Tamer (2003, page 10), who note that their population bounds
collapse to a single point in a special case, although in finite samples their estimator still generally

gives an interval.

3 The Classical Linear Model with Multiple Instruments

In this section and section 5, we illustrate our recommendations using two variations of instrumental
variable models. While many kinds of refutable assumptions have been considered in the literature,
we focus on the classical case where variation from two or more instruments is used to falsify a
model. In this section we consider the classical linear model with homogeneous treatment effects

and continuous outcomes. In section 5 we consider a model with heterogeneous treatment effects.

10



3.1 Model and Identification

We thus begin with the classical constant coefficient model
Y(z,2)=2'B+2v+U (1)

where Y (r,2) are potential outcomes defined for values (z,z) € RE+L and U is an unobserved
random variable. ( is an unknown constant K-vector. -~ is an unknown constant L-vector. Let
X be an observed K-vector of endogenous variables. Throughout we suppose X does not contain
a constant. Hence U absorbs any nonzero constant intercept. Let Z be an observed L-vector of
potentially invalid instruments. For simplicity we have omitted any additional known exogenous
covariates W in equation (1). In appendix F we show how to easily include them via partialling
out.

We observe the outcome Y = Y (X, Z). Thus our equation for observed outcomes is
Y =X'B+2Z'v+U.

Equation (1) imposes homogeneous treatment effects since the difference between two potential

outcomes

Y(x1,2) — Y (20,2) = (1 — 10)'B

is constant across the population. We consider a model with heterogeneous treatment effects in

section 5.

Remark 1. In this section we present the linear model with homogeneous treatment effects. It
is well known, however, that linear model analysis can be generalized to allow for heterogeneous
treatment effects under some assumptions. For example, suppose 3 is a random coefficient. Heck-
man and Vytlacil (1998) and Wooldridge (1997, 2003, 2008) showed that if the causal effect of
Z on X is homogeneous, then the 2SLS estimand equals E(/3). Alternatively, we can allow for
heterogeneous instrument effects if we assume these are independent of §; for example, see the
discussion following equation (11) in Card (2001, page 1142). Under these kinds of assumptions,
all of our results in this section extend to allow for heterogeneous treatment effects. Our analysis of
heterogeneous treatment effects in section 5 applies when we are not willing to impose assumptions
that restrict the nature of the heterogeneous instrument effects. Conley, Hansen, and Rossi (2012,

page 261) make a similar observation.

In addition to this homogeneous treatment effect assumption, we maintain the following rele-

vance and sufficient variation assumptions throughout this section.
Assumption A1l (Relevance). The L x K matrix cov(Z, X) has rank K.
Assumption A2 (Sufficient variation). The L x L matrix var(Z) is invertible.

A1 implies the order condition L > K. When there is just one endogenous variable (K = 1),

A1 only requires cov(X, Zy) # 0 for at least one instrument. Other instruments may have zero

11



correlation. In this case, these other instruments provide additional falsifying power. We discuss
this further below. A2 simply requires that the instruments are not degenerate and are not affine
combinations of each other.

The classical model imposes two more assumptions:
Assumption A3 (Exogeneity). cov(Z,,U) =0 for all £ € {1,...,L}.
Assumption A4 (Exclusion). vy =0 for all £ € {1,...,L}.

A1-A4 imply that the coefficient vector £ is point identified and equals the two-stage least
squares (2SLS) estimand. Furthermore, these assumptions imply well-known overidentifying con-
ditions. The following proposition gives these conditions when there is just a single endogenous

variable.

Proposition 1. Consider model (1). Suppose A1-A4 hold. Suppose K = 1. Suppose the joint
distribution of (Y, X, Z) is known. Then the model is not refuted if and only if

cov(Y, Zp,) cov(X, Zy) = cov(Y, Z;) cov(X, Zp,) (2)

for all m and ¢ in {1,...,L}.
When all instruments are relevant, so that cov(X, Zy) # 0 for all £ € {1,..., L}, equation (2)

can be written as

cov(Y, Zy,)  cov(Y, Zy)
cov(X, Zy)  cov(X,Z;)

That is, the linear IV estimand must be the same for all instruments Z,. This result is the basis for
the classical test of overidentifying restrictions (Anderson and Rubin 1949, Sargan 1958, Hansen
1982). Suppose the distribution of (Y, X, Z) is such that the model is refuted. This happens when
at least one of our model assumptions fails: (a) homogeneous treatment effects, (b) linearity in X,
(c) instrument exogeneity, or (d) instrument exclusion.

In this section we maintain the homogeneous treatment effects assumption and focus on instru-
ment exclusion or exogeneity as an explanation for refutation. We consider heterogeneous treatment
effects in section 5. We also maintain linearity of potential outcomes in X. In principle our analysis
can be extended to allow for relaxations of the linearity assumption, but we leave this to future
work. Note that linearity holds automatically when X is binary.

We thus focus on failure of (c) instrument exogeneity or (d) instrument exclusion as reasons
for refuting the baseline model. These are two different substantive assumptions. Mathematically,
however, we can use the same analysis to relax both assumptions. For simplicity, here we formally
maintain the exogeneity assumption A3 and focus on failure of the exclusion assumption A4. In
appendix G we explain how to use our results to relax either or both assumptions.

We relax exclusion as follows.

Assumption A4’ (Partial exclusion). There are known constants d; > 0 such that

|ve| < d¢
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forall £ € {1,...,L}.

This kind of relaxation of the baseline instrumental variable assumptions was previously con-
sidered by Small (2007) and Conley et al. (2012); also see Angrist and Krueger (1994) and Bound,
Jaeger, and Baker (1995). For continuous instruments one may want to standardize the instruments
to have variance one, to make the magnitudes of the components in 6 = (d1,...,0;) comparable.
We discuss interpretation of ¢y further in section 3.6 of Masten and Poirier (2018b); our empirical
analysis in section 4 does not require us to select or calibrate this parameter.

Under partial exclusion, the instruments may have a direct causal effect on outcomes. For
sufficiently small values of the components in §, the model may nonetheless continue to be refuted.
For sufficiently large values, however, the model will not be refuted. To characterize the falsification

frontier, we begin by deriving the identified set for 8 as a function of §.

Theorem 1. Suppose A1-A3 and A4’ hold. Suppose the joint distribution of (Y, X, Z) is known.
Then

B(8) = {be R : = <var(Z) !(cov(Z,Y) — cov(Z, X)b) < 5} (3)
is the identified set for 8. Here the inequalities are component-wise. The model is refuted if and

only if this set is empty.

The identified set B(d) depends on the data via two terms:

v =var(Z) teov(Z,Y) and I =var(Z) ! cov(Z, X).
(Lx1) (LxK)

1 is the reduced form regression of Y on Z. II is the first stage of X on Z. If we demeaned (Y, X, Z)
then we would have ¢ = E(ZZ')"'E(ZY) and Il = E(ZZ')"'E(ZX'). Theorem 1 shows that the
identified set is the intersection of L pairs of parallel half-spaces in R¥. When § = 0, this identified

set becomes the intersection of L hyperplanes in R, In this case, 3 is point identified when
cov(Z,Y) = cov(Z,X)b

for a unique b € RE. If cov(Z,Y) # cov(Z, X)b for all b € R, then the baseline model § = 0 is
refuted.

Increasing the components of § leads to a weakly larger identified set. Furthermore, there always
exists a § with large enough components so that B(d) is nonempty. We characterize the set of such
0 below. Before that, we show that the identified set can be written as simple intersection bounds

when there is a single endogenous variable.

Corollary 1. Suppose the assumptions of theorem 1 hold. Suppose K = 1. Then

L
B(5) = ) Be(dr)
(=1
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is the identified set for 8, where

Yo O e | be

— - =+ if Uy 75 0
me |mel e |l
Bi(6)) =4 p if mp =0 and 0 € [tpy — ¢, 10y + 0] (4)
0 if 7, =0 and 0 ¢ [1)p — ¢, v¢ + 4.

Here 7y is the /th component of II, which is an L-vector.

To interpret this result, first consider an instrument Z, with a zero first stage coefficient, 7, = 0.
If Z,; has a sufficiently large covariance with the outcome, so that 1, + §, does not contain zero,
then the model is refuted. Furthermore, in this case falsification can be solely attributed to the
assumption that |y,| < dy. This is similar to what is sometimes called the ‘zero first-stage test’ (for
example, see Slichter 2014 and the references therein). When this covariance with the outcome is
sufficiently small, however, Z, unsurprisingly has no falsifying or identifying power for .

Next consider a relevant instrument Zy; so mp # 0. To interpret corollary 1 in this case, we use

the following lemma.

Lemma 1. Suppose K = 1. Let X, = (Z1y.. v Zo-1,X,Zp41,...,21). Let ey be the L x 1 vector
of zeros with a one in the fth component. Suppose 7y # 0. Suppose cov(Z, X ¢) is invertible. Then
(L _ v \—1
— =¢€ycov(Z,Xy) " cov(Z,Y).
e
This lemma shows that 1, /7y is the population 2SLS coefficient on X using Z; as the excluded
instrument and Z_, as controls. Thus the identified set B(¢) is the intersection of intervals around
these 2SLS coefficients using one relevant instrument at a time and controlling for the rest.
Finally, consider the baseline case where 6 = 0. Corollary 1 implies that B(0) is nonempty if
and only if
Un _ e
Tm T
for any m,¢ € {1,..., L} with m,,, 7 # 0. Moreover, in this case B(0) is a singleton equal to this
common value. In this case—when the baseline model is not refuted—we also have
e cov(Y, Zy) 5)
Uy N COV(AX7 Zg)

for all ¢ € {1,...,L}. That is, ¢y/m¢ equals the population 2SLS coefficient on X using Z; as an
instrument and not including Z_;, as controls. This equality of single instrument 2SLS coefficients
with and without controls for the other instruments is an alternative characterization of the classic

overidentifying conditions from proposition 1.

14



3.2 The Falsification Frontier

So far we have characterized the identified set for 8 given a fixed value of §, the upper bound on
the violation of the exclusion restriction. We now consider the possibility that this identified set
is empty when § = 0, so that the baseline model is falsified. Our next result characterizes the
falsification frontier, the minimal set of §’s which lead to a non-empty identified set. Here we focus
on the single endogenous regressor case. We extend this result to multiple endogenous regressors

in section 3.6.

Proposition 2. Suppose A1-A3 hold. Suppose the joint distribution of (Y, X, Z) is known. Sup-
pose K = 1. Then the falsification frontier is the set

FF = {5 eRLy: 6= —bml, £=1,...,L, be “EEWOZ,EL%?;#OZ] } . (6)

In the proof we show that this set satisfies our definition 2 of the falsification frontier. Specifi-
cally: Any 6 € FF maps to a non-empty identified set, and strengthening any of the assumptions
for a given § € FF leads to an empty identified set.

If we knew a priori that some instruments are valid, then we could obtain the falsification
frontier for relaxing the potentially invalid instrument assumptions by simply setting 6, = 0 for the
valid instruments /.

To better understand proposition 2, consider the two instrument case. In this case, the following

corollary characterizes the falsification frontier.

Corollary 2. Suppose A1-A3 hold. Suppose the joint distribution of (Y, X, Z) is known. Suppose
K =1 and L =2. Suppose w1 # 0 and 7 # 0. Then the falsification frontier is the set

a}.

Thus, in the two instrument case, the falsification frontier is simply the line with horizontal

FF = {(51,52) €R220252: ﬂ—@

1 2

2| —

2
1

intercept (07,0) and vertical intercept (0, d3), where

1 e

™ ™2

5 =

|71] and N

The classical overidentifying restrictions (proposition 1) state that the baseline model is refuted if
and only if |91 /71 — 19 /m| is nonzero. A key aspect of our analysis is that not all refuted models
are equivalent. Specifically, two dgps can have the same value of this difference but have different
falsification frontiers. Figure 3 illustrates this point. It shows three example falsification frontiers,
corresponding to three different distributions of (Y, X, Z1, Z5). All three dgps have
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0 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9

Relaxation of Z; exclusion restriction

Relaxation of Zs exclusion restriction

Figure 3: Three example falsification frontiers. Middle: Instruments are equally strong. Right: Z;
is two times stronger than Z5. Left: Z; is half as strong as Zs.

The relative strength of the two instruments differs across the dgps, however. Specifically, we set
|1 /72| to be either 0.5, 1, or 2. That is, the middle dgp has two instruments with exactly the
same first stage coefficient. Hence there is a one-to-one trade off in the falsification frontier. If
we weaken Zj relative to Zs, however, the falsification frontier rotates inwards as the horizontal
intercept 7 gets smaller. Conversely, if we strengthen Z; relative to Zs, the falsification frontier
rotates outwards, as the horizontal intercept d] gets larger. That is, a false baseline model is harder

to save by relaxing instrument exclusion for a strong instrument, relative to a weak one.

3.3 The Falsification Adaptive Set

Thus far we have characterized the identified set for 5 given any assumption § € Réo as well as the
falsification frontier. Next we characterize the falsification adaptive set, which is the identified set
for 8 under the assumption that one of the points on the falsification frontier is true. Here we again
focus on the single endogenous regressor case. We generalize to multiple endogenous regressors in

section 3.6.

Theorem 2. Suppose A1-A3 hold. Suppose the joint distribution of (Y, X, Z) is known. Suppose
K =1. Then

U B(0) = [ mi 1/)67 max Ve (7)

, in — a —
=1,...,L:my#£0 =1,...,Lim;#0
SEFF 3eey 71—[# T[-K 30y ﬂ‘@# 7T£
is the falsification adaptive set.

We first sketch the proof of this result and then discuss its implications. It follows from two main
steps: First, the identified set B(¢) is a singleton for any 6 € FF (see lemma 2 in the appendix).
Second, each of these singleton sets corresponds to an element in the interval on the right hand
side of equation (7) (follows using proposition 2). Thus we obtain the entire interval by taking the

union over all of these singletons.
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Figure 4: These plots simultaneously show the three key objects in our analysis: The identified set
B(0), the falsification frontier, and the falsification adaptive set. See the text for a full description.

One of our main recommendations is that researchers report the falsification adaptive set.
Theorem 2 shows that, in the classical linear model we consider here, this set has an exceptionally
simple form. Most importantly, no §’s appear on the right hand side of equation (7). This implies
that we can obtain the falsification adaptive set without pre-computing the falsification frontier or
selecting any sensitivity parameters. Furthermore, it is very simple to compute, since it just requires
running L different 2SLS regressions. In appendix H we show that the baseline 2SLS estimand using
all instruments does not have to be inside the falsification adaptive set. In fact, the baseline 2SLS
estimand can be arbitrarily far from the FAS.

In finite samples, researchers can present sample analogs or bias-corrected versions of equation
(7), along with corresponding confidence sets (e.g., Chernozhukov, Lee, and Rosen 2013). We
further discuss finite sample practice in section 3.4.

In this model, we can also immediately see how this set adapts to falsification of the baseline
model. When the baseline model is not false, 1,/m;, = ¥¢/m for all m,¢ € {1,...,L} with
nonzero m, and my. In this case, the falsification adaptive set collapses to the singleton equal to
the common value. This is the same point estimand researchers would usually present when their
baseline model is not refuted. As the baseline model becomes more refuted, the values of v, /my
become more different, and the falsification adaptive set expands. Thus the size of this set reflects

the severity of baseline falsification.
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To show how all of the concepts we have discussed fit together, we return to the earlier two
instrument numerical illustration discussed earlier. Figure 4 extends figure 3 by adding a third
dimension: Values of 3. Specifically, each column in figure 4 is a different dgp. Within a column,
the top and bottom row are just different viewing angles. For each plot, the horizontal plane shows
different values of (01, d2). The solid line in that plane shows the falsification frontier, as in figure 3.
The vertical axis shows the identified set B(d) as a function of §. For § values sufficiently close to
zero, this identified set is empty. But for §’s beyond the falsification frontier, this set is nonempty.
For any point § on the falsification frontier, this set is a singleton. But the set grows as both d; and
09 increase. Finally, the falsification adaptive set is shown as the solid line segment on the vertical
axis. It is the union over over the identified sets B(d) as § varies over the falsification frontier.
Since B(d7,0) = {¢2/ma}, B(0,05) = {¢1/m1}, and B(J) varies monotonically as we traverse the
falsification frontier, the falsification adaptive set is simply the interval between the points ¢ /m
and 19 /9. In this illustration, these points are 1 and 5 for all three dgps and hence the falsification
adaptive set is the interval [1, 5].

With more than two instruments, we cannot draw the space of §’s and B at the same time.
Nonetheless, theorem 2 shows that we can compute the falsification adaptive set by simply taking
the convex hull of the L different 2SLS estimands /7.

3.4 Estimation

In section 2.5 we discussed estimation and inference in general. Here we discuss the specific case
given in theorem 2. This characterization of the falsification adaptive set requires that we first
screen for weak instruments. It is not clear how to best do this. We present a first pass approach,

but leave a detailed analysis to future work. Let
L={te{l,...,L} 7, #0}
be the set of indices corresponding to relevant instruments. Estimate this set by
L={te{l,...,L}: F,>C,}.

Fy is the first stage F-statistic when considering Z, as an instrument and Z_;, as controls. C), is
a cutoff that converges to zero as the sample size grows. Specifying the cutoff to shrink ensures
that asymptotically we only discard instruments whose coeflicients are exactly zero, so that L is
consistent for L.

We then estimate the falsification adaptive set by
b T/J?]

FAS =

min —, max —
teL T¢ el T4

—

where 1y /7, is the estimated 2SLS coefficient on X using Z; as the excluded instrument and Z_;
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as controls. We use this estimator in our empirical analysis of section 4. There we use C,, = 10 as

our default, although we sometimes consider other cutoffs, or a sequence of cutoffs.

3.5 Directional Falsification Points

Beyond presenting the falsification frontier and the falsification adaptive set, researchers may want
to also present B(d) for specific choice of model relaxation. We consider the case where the re-
searcher specifies the direction of § a priori and then chooses the smallest magnitude ||d]| such that
B(6) # 0.

Let § = m-d for m € R and known d = (d,...,dr) € (0,00)F. For example, when all
the instruments are continuous, one reasonable direction may be d = (y/var(Z1),...,/var(Zr))".
Given this fixed direction d, our assumptions are now parameterized by a single scalar, m. The

following proposition shows that there is a unique falsification point m*.

Proposition 3. Suppose A1-A3 hold. Suppose the joint distribution of (Y, X, Z) is known. Sup-
pose § = m - d for known d = (dy,...,dr)" € (0,00)". Suppose m, # 0 for all £ € {1,...,L}.
Then

Ye Yy
i Ty
m*= max ———— 8
eoe{t,,Ly de  dp (®)
el e

is the falsification point. That is, B(m* - d) # () and B(m - d) = 0 for all m < m*.

The following corollary characterizes the identified set at the point on the falsification frontier

in the direction d.

Corollary 3. Suppose the assumptions of proposition 3 hold. Define m* by equation (8) and let
(£*,0"%) be the argmax in that equation. Let 6* = m* - d. Then B(d*) is the singleton equal to

o - {te 2t

7T£>k ‘ﬂ—f*
7T£/* ’71'(/* |

3.6 The FF and FAS for K Endogenous Variables

Theorem 1 characterizes the identified set for the vector of coefficients on the endogenous variables,
as a function of the exclusion restriction relaxation. Our subsequent characterizations of the fal-
sification frontier and the falsification adaptive set, however, restricted attention to the case with
just one endogenous variable—see proposition 2 and theorem 2. In this section, we extend these
two results to the general case with K > 1 endogenous variables. These results can be used in at
least three different cases: (1) If there are multiple ‘basic’ endogenous variables. For example, in
our empirical application in section 4.4, one could allow both price and advertising spending to be

endogenous. (2) If the outcome equation has interactions of one basic endogenous variable with
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covariates. (3) If the outcome equation is nonlinear in one basic endogenous variable. For example,
it could be a quadratic function.

Recall our notation for the reduced form and first stage regressions:

v =var(Z) eov(Z,Y) and I =var(Z) ! cov(Z, X).
(Lx1) (LxK)
L denotes the number of instruments while & denotes the number of endogenous variables. Let
denote the ¢th row of the matrix II. When K = 1, this is a scalar and 7, = .
When there is a single endogenous variable, theorem 2 shows that the falsification adaptive set
is the interval
(& e

min ==, max .
{=1,...,Limp#0 Ty €=1,....L:my#0 Ty

This interval can be interpreted as follows: Pick any set of K instruments. Impose the exclusion
restriction for those instruments. For the remaining instruments, completely drop the exclusion
restriction. This yields a non-refutable model that is weaker than the original model which imposed
exclusion for all of the instruments. But this weaker model is still strong enough that g8 is point
identified (ignoring the possibility of irrelevant instruments, which we discuss below). Moreover, in
this weaker model 8 equals the population 2SLS coefficient on X using the chosen K instruments as
the excluded instruments and the remaining instruments as controls. Collect all of these different
2SLS estimands, as we vary which set of K instruments we pick. Then take their convex hull.

When K = 1, this convex hull is precisely the interval above: We pick a single relevant instru-
ment to exclude, and include the others as controls. This gives us a single just-identified 2SLS point
estimand. By cycling through which instrument we exclude, we obtain a variety of different point
estimands. Since K = 1, these estimands are scalars. So their convex hull is simply the interval
between the smallest and largest values.

When K > 1 and L = K + 1, the falsification adaptive set is precisely the convex hull of
just-identified 2SLS estimands that we’ve just described. For L > K + 1, it is somewhat more
complicated. We discuss these general results next.

In the K = 1 case we allowed for irrelevant instruments. For K > 1 we focus on the case
where all instruments are relevant for simplicity. Specifically, we impose assumption A1’ below. To
state this assumption, we consider submatrices of II. Let £ C {1,...,L}. Let Iz be the |£]| x K

submatrix of II formed by removing all rows ¢ ¢ L.

Assumption A1’ (Relevance). The following hold:
1. For all £ C {1,...,L} with |£| = K, II; has full rank.

2. For all £LC {1,...,L} such that |£| = K + 1, {m; : £ € L} are affinely independent. That is,
1 1 ... 1
Ty Moy er Ty,
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has full rank, where £ = {¢1,..., K11}

A1.1" is equivalent to the following:

e Pick any K components of the instrument vector Z = (Z1,...,Z1). Let Z, denote this
subvector of instruments. Let Z_, denote the remaining instruments. Then the population
2SLS coeflicient on X using Z, as excluded instruments and Z_, as controls is well-defined

and unique. Moreover, it equals
2SLS -1
ﬁﬁ = Hg vr

where ¢, equals the subvector of v after removing all components ¢ ¢ L.

For example, suppose L = K 4+ 1. Then dropping the exclusion restriction for any single instrument
returns us to a non-refutable model. Here we simply assume that § is still point identified regardless
of which exclusion restriction we choose to drop. Finally, note that Al.1’ implies our earlier
relevance assumption Al. A1.2’ means that there does not exist a hyperplane that passes through
all of the 7, vectors. It is equivalent to linear independence of (7 — 71,...,my — 7).
Let
FAS* = conv ({#7™: £ C{1,...,L},|L| = K}). (9)

denote the polytope defined by the convex hull of the set of just-identified 2SLS estimands.

Proposition 4. Suppose A1l’, A2, and A3 hold. Suppose the joint distribution of (Y, X, 7) is
known. Suppose L = K + 1. Then the falsification frontier is the set

FF = {0 €RYy: 00 =g —mb|, £=1,...,L, beFAS*}. (10)

Theorem 3. Suppose Al’; A2, and A3 hold. Suppose the joint distribution of (Y, X, Z) is known.
Suppose L = K + 1. Then FAS”* is the falsification adaptive set.

To illustrate theorem 3, consider the two endogenous variables (K = 2) and three instruments
(L = 3) case. Since there are two endogenous variables, there are two coefficients we're interested in.
Consider the left plot in figure 5. This plot shows possible values (b1, b2) for these two coefficients.
The exclusion restriction from instrument ¢ imposes a single linear constraint 1, = m;b. These
constraints are simply lines in R?. Since there are three instruments, there are three constraints.
When these three lines do not intersect at a common point, the baseline model is refuted. This
case is shown in the figure. Suppose we drop the exclusion restriction for instrument 1. Then two
linear constraints remain, § is point identified, and it equals the intersection point B?EL?)S} in the
lower right of the figure. A similar interpretation applies to the other two intersection points ,B%TLSS}
and ﬁ?i‘Lzs} The falsification adaptive set is then simply the convex hull of these three points in R?,
which is shown as the shaded triangular region.

Next consider the case with K > 1 and L > K + 1. We handle this case by reducing it to the

case we just studied where L = K + 1. Let
Pr = conv({ﬂ%iL{Se} leL}).
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Figure 5: Example with K = 2 endogenous variables. Left: L = 3 instruments. Right: L = 4
instruments. In both plots, the falsification adaptive set for (81, 2) is the shaded region. In the
right plot, the falsification adaptive set for 8y is shown as the projection onto the first component.
See text for additional explanation.

In the following proposition, we consider subsets of indices £ C {1,..., L} such that |£| = K + 1.
Thus [£\{¢}| = K. So ﬂ%S\L{SZ} is a just-identified 2SLS estimand. We form K +1 different estimands
by cycling through which exclusion restriction to drop. We then take their convex hull. This set
is similar to the set defined in equation (9). The key difference is that here we only look at the

estimands which use all but one index from a reference set L.

Proposition 5. Suppose Al’, A2, and A3 hold. Suppose the joint distribution of (Y, X, Z) is

known. Then the falsification frontier is the set
FF = {6 €RYy: 6= [thg—mb|, bePe, LCA{L,...,L}, |L| =K +1}.

Theorem 4. Suppose Al’; A2, and A3 hold. Suppose the joint distribution of (Y, X, Z) is known.

Let
P= U Pr.
LC{L,...L}:|L|=K+1

Then P is the falsification adaptive set.

We use Farkas’ lemma and Caratheodory’s theorem from convex analysis to prove these results.
As in the previous cases, P can be computed by just running a variety of 2SLS regressions. Next
note that, although each P, is convex, their union generally is not. Nonetheless, we are often only
interested in linear functionals of the coefficient vector 5. For example, we often care about just
one component of 5. The following corollary shows that the falsification adaptive set for a linear

functional of 8 again has a simple form. For this result, recall the definition of FAS* from equation

(9)-
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Corollary 4. Suppose Al’, A2, and A3 hold. Suppose the joint distribution of (Y, X, Z) is known.
Then FAS* contains the falsification adaptive set for 5. Moreover, for any a € R¥ the falsification

adaptive set for o/ is

min o S, max of S
LC{L,. L}, |L=K LC{L, L} |L=K

This result shows that we can simply cycle through all possible just identified models, compute
the corresponding 2SLS estimand, take the convex hull, and project it onto one component to get
the FAS for that component.

The right plot in figure 5 illustrates the L > K + 1 case. Here we have K = 2 and L = 4.
There are 6 different just-identified 2SLS estimands. The falsification adaptive set is no longer a
convex set. Nonetheless, the projection of the convex hull of all just-identified 2SLS estimands
onto the first component still gives the falsification adaptive set for 8;. Moreover, this projection
can be computed by simply taking the largest and smallest estimated values of 51, among the
just-identified 2SLS estimands. In this sense, corollary 4 directly generalizes theorem 2 to the case
K> 1.

We conclude this subsection by briefly discussing estimation and inference. Corollary 4 shows
that the FAS for a linear functional of § has an intersection bounds form. As in the K = 1 case,
researchers can present sample analog estimators or bias-corrected versions, along with correspond-
ing confidence sets (see Chernozhukov et al. 2013). Our discussion of weak instruments in section
3.4 applies here as well. More generally, researchers may want to do estimation and inference on
the FAS for the entire vector 5. Theorem 4 shows that this set is defined by a finite set of uncondi-
tional linear moment inequalities. Note that here we have omitted covariates. Depending on how
covariates enter the model, the FAS may continue to depend only on unconditional linear moment
inequalities, or it may also depend on conditional linear moment inequalities. See appendix F for
details. While there is a large literature on inference in general moment inequality models—see
Canay and Shaikh (2017) and Molinari (2019) for surveys—there is now a growing literature on
the linear case. This includes Hsieh, Shi, and Shum (2017), Andrews, Roth, and Pakes (2019), Cho
and Russell (2019), and Gafarov (2019). We conjecture that some of these results can be applied
to do inference on the FAS for 3, the FAS for subvectors of 8 with two or more components, and

the FAS for nonlinear functionals of 5. We leave a full analysis for future work, however.

4 Empirical Applications

In this section we apply our results from section 3 to four different empirical studies: Duranton,
Morrow, and Turner (2014, The Review of Economic Studies), Alesina, Giuliano, and Nunn (2013,
The Quarterly Journal of Economics), Acemoglu, Johnson, and Robinson (2001, The American
Economic Review), and Nevo (2001, Econometrica). Each paper reports 2SLS estimates using

multiple instrumental variables and each paper discusses concerns about instrument validity. In
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particular, all four papers run overidentification tests, which sometimes fail. Even when they do
not fail, the authors sometimes express a concern that this could simply be due to low sample
size. To address these concerns, we estimate falsification adaptive sets and compare them with the
results reported in the original papers. We argue that the FAS is an informative complement to
traditional overidentification test p-values: Rather than focusing on the null hypothesis that the
instruments are consistent with each other, the FAS summarizes the range of estimates obtained

from alternative models which which are not refuted by the data.

4.1 Roads and Trade: Duranton, Morrow, and Turner (2014)

Duranton et al. (2014) study the relationship between roads and trade. Specifically, they consider
a dataset of 66 regions (‘cities’) in the United States. Their treatment variable is the log number
of kilometers of interstate highways within a city, in 2007. This variable directly affects the cost of
leaving a city, and therefore the cost of exporting from a city: It is easier to export from a city with
many kilometers of interstate highways passing through it. Their outcome variable is a measure of
how much that city exports. They consider two different ways of measuring exports: Weight (in
tons) and value (in dollars). We focus on the weight measure for brevity. We discuss the value
measure in appendix J. They begin by estimating a gravity equation relating the weight of a city’s
exports to other cities with the highway distance between those cities, both measured in 2007. This
equation includes a fixed effect for the exporting city. The estimate of this fixed effect is their main
outcome variable. They call this variable the “propensity to export weight.” Thus their main goal
is to estimate the causal effect of within city highways on the propensity to export weight.

We cannot learn this causal effect by simply regressing the propensity to export weight on within
city highways since there is a classic simultaneity problem. We expect that building highways within
the city will boost exports. But high export cities may also build more highways to facilitate their
existing exports. The authors solve this problem by instrumenting for the number of kilometers of

within city highways. They consider three different instruments:
1. Railroads: The log number of kilometers of railroads in the city, in 1898.

2. Ezploration: A measure of the quantity of historical exploration routes that passed through
the city. Specifically, they digitized five maps of exploration routes between 1528 and 1850.
For each map, they counted the number of 1 x 1 km pixels crossed by an exploration route

in the city, summed over all five maps, and took logs.

3. Plan: The log number of kilometers of highway in the city, according to a planned highway
construction map approved by the federal government in 1947. This map was written following
the 1944 Federal Aid Highway Act. Baum-Snow (2007) had previously used this instrument,

and provides a detailed history.

We first summarize their arguments for validity of these instruments. We then review their analysis

and present our new results.
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Arguments for Instrument Validity

Instrument relevance can be directly assessed from the first stage results in the data. We discuss
this later. Still, there are a priori reasons to believe the instruments will be correlated with treat-
ment. Building railroad tracks requires leveling ground. So does building roads. Thus old unused
railroad tracks can be easily converted to highways. Exploration routes were easy to travel on foot,
horseback, or wagon. Such routes are also likely to be good for cars. Finally, most of the highways
on the 1947 plan were ultimately built, although additional highways not on the plan were built as
well.

Next consider instrument exogeneity and exclusion. Exogeneity concerns the presence of omitted
variables that affect the instrument and the outcome, or of simultaneity between the instrument
and the outcome. Exclusion concerns the direct causal effect of the instrument on outcomes. We

consider each instrument in turn:

1. Railroads. Consider exogeneity. First they argue that simultaneity is not a concern, as
railroads were “constructed by private companies expecting to make a profit from railroad
operations in a not too distant future,” rather than over 100 years later. Moreover, in 1898
the U.S. was primarily agricultural, and railroads were built “to transport grain, livestock
and lumber as well as passengers over long distances”. This suggests that omitted variables
may not be a concern, since modern manufactured goods trade in 2007 is quite different
from agricultural and commodities trade in 1898. There are, however, three specific omitted

variables they are worried about:

(a) City population in 1898 affects the present of railroads in 1898. It also affects 2007
population, which affects trade in 2007. To address this, they control for population in
1920, the closest data they have to 1898.

(b) Certain geographical features may make some cities more attractive for both railroad
construction in 1898, as well as for trade in 2007. Thus they control for census region

fixed effects, slope, and distance to the nearest body of water.

(c¢) Time-invariant city productivity may affect 1898 railroads and trade in 2007. They argue
that this can be controlled for by including population in 1950 and 2000 as controls.

Next consider exclusion. Here they are worried about two direct paths from 1898 railroads
to trade in 2007:

(a) Railroads may cause a city to specialize in manufacturing, which may then persist
through the present. They address this by controlling for the log share of manufac-
turing employment in 1956 and in 2003. They also control for the weight of a city’s
exports in 1956.

(b) Railroads may affect the socioeconomic characteristics of cities, which then affects pat-
terns of trade in 2007. They address this by controlling for log income per capita and

log share of the population with at least a college degree.
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2. Ezploration. Consider exogeneity. First they argue that simultaneity is not a concern, as
exploration routes were forged for a variety of reasons, including the search for the fountain
of youth, expanding U.S. territory to the Pacific Ocean, and finding emigration routes to
Oregon. Moreover, this also suggests that omitted variables may not be a concern, since
the variables affecting choice of exploration route are related to these motives like the search
for the fountain of youth, rather than modern manufacturing. That said, there is one set of
omitted variables they are concerned about: Geographical features. These could affect both
exploration routes and trade patterns in 2007. They address this concern via the same set
of geographic controls mentioned above in our discussion of the railroad instrument. Finally,

they do not discuss any specific concerns regarding the exclusion restriction.

3. Plan. Consider exogeneity. As with the other two instruments, they first argue that simul-
taneity is not a concern: The plan was explicitly drawn to “connect population centers [in
1947], not to anticipate future population levels and trade patterns.” However, because pop-
ulation is persistent, this could be an omitted variable. Hence they control for population in
1950 and 2007 as before. As with the exploration instrument, they do not discuss any specific

concerns regarding the exclusion restriction.

Overall, the authors raise concerns about validity of all three instruments. Although they address
these concerns with various controls, these controls may still not perfectly fix failures of exogeneity,

exclusion, or both. Hence the authors lean on overidentification, stating that

“Using different instruments, for which threats to validity differ, allows for informative

over-identification tests.” (page 700)

With this motivation, we next present the results.

Results

First consider table 1. In this and all other tables, the non-highlighted parts reproduce results
from the original paper. The highlighted parts are new computations which we have added. Panel
A reproduces columns 1-4 of table 5 in Duranton et al. (2014). These are their main results. In
particular, they are interested in the coefficient on log highway km, the log number of highway
kilometers within the city. This coefficient represents their estimate of the causal effect of roads
on trade. Here it is estimated by 2SLS, using railroads, exploration, and plan as instruments.
As mentioned above, we are concerned about possible invalidity of the instruments. Thus they
implement the standard test of overidentifying restrictions. At conventional sizes, it easily passes
in the longest specification, fails in the second specification, and marginally passes in the first
specification. Also note that these specifications do not include all of the controls discussed above;
the authors include those in separate analyses, which we discuss later (our table 3).

We add the falsification adaptive set to these baseline results. This is the last row of panel A.

There are two things to notice: First, except for the last specification, none of the 2SLS estimates
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Table 1:  Baseline 2SLS results for Duranton et al. (2014): The effect of highways on export
weight. Non-highlighted parts reproduce results from their paper. Highlighted parts are new.
Panel A reproduces columns 1-4 of their table 5. It also shows the estimated falsification adaptive
set. Panel B uses only two of their instruments, controlling for the other. See text for discussion.

Dependent variable: Export weight

) @) 3) @)

Panel A. Plan, exploration, and railroads used as instruments

log highway km 1.13%% 0.57%** 0.47%%* 0.39%**
(0.14) (0.16) (0.14) (0.12)
log employment 0.52%*%* 0.69* 0.47
(0.11) (0.39) (0.33)

Market access (export) -0.45%%* -0.65%** -0.63%**
(0.14) (0.14) (0.11)
log 1920 population -0.38 -0.29
(0.25) (0.23)
log 1950 population 1.00%* 0.65%*
(0.39) (0.38)
log 2000 population -0.74 -0.20
(0.48) (0.45)

log % manuf. emp. 0.64%**
(0.12)
First-stage F' stat. 97.5 90.3 80 84.8
Overid. p-value 0.10 0.043 0.15 0.31

FAS [0.49, 0.86] [-0.32,0.28] [-0.26,0.31]  [0.18, 0.42]

Panel B. Plan and exploration used as instruments, controlling for railroads

log highway km 0.79%** 0.17 0.21 0.23
(0.24) (0.20) (0.15) (0.14)
log 1898 railroad km 0.33%%* 0.33%** 0.25%* 0.16
(0.15) (0.12) (0.12) (0.10)
First-stage F' stat. 61.1 65.4 77.8 82.2
Overid. p-value 0.64 0.51 0.48 0.72

Notes: 66 observations per column. All specifications include a constant. Het-
eroskedasticity robust standard errors in parentheses. *** ** *. gtatistically
significant at 1%, 5%, 10%.

are within the FAS. We knew this was possible, given our theoretical results in appendix H (which
relate the 2SLS estimand to the FAS). Second, the FAS magnitudes are all generally smaller than
the 2SLS point estimates.

To better understand how we computed the FAS, and how to interpret it, next consider table 2.
Columns 1-3 include the same baseline controls as column 3 in table 1 while columns 4-6 include
the same baseline controls as column 4 in table 1. The only difference is that we no longer use
all three variables (plan, railroad, exploration) as instruments. Instead, in panel A, we use only
one of these variables as an instrument and we ignore the other two variables. Panel A reproduces
columns 4-6 from table 6 in Duranton et al. (2014). The authors used these results as their main
robustness check. They argue that the three estimates 0.38, 0.64, and 0.34 from columns 4-6, panel

A, table 2 are consistent with their baseline estimates of 0.47 and 0.39 from columns 3 and 4, panel
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Table 2: The effect of controlling for unused instruments. Non-highlighted parts reproduce results
from their paper. Highlighted parts are new. All columns have employment, market access, and
past populations as controls. Columns 4-6 also have manufacturing share of employment as controls.
Compare to table 6 of Duranton et al. (2014).

(1) (2) 3) (4) (5) (6)
Plan Railroad  Exploration Plan Railroad Exploration
Panel A. Without controlling for other instruments
log highway km 0.49%**  (.83%** 0.12 0.38***  (.64%** 0.34*
(0.15) (0.25) (0.31) (0.13) (0.22) (0.19)
log % manuf. emp. 0.64***  0.60%** 0.65%**
(0.12) (0.13) (0.13)
First stage F' stat. 141 45.2 14.8 130 40.8 23.8
Panel B. Controlling for other instruments
log highway km 0.31 4.09 -0.26 0.18 3.65 0.42
(0.22) (4.09) (0.71) (0.21) (4.16) (0.52)
log % manuf. emp. 0.63%** 0.36 0.61%**
(0.12) (0.38) (0.12)
log 1898 railroad km 0.21%* 0.24** 0.18 0.16
(0.12) (0.11) (0.11) (0.11)
log 1528-1850 exploration -0.053 -0.40 0.025 -0.32
(0.077) (0.36) (0.065) (0.40)
log 1947 highway km -2.09 0.32 -1.90 -0.13
(2.50) (0.46) (2.48) (0.36)
First stage F' stat. 59.6 1.54 29.1 54.8 1.27 27
FAS for this specification [-0.26, 0.31] [0.18, 0.42]

Notes: 66 observations per column. All specifications include a constant. Heteroskedasticity robust
standard errors in parentheses. *** ** *: statistically significant at 1%, 5%, 10%.

A, table 1.

However, as we have discussed, omitting an invalid instrument can lead to omitted variable
bias. In this application we are concerned that some of the instruments may be invalid. Thus the
alternative models of interest are those where one of the instruments is valid but the others are not.
When computing results in these alternative models, the invalid instruments should be included
as controls. Panel B shows these results. Here we use one instrument while controlling for the
other two. For example, in column 1 we use plan as an instrument and control for railroad and
exploration.

For brevity, here we only describe the results in columns 4-6. These results use the full baseline
specification. Consider column 5, panel B. This result uses railroad as an instrument, controlling for
plan and highway. Unlike the uncontrolled result from panel A, railroad is a very weak instrument.
Hence we ignore the result using railroad alone, as discussed in section 3.4. Next consider column
4. Here we use plan as the instrument, controlling for the other two. Despite these controls, plan
is still a strong instrument. The estimated effect 0.18 is roughly half as large as the estimate from

panel A, 0.38. It is also no longer statistically significant at any conventional level. Next consider
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column 6. Here we use exploration as the instrument, controlling for the other two. Exploration
continues to be a strong instrument with these controls. The estimated effect 0.42 in panel B is
similar to the effect from panel A, 0.34. It is no longer statistically significant, however.

Putting these coefficient estimates together gives us the estimated FAS, [0.18,0.42]. The end-
points of this set correspond to point estimates from alternative models which maintain validity of
only one instrument at a time. The interior of this set corresponds to alternative models which re-
lax validity of all instruments at once, but just enough to avoid falsification. Thus the FAS reflects
model uncertainty: Relying on different instruments to different degrees yields different results.
This range of results is given by the FAS.

In panel B of table 2 we found that railroad is a weak instrument when controlling for the
other two, and hence it yields the largest point estimates. Given this finding, one may also wonder
how removing railroads as an instrument affects the baseline analysis. This is shown in panel
B of table 1. All of the coefficients on log highway km are smaller, to the point that they are
no longer statistically significant for all but the shortest specification. Moreover, the standard
overidentification tests are now all easily passed. (Note that these tests are only comparing results
using plan and exploration as instruments.) However, the coefficients on railroads are statistically
significant for all but the fourth column. This suggests that the full baseline model using all three
instruments could be rejected, and also explains the source of the relatively small overidentification
test p-values in panel A.

Thus far we have focused on the baseline results, which do not include all of the possible control
variables discussed earlier. Table 3 shows results with these controls. We begin with the full set
of baseline control variables, as used in column 4 of table 1. We then add just one control. Each
row corresponds to a different control. The last row shows the results that add all controls at
once. Unlike the main baseline result, column 4 of table 1, here we only use one instrument at a
time. Columns 1-3 use a single instrument, without controlling for the other two. These results
reproduce appendix table 6 of Duranton et al. (2014). Based on these results, the authors argue
that

“None of our main results is affected by these controls, even when we use our instruments

individually.” (page 708)

They also argue that using one instrument at a time is an “even more demanding exercise” than
examining the effect of additional controls when using all three instruments (not shown here; see
their appendix table 5). As we’ve discussed, however, omitting the invalid instruments may cause
omitted variable bias. So in columns 4-6, we replicate columns 1-3, except now controlling for the
other two instruments.

There are three main differences between the results with the instrument controls and those
without. First, the railroad instrument is again very weak, leading to large coefficients. This informs
our understanding of the results from columns 1-3, since there we observed that the coefficients in
column 2 are always larger than those in columns 1 and 3, and are often substantially larger. Second,

none of the results are statistically significant at conventional levels. Finally, the coefficients using
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Table 3:  The effect of controlling for unused instruments, continued. Non-highlighted parts
reproduce results from their paper. Highlighted parts are new. This table extends the analysis
of table 2 to consider specifications with additional control variables. Columns 1-3 reproduce the
results in appendix table 6 of Duranton et al. (2014). Columns 4-6 just add controls for the other
instruments.

Without other IV controls With other IV controls
1) (2 3) 4) (5) (6)
Added variable Plan Railroad  Exploration Plan Railroad  Exploration FAS
Wat log highway km  0.34%%  0.66** 0.24 0.13 3.96 0.30 [0.13, 0.30]
ater (0.16) (0.26) (0.29) (0.21)  (4.56) (0.49)
F stat. 126 25.3 10.9 67.6 1.17 26.2
Slope 0.39%** (. 57*k* 0.46** 0.20 3.86 0.66 [0.20, 0.66]
P (0.14) (0.20) (0.19) (0.21)  (5.86) (0.50)
133 44.5 22.6 60.3 0.65 25.6
Census 0.32%*  (.62%** 0.36* -0.012 3.68 0.40 [-0.012, 0.40]
regions (0.14) (0.12) (0.20) (0.24)  (3.24) (0.64)
122 58.3 22.6 39.4 1.59 10.7
Percent 0.29%*  (0.56%* 0.41%* 0.013 3.64 0.78 [0.013, 0.78]
college (0.13) (0.23) (0.18) (0.19)  (4.13) (0.49)
116 36.6 29.5 47.9 1.16 25.2
Income 0.35%%  (.63*** 0.35* 0.079 3.42 0.54 [0.079, 0.54]
per (0.14) (0.22) (0.18) (021)  (3.42) (0.47)
capita 123 36.8 26.4 47.8 1.70 24.9
Percent 0.41%% (. 5Q¥** 0.49%%* 0.22 2.71 0.75 [0.22, 0.75]
wholesale (0.12) (0.21) (0.12) (0.19)  (3.29) (0.49)
136 39.3 23.2 54.4 1.38 25.4
Teaff 0.42%* 1.00* 0.34 0.23 5.57 0.40 [0.23, 0.40]
athe (0.18) (0.52) (0.23) (0.25)  (9.60) (0.51)
79 13.4 44.6 44.3 0.43 26
All 0.39%*  (0.73%* 0.58** 0.18 2.43 0.69 [0.18, 0.69]
(0.18) (0.35) (0.28) (0.26)  (3.01) (0.67)
52.6 19.9 15.5 32.1 0.88 6.53

66 observations per column. All specifications include a constant. Heteroskedasticity robust standard errors in parentheses.
HAK KKK, statistically significant at 1%, 5%, 10%.

plan as the instrument all become smaller once the other instruments are controlled for (column 4
versus column 1), while the coefficients using exploration as the instrument all become larger once
the other instruments are controlled for (column 6 versus column 3). Thus, ignoring the results
using railroads, the overall range of point estimates is larger. This is reflected in the falsification
adaptive sets, which are presented in the final column.

Overall, there are two main conclusions from our analysis: First, the evidence suggests that
the railroad instrument is the most questionable, and should be used only as a control. Thus the
estimates in panel B of table 1 are arguably the most appropriate baseline results. Second, there is
substantially more uncertainty in the magnitude of the causal effect of roads on trade than suggested

by the original results of Duranton et al. (2014). This is reflected in the various falsification adaptive
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sets we present. In particular, the FAS for the longest specification is [0.18,0.69]; see table 3.
Accounting for sampling uncertainty only increases this range. That said, these results do not
change the overall qualitative conclusions of the paper: All points in the estimated FAS for the
longest specification are still positive, suggesting that the number of within city highways appears

to positively affect propensity to export weight.

4.2 The Origin of Gender Roles: Alesina, Giuliano, and Nunn (2013)

Alesina et al. (2013) study the relationship between traditional agricultural practices and modern
gender norms. Specifically, following Boserup (1970) they distinguish between two kinds of tradi-
tional agriculture: shifting cultivation, which “is labor intensive and uses handheld tools like the
hoe and the digging stick,” and plough cultivation, which “is much more capital intensive, using
the plough to prepare the soil.” They note that “unlike the hoe or digging stick, the plough re-
quires significant upper body strength, grip strength, and bursts of power.” Hence “when plough

” Consequently, in

agriculture is practiced, men have an advantage in farming relative to women.
societies that used plough agriculture, “men tended to work outside the home in the fields, while
women specialized in activities within the home.” Boserup hypothesized that, as Alesina et al.
(2013) put it, “this division of labor then generated norms about the appropriate role of women in
society” which persist today.

Alesina et al. (2013) consider a variety of datasets and methods to test this hypothesis. We
focus on their cross country instrumental variable analysis. Their dataset includes 160 countries.
Their treatment variable is the “estimated proportion of citizens with ancestors that traditionally
used the plough in pre-industrial agriculture.” They explain how they construct this variable in
section 3. For this analysis they consider three different outcome variables: The female labor force
participation rate in 2000, the share of a country’s firms with some female ownership (measured
using data between 2005-2011), and the share of political positions held by women in 2000. Their
appendix A2 gives further details on the definition of these variables. They also consider a composite
outcome variable, called the average effect size (AES). This is constructed by first dividing each
outcome variable by its standard deviation and then averaging the three variables.

Any correlation between treatment and outcomes is not necessarily causal for a few reasons.
First, there may be reverse causality: Countries with less equal gender norms may have actively
adopted innovations like the plough which conformed with these norms. Second, there may be
omitted variables: Areas that were economically more developed may have been more likely to
both adopt the plough and to have more equal gender norms today. This would tend to mask
any causal effect of the plough on gender norms. To address these concerns, the authors use an
instrumental variable approach.

The authors use properties of countries’ ancestral land geography as instruments. Specifically,
Pryor (1985) classifies crops as either plough positive or plough negative. Plough positive crops
benefit from the use of the plough while plough negative crops generally do not. The authors focus

on cereal crops only, since they are similar except for how much they benefit from the plough.
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Table 4:  Country level 2SLS results from Alesina et al. (2013). Non-highlighted parts reproduce
results from their paper. Highlighted parts are new. This table reproduces panels A and C of their
table 8. It also shows the estimated falsification adaptive set, which here is a singleton since one
of the two instruments is weak.

Female labor force Share of firms with Share of political Average effect size
participation in female ownership, positions held by (AES)
2000 20052011 women in 2000

(1) (2) 3) (4) (5) (6) (7) (8)

Panel A. Second stage 2SLS estimates

Traditional plough use S21.6%FF 25, 0%k _17.5%Fk QD 7R¥R G AEFFF Q. 73F*F _(.92FFF ] ZTHRFF
(5.25) (7.51) (5.53) (7.62) (2.33) (3.75) (0.23) (0.39)
Continent fixed effects Y Y Y Y
Overid. p-value 0.00091 0.00012 0.41 0.25 0.72 0.86 0.048 0.027
FAS AAGFE GO -15.3%* -18.9%* -7.08%* -9.99** -0.73%%*F  _1.08*F*
(5.41) (6.78) (6.18) (8.11) (3.00) (4.11) (0.23) (0.38)
Observations 160 160 122 122 140 140 104 104

Panel B. First stage estimates. Dependent variable: Traditional plough use

Plough-pos. environment  0.74*** 0.63%** 0.86%** 0.67*%* 0.82%** 0.68%*** 0.87*** 0.72%%*
(0.084)  (0.089)  (0.078)  (0.10)  (0.082)  (0.10)  (0.089)  (0.12)

Plough-neg. environment 0.12 0.18 0.100 0.12 0.13 0.19 0.13 0.14

(0.12) (0.13) (0.17) (0.17) (0.13) (0.14) (0.18) (0.19)
F-stat (both) 40.2 25.1 66.8 21.9 52 21.9 49.5 18.5
F-stat (pos. only) 80 57.7 123 42.8 101 43.6 95.6 36.6
F-stat (neg. only) 0.58 1.55 0.36 0.45 1.03 1.76 0.51 0.57

Notes: These results include a variety of historical and contemporary controls. See the table 8 notes in Alesina et al.
(2013) along with their discussion in the text for details. Heteroskedasticity robust standard errors in parentheses. ***,
** % statistically significant at 1%, 5%, 10%.

Given this classification, they construct instruments as follows: Consider a large piece of land.
First measure the area of land that is suitable for growing crops in general. Pick a single plough
positive cereal. Within this area of overall suitability, compute the area of land suitable for growing
this specific plough positive cereal. Do this for each plough positive cereal. Note that some land is
suitable for growing multiple crops, so there will be overlap in these areas. So take the average area
across all plough positive cereals. Divide by the area that is suitable for growing crops overall. That
is their measure of plough positive share. Next do the same for plough negative crops. Thus we have
a procedure for defining suitability of a single piece of land. Using this procedure, the authors define
the country level variable plough positive environment as the “average fraction of ancestral land
that was suitable for growing [plough positive cereals] divided by the fraction that was suitable for
any crops.” They use the same procedure as in their definition of the treatment variable, described
in their section 3. They define the country level variable plough negative environment analogously.

Their main concern with validity of these instruments is failure of exogeneity due to geographical
variables which affect the instruments and also modern gender norms. In their baseline results (table
8) they include a variety of geographical controls to account for this. They consider more extensive

geographical controls in appendix table A14. They consider many other controls in appendix table
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A15. Finally, they also use the presence of two instruments to conduct overidentification tests.

Table 4 reproduces their main instrumental variable results. As in our analysis of Duranton et al.
(2014), the non-highlighted parts reproduce results from the original paper. The highlighted parts
are new computations which we have added. First focus on their results. The overidentification test
fails at the conventional 5% level for columns 1 and 2, as well as for the average effect size, columns
7 and 8.5 The authors do not comment on this finding. To provide a constructive response to this
rejection, we compute the falsification adaptive set. To do this, we must first check instrument
relevance. As shown in panel B, plough positive environment satisfies the relevance assumption.
Plough negative environment, however, does not. The authors commented on this, since they did
present the first stage coefficients on both instruments, although they did not present the separate
F-test statistics as we do. Despite this relevance failure, the authors used both instruments in their
main results.

In panel A, we present the estimated falsification adaptive set. Since there are only two in-
struments, one of which fails relevance, this set is simply a singleton. Specifically, this is the point
estimate from the model using plough positive environment as an instrument, controlling for plough
negative environment. Overall, the authors’ qualitative findings all continue to hold using the FAS:
All point estimates are still negative and statistically significant at conventional levels. Quanti-
tatively, however, the FAS point estimates all have smaller magnitudes than the original baseline
findings, except for columns 5 and 6. Excluding those columns, the point estimates are an average
of 22% smaller. Finally, note that the columns where the estimates changed the least—columns 5
and 6—are those with the largest overidentification test p-values. Likewise, the columns where the
estimates changed the most—columns 1 and 2—are the ones with the smallest overidentification
test p-values. This is to be expected, given how the overidentification test is constructed. Our point
is that the FAS is an informative complement to these p-values, since it directly summarizes the
range of estimates corresponding to non-refuted alternative models. As in our analysis of Duranton
et al. (2014), here it also highlighted the weakness of the plough negative instrument, suggesting
that the FAS point estimates we present in panel A of table 4 are more appropriate baselines than

those originally presented by the authors.

4.3 Colonial Origins of Development: Acemoglu, Johnson, and Robinson (2001)

Acemoglu et al. (2001) study the relationship between institutions and economic development.
Since this paper is exceptionally well known, here we only briefly summarize it and then present
our results. They consider a cross section of about 60 countries. Their treatment variable is the
average protection against expropriation risk between 1985 and 1995, a measure of the strength of
property rights in the country. Their outcome variable is log GDP per capita in 1995. Their primary

instrument measures mortality rates faced by early settlers in the country. Their main results (table

5The authors report overidentification test p-values of 0.31 in column 4 and 0.06 in column 8. These differ slightly
from the p-values we report in table 4. The reason is that we use heteroskedasticity robust standard errors for all
calculations, including columns 4 and 8. The authors used homoskedastic standard errors for their columns 4 and 8
overidentification test (but not for the standard errors reported under their point estimates).
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Table 5:

Results from Acemoglu et al. (2001). Non-highlighted parts reproduce results from

their paper. Highlighted parts are new. Panel B reproduces panel D of their table 8. Panel A is
analogous to their panel A of table 8, except that we also use log settler mortality as an instrument.
Columns 2, 3, 7, and 8 include a control for the number of years since independence. All other
columns do not include controls, except as indicated in the table.

Dependent variable: Log GDP per capita in 1995

1 (2 (3) 4) (5) ‘ (6) (M 8 9) (10)
Panel A. 2SLS estimates using two instruments at a time: log settler mortality paired with each of the other five instruments
Average protection 0.89%** 0.81%** 0.80%** 0.67%** 0.63*** 0.95%** 0.83%** 0.82%** 0.70%** 0.65%**
against expropriation (0.13) (0.13) (0.12) (0.11) (0.11) (0.17) (0.17) (0.16) (0.14) (0.12)
risk, 1985-1995
Latitude -0.60 -0.30 -0.21 -0.75 -0.51

(1.16) (1.08) (1.04) (0.88) (0.81)

Observations 63 60 59 60 59 63 60 59 60 59
First-stage F' stat. 174 12.1 13.3 9.97 114 10.5 7.26 7.98 7.45 8.79
Overid. p-value 0.70 0.25 0.28 0.45 0.20 0.79 0.27 0.30 0.42 0.18

FAS

[0.81,0.99] [0.45,1.03] [0.51,1.03] [0.48,0.77] [0.40,0.85]

[0.88,1.02] [0.42,1.06] [0.48,1.04] [0.49,0.84] [0.41,0.93]

Panel B. 2SLS estimates using one of the other five instruments, controlling for log settler mortality

Average protection 0.81%** 0.45* 0.51%* 0.48%* 0.40** 0.88%** 0.42 0.48% 0.49** 0.41%*
against expropriation (0.22) (0.24) (0.22) (0.22) (0.17) (0.28) (0.29) (0.27) (0.24) (0.18)
risk, 1985-1995
Log settler mortality -0.067 -0.25 -0.21 -0.14 -0.19 -0.050 -0.26 -0.22 -0.14 -0.19
(0.16) (0.16) (0.15) (0.15) (0.12) (0.18) (0.16) (0.16) (0.14) (0.12)
Latitude -0.52 0.38 0.28 -0.38 -0.17
(1.11) (0.86) (0.83) (0.81) (0.70)
First-stage F' stat. 9.34 3.66 4.87 3.56 5.88 6.58 2.50 3.21 3.25 5.36
Panel C. 2SLS estimates using log settler mortality, controlling for one of the other five instruments
Average protection 0.99*** 1.03%** 1.03%** 0.77*** 0.85%** 1.02%** 1.06%** 1.04%** 0.84*** 0.93***
against expropriation (0.32) (0.29) (0.31) (0.19) (0.25) (0.34) (0.34) (0.33) (0.25) (0.32)
risk, 1985-1995
European settlements in -0.0039 -0.0029
1900 (0.011) (0.012)
Constraint on executive -0.10 -0.099
in 1900 (0.11) (0.11)
Democracy in 1900 -0.074 -0.071
(0.086) (0.085)
Constraint on executive -0.043 -0.050
in first year of (0.064) (0.071)
independence
Democracy in first year -0.058 -0.064
of independence (0.057) (0.064)
Latitude -0.55 -0.57 -0.30 -1.07 -1.08
(1.25) (1.39) (1.30) (1.12) (1.22)
First-stage F' stat. 6.51 7.69 6.91 8.60 6.38 6.15 5.86 5.88 6.22 4.71

Notes: Homoskedastic standard errors in parentheses. *** ** *. gtatistically significant at 1%, 5%, 10%.

34



4) use just this one instrument. In table 8, however, they consider five more instruments. We focus
on that analysis.

They use the additional instruments as follows: First, they only ever consider pairs of instru-
ments. As they say in footnote 29, they do this to avoid the many instruments problem. We follow
them and also only consider two instruments at a time. For each of the five additional instruments,
they estimate the coefficient on the treatment variable using either (a) that instrument alone (their
panel A) or (b) that instrument alone but also including settler mortality as a control variable (their
panel D). They test overidentification by using a Hausman test to compare these two coefficient
estimates (their panel C). They also present the estimated coefficient on settler mortality when it is
included as a control, noting that it is not statistically indistinguishable from zero at conventional
levels (their panel D).

In our table 5 we replicate and extend those results. Whereas Acemoglu et al. (2001) focused on
using these additional instruments to perform overidentification tests, we instead focus on the point
estimates themselves. Thus in our panel A we present a new set of baseline results, which use two
instruments at a time. Acemoglu et al. (2001) did not present these results. Here we include the
classical overidentification test p-value; the authors had instead presented a Hausman test result.
Columns 1-5 present results with no control variables (except for 3 and 4, which include a single
control: years since independence) while columns 6-10 add a control for latitude.

The overidentification tests do not reject at conventional levels in each column. Nonetheless,
it is informative to ask: What estimates would we obtain from alternative non-refutable models?
The last line of panel A answers this question by presenting the FAS. This set is computed from
the estimated coefficients on the treatment variable in panels B and C. The authors had originally
computed one of the endpoints of this set, although they focused on the coefficient on the controlled
instrument. Here we compute the other endpoint of the FAS. First note that none of the instruments
are particularly strong. This is a well known problem in this specific empirical application (for
example, see pages 3072-3073 of Albouy 2012). Since we have not formally studied inference
on the FAS, we leave the question of how to accurately measure sampling uncertainty in this
application to future work. Here we will simply focus on the point estimates. For these estimates,
we use a small F-statistic cut-off for inclusion in the FAS, so that the FAS is an interval for all
specifications. For every specification, the estimated FAS always lies above zero. Hence the FAS
supports the qualitative conclusion of this paper: Increasing property rights causes an increase
in GDP. That said, for some of the specifications the length of the FAS is quite large, indicating
substantial variation in the estimated magnitude of this effect.

As in our previous examples, the authors used multiple instruments to assess validity of the
exogeneity and exclusion restrictions. They did this by focusing on a variety of statistical tests of
overidentification. Here we illustrated the value of using the falsification adaptive set to go beyond
the binary pass/fail outcome of a specification test and to instead summarize the substantive

variation in estimates obtained from alternative non-refutable models.
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4.4 Discrete Choice Demand Estimation: Nevo (2001)

In our final example, we study a classical application of instrumental variables: estimation of
consumer demand. In a series of papers Aviv Nevo estimated the demand for ready-to-eat cereal
as a first step to answering several important economic questions: How can we predict the welfare
effects of a merger (Nevo 2000)? How can we test for collusion (Nevo 2001)? How can we construct
price indices that account for new products and quality changes (Nevo 2003)7 Answering these
questions requires reliable estimates of price elasticities of demand. If one’s baseline model of
consumer demand is refuted, however, it is not clear whether the estimated elasticities from this
known-to-be misspecified model are relevant for these questions. For this reason, we recommend
computing falsification adaptive sets. These sets show the range of estimates consistent with non-
refuted models.

Since all three of the papers Nevo (2000, 2001, 2003) use essentially the same data and demand
estimation, we focus on Nevo (2001). First we briefly summarize his analysis, focusing on falsi-
fication. We then discuss our results. Here we assume familiarity with standard discrete choice

demand models. See Nevo (2011) for a survey.

Analysis from Nevo (2001)

Nevo begins by estimating a variety of logit demand models; see his table 5. In 9 out of the 10
specifications, the overidentification test rejects the model. Commenting on this, he says “it is
unclear whether the large number of observations is the reason for the rejection or that the IV’s
are not valid” (page 325). He notes that the most flexible specification, column 10, passes the test.
This specification added city fixed effects, and hence he concludes that it is important to flexibly
control for demographics. In our results below, however, the specification with city fixed effects is
strongly rejected.

In logit demand models estimated using overidentified 2SLS, the model can be refuted for two
distinct reasons: (1) The instruments are inconsistent with each other or (2) the logit functional
form is incorrect. The second issue is well known and is commonly addressed by using more flexible
models of demand, like the random coefficients logit model. Nevo presents estimates from this
model in table 6. Using these estimates he notes that the logit model “is easily rejected” (footnote
28 on page 332).

The random coefficients logit model itself, however, is falsifiable. Nevo does not report the
overidentification test result for his full model. He does report the GMM objective function value
in table 6, but it is not clear if this objective function uses the optimal weighting matrix, as required
to compute the J-test statistic. If it does, and assuming the statistic has not already been scaled
by the sample size, then the overidentification test based on the reported value easily rejects the
random coefficients logit model as well. Regardless, we also estimated the random coefficients logit
model using our data (not reported here), and it is easily rejected.

As with the baseline logit model, this could be either because (1) the instruments are invalid
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Table 6: Brands used for estimating demand

All Family / Basic Segment  Taste Enhanced Wholesome Simple Health Nutrition Kids Segment
Segment Segment
K Rice Krispies P Raisin Bran P Grape Nuts P Fruity Pebbles
K Corn Flakes P Honey Bunches of Oats K Special K Red Berry K Frosted Flakes
GM Cheerios K Raisin Bran Crunch K Special K K Froot Loops
K Raisin Bran GM Multigrain Cheerios K Corn Pops
K Frosted Mini-Wheats K Apple Jacks
Q Life

Q Cinnamon Life
Q Cap’n Crunch Crunch
Berries
Q Cap’n Crunch
GM Reese’s Puffs
GM Lucky Charms
GM Honey Nut Cheerios
GM Cinnamon Toast

Crunch
Table 7: Volume market shares
Firm 2012 Q4 2013 Q4 2014 Q4 2015 Q4 2016 Q4
Kellogg 28.23 28.18 27.76 29.00 29.89
General Mills 31.03 31.03 30.48 30.74 28.92
Post 10.46 11.26 11.73 11.56 12.21
Quaker Oats 6.59 6.50 7.08 6.82 7.25
Malt-O-Meal 3.99 4.62 4.49 4.00 4.51
Kashi 2.69 2.65 2.09 2.12 1.92
C3 69.72 70.47 69.97 71.30 71.01
C6 83.00 84.24 83.64 84.24 84.70
Private Label 15.19 13.74 13.78 13.10 12.35

or (2) the random coefficients logit functional form is incorrect. One response is to use even more
flexible models of demand. For recent work along these lines, see Compiani (2018) and Tebaldi,
Torgovitsky, and Yang (2019). An alternative approach is to maintain the random coefficients logit
functional form, but relax the exogeneity and exclusion restrictions on the instruments. Or one
could relax both assumptions simultaneously. Here we focus only on the instrument assumptions.
Moreover, we also focus only on the baseline logit demand model. Our characterization of the
falsification adaptive set (theorem 2) can be extended to the random coefficients logit model, but
since this is a substantial extension we leave it to separate work.

Finally, recall that Berry (1994, pages 252-254) shows how the nested logit model can be written
as a linear instrumental variable model with multiple endogenous variables. This result combined
with our multiple endogenous variable results in section 3.6 allows us to immediately study the
nested logit model with endogenous price. Moreover, nested logit has been used as the baseline
model in previous studies of the demand for ready-to-eat cereal—see Cotterill and Haller (1997).

We omit a full empirical study of the nested logit baseline for brevity, however.
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Table 8: Prices and market shares of brands in sample

Variation (percentage)
Description Mean Median Std Min Max | Brand City Quarter
Prices 10.38 9.56 245 5.01 18.02 85 6.7 0.8
(¢ per serving)
Advertising 5.92 4.98 5.15 0 23.76 53.6 - 3.5
(M$ per quarter)
Share within Cereal 2.8 2.47 1.73  0.22 10.95 77.6 4.5 1.2
Market (%)

Table 9: Sample statistics

Description Mean Median Std Min Max
Total Calories 136 120 35.59 100 200
Fat Calories (/100) 11 1 .08 0 .3
Sodium (% RDA/100) 07 .07 .03 0 12
Fiber (% RDA/100) .1 .08 .09 0 31
Sugar (g/100) .09 .09 .05 .01 2
Mushy (=1 if cereal gets soggy in milk) .56 1 .51 0 1
Serving weight (g) 35.96 30 11.62 26 61
Income ($) 12,659 9,052 14,453 0 791,777
Age (years) 34.92 34 21.96 0 85
Child (=1 if age < 16) 25 0 43 0 1
Data

Unlike our previous three applications, here the original data is not publicly available. We instead
construct a new dataset, following the details of Nevo (2001) as closely as possible. We consider a
panel dataset of 53 cities between 2012 and 2016. Nevo’s data covered 1988 to 1992. We obtained
quarterly data on price and quantity of each cereal sold in these cities from Nielsen scanner data.
We focus on the top 25 cereal brands, shown in table 6. Table 7 shows the volume market shares
(pounds sold) for the top 6 firms, for the last quarter of each year. Comparing this to table 1 from
Nevo (2001), we see that firm market shares are relatively stable over time. The industry continues
to be highly concentrated, with the top 3 firms having around 70% of the market and the top 6
having around 84%. The market share of private label cereals has increased somewhat, ranging
from 12 to 15% in our data, whereas it ranged from 3 to 8% between 1988 and 1992.

We obtained quarterly advertising spending from Kantar Media. Table 8 shows summary
statistics for advertising, along with price and market shares. Compared to Nevo’s table 4, we see
that prices are generally substantially lower, with less variation over time. Advertising spending
has increased substantially.

We gathered nutrition data for each cereal by examining cereal boxes. For each city we obtained
demographic information by sampling individuals from the March Current Population Survey.

Table 9 provides summary statistics for nutrition and demographics.
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Table 10: Logit demand parameter estimates. The specifications here are similar to those in table
5 of Nevo (2001).

(1) (2) (3) (4)
Panel A. OLS
Price -2.45 -1.49 -2.41 -14.97
(0.62) (0.59) (0.53) (0.34)
Adjusted R? 0.34 0.48 0.56 0.92

Panel B. 2SLS with per-quarter Hausman instruments

Price -6.67 -8.85 -6.89 -15.15
(0.84) (0.93) (0.79) (1.12)
First-stage F' stat. 730.13 391.52 378.66 65.49
Overid. test stat. 2467.31 1038.85 874.62 1085.28
Overid. p-value 0.00 0.00 0.00 0.00

Panel C. 2SLS with aggregated Hausman instruments

Price -7.50 -11.21 -10.60 -16.23
(0.76) (0.82) (0.73) (0.58)
First-stage F' stat. 6574.61 3715.17 3578.36 2134.16
Overid. test stat. 83.34 143.45 78.08 30.13
Overid. p-value 0.00 0.00 0.00 0.00
FAS (F > 10) -21.27 -15.99 -16.93 -17.97
(1.71) (1.59) (1.48) (0.66)
FAS (F > 5) -21.27 [-332.10, -15.99]  [-182.92, -16.93]  [-58.96, -17.97]
Advertising Y Y Y Y
Time fixed effects Y Y Y Y
Product characteristics Y
Brand dummies Y Y Y
Demographics Y
City fixed effects Y

Heteroskedasticity robust standard errors in parentheses.

Results
Nevo considered two kinds of instruments:

1. Cost shifter instruments: (1) annual average wages paid in the supermarket sector in each
city and (2) city density, which is viewed as a proxy for the cost of rent. In our data, these

instruments are very weak. We do not use them in our main analysis.

2. Hausman instruments: “Regional quarterly average prices (excluding the city being instru-
mented) in all twenty quarters.” Taken together, these instruments are very strong. Our
falsification adaptive set analysis, however, requires us to consider the strength of each in-
strument conditional on the others. In this case, most of these instruments become very weak.
For this reason we also consider aggregated versions of the Hausman instruments: (1) The
regional average lagged price, (2) the regional average contemporaneous price, and (3) the

regional average lead price. For all three instruments we exclude the city being instrumented.

Table 10 shows our main results. We consider four specifications. All specifications include

advertising and time fixed effects. Column 1 includes product characteristics as controls. Columns
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2—4 replace these with brand dummies. Column 3 adds demographic controls: log of median income,
log of median age, and median household size. Column 4 replaces this with city fixed effects. Panel
A shows the OLS results. Panel B shows 2SLS results using the per-quarter Hausman instruments
while panel C uses the aggregated Hausman instruments.%

First consider panel A. In the first three columns, the OLS point estimates are much smaller
in magnitude than the 2SLS point estimates. In column 4 the OLS and 2SLS estimates are quite
similar. However, notice that the overidentification test easily rejects all specifications (columns
1-4, panels B and C). This suggests that the instruments may not be valid. There has in fact been
substantial debate over the validity of these instruments. See Bresnahan’s comment on Hausman
(1996).

To address this concern, we next estimate the falsification adaptive set. As discussed above, we
only do this for panel C. We consider two different cut-offs for the definition of a weak instrument:
F >10 and F > 5 (see section 3.4). With the stricter cut-off, only one of the three 2SLS estimates
is not weak, and thus the estimated FAS is a singleton. All the point estimates are larger in
magnitude than the corresponding baseline estimates. The coefficients are also more stable across
specifications. With the weaker cut-off, the FAS is an interval for columns 2-4. The length of
this interval shrinks substantially as we move from column 2 to 3 to 4. Consider the FAS in
column 4: [—58.96, —17.97]. All elements of this interval are larger in magnitude than the estimate
—16.23 from the refuted baseline model. They are also larger than the OLS estimate of —14.97.
In the logit model the price elasticities are proportional to the coefficient on price. So the lower
bound on the FAS in column 4 suggests that the price elasticities could be as much as about three
times larger than those suggested by the refuted baseline estimate. Thus ignoring the result of the
overidentification test and using the baseline estimates anyway could lead to a large under-estimate
of these elasticities. The falsification adaptive set is a constructive and informative tool researchers
can use when their baseline model is rejected.

We conclude this section by briefly comparing our analysis with that of Nevo and Rosen (2012),
who also study discrete choice demand models. They derive identified sets under a discrete relax-
ation of the classical instrument exogeneity and exclusion restrictions. They do not discuss the
general problem of salvaging a falsified model. In particular, their identified sets can be empty.
They do not discuss what researchers should do in this case. Furthermore, we relax instrument
validity in a different and non-nested way. Hence our analysis is complementary to theirs. Using
our data, we estimated the Nevo and Rosen identified set for the coefficient on price. Under their
assumptions 3 and 4, and for the specification in column 4 of table 10, this set is (—oo, —16.727].
This set is unbounded from below and strictly contains the estimated FAS [—58.96,—17.97]. In
their proposition 5 they discuss an additional assumption which can sometimes be used to obtain

a bounded identified set. They only consider the two instrument case, and hence we cannot apply

5Tn panel A: Column 1 corresponds to column 1 of Nevo’s table 5, Column 2 to his column 2, and column 3 to
his column 3. He did not present the specification in our panel A, column 4. In panel B: Column 3 corresponds to
Nevo’s column 9, and column 4 to his column 10. He did not present the specifications in our panel B, columns 1
and 2. He also did not present any of the specifications in panel C.

40



their result here. Moreover, this result requires choosing a sensitivity parameter v a priori. By

definition, the FAS does not require choosing any sensitivity parameters.

5 Heterogeneous Treatment Effect Models

Even when both instrument exogeneity and exclusion assumptions hold, the classical overidentifying
restrictions (2) may fail when the homogeneous treatment effects assumption fails. Hence we next
consider models with heterogeneous treatment effects. In section 5.1 we consider binary outcomes
while in section 5.2 we consider continuous outcomes. As earlier, we omit additional covariates for

simplicity.

5.1 Binary Outcomes

Unlike the baseline model in section 3 using zero-correlation conditions, the baseline model we
study here using statistical independence assumptions is falsifiable even with a single instrument.
Thus we begin with the case where a single binary instrument is available. This allows us to explain
the main ideas and results while keeping the notation simple. After this, we consider the general
case where multiple discrete instruments are available.
Let X € {0,1} denote the observed treatment variable. Let Y;,Yy € {0,1} denote binary
potential outcomes. We observe
Y=V X+Y(1-X). (11)

Let Z € {0,1} denote an observed instrument. As mentioned above, we consider multiple discretely
supported instruments later. Thus we observe the joint distribution of (Y, X, 7). Consider the

following assumption.
Assumption B1 (Instrument exogeneity). Z 1 Y; and Z 1 Y.

In this model, Manski (1990) derived the identified set for P(Y, = 1) for x € {0,1} as well as

the identified set for the average treatment effect
ATE=P(Y1=1)-P(Yy =1)

under B1.” Balke and Pearl (1997) showed these identified sets can be empty, and hence that this
model is falsifiable. Consequently, researchers whose model is falsified face the same question we
discussed earlier: What should they do? We answer this question using the four recommendations
provided in section 2. To do this, we must first define continuous relaxations of the instrument

exogeneity assumption B1. We do this using the following concept from Masten and Poirier (2018a).

"Manski’s (1990) analysis considered a general case which does not require outcomes, treatment, or instruments
to be binary. In this general setting, he used a mean independence assumption. When outcomes are binary, mean
independence of Y, from Z is equivalent to statistical independence of Y, and Z.
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Definition 4. Let = € {0,1}. Let ¢ be a scalar between 0 and 1. Say Z is c-dependent with Y, if

sup |P(Z=1|Yo=y,) —P(Z=1)<c (12)
Yz €supp(Yz)

When ¢ = 0, c-dependence is equivalent to Z 1L Y,. When ¢ > max{P(Z = 1),P(Z = 0)},
c-dependence does not constrain the stochastic relationship between Z and Y,. ¢ € (0,1) partially
constrains the stochastic relationship between Z and Y,. Specifically, while it allows the probability
of Z =1 given Y, = y, to vary with y,, it must be within a band around the unconditional
probability:

PZ=1|Y,=y) €[P(Z=1)—¢c, P(Z=1)+¢|N]0,1]

for all y, € supp(Yz). Masten and Poirier (2018a) give additional discussion of how to interpret
c-dependence.

Thus we relax B1 as follows.
Assumption B1’ (Instrument partial exogeneity). Z is c-dependent with Y7 and with Y.

Under this relaxation, we will derive identified sets for various parameters of interest. We use
these identified sets to characterize the falsification point and the falsification adaptive set. We can
also use these identified sets to do sensitivity analysis beyond the falsification point.

Let pz = P(Z = 1). The following assumption rules out trivial cases.
Assumption B2. Suppose pz € (0,1). Suppose P(X =1|Z =z2) € (0,1) for z € {0,1}.

First we set up some notation. Then we state and discuss the main theorem. For z € {0, 1},

define
P(Z = z)max{P(Z =1—z) — ¢,0}

kz(c) = ]P’(Z =1 Z) min{]P’(Z = Z) +c, 1} ‘

(13)

Note that k,(0) = 1, k(1) = 0, and k,(-) is weakly decreasing on ¢ € [0,1]. Using this function,
define the set

D(c) = {(ag,a1) € [0,1)? : a1 € [agko(c), 1—ko(c)+aoko(c)], ap € [a1ki(c), 1—k1(c)+arki(c)]}, (14)
which depends only on ¢ and the marginal distribution of Z. For z € {0, 1}, define

Ho=PY =1,X=2|Z=0),PY=1,X=2|Z2=0+P(X=1—2|Z=0)] (15)
x[P(Y=1,X=2|Z=1),PY=1X=z|Z=1)+PX=1-2|Z2=1)],

which depends on the joint distribution of (Y, X, Z). Let

denote the intersection of these two sets.
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Figure 6: Example identified sets for (P(Y, =1|Z =1),P(Y, =1| Z =0)). Here pz = 0.5. Left:
c = 0. Middle: ¢ =0.1. Right: ¢ = 0.4.

Theorem 5. Consider the binary outcome, binary treatment model (11). Suppose the joint dis-
tribution of (Y, X, Z) is known, where Z is binary. Suppose B1’ and B2 hold. Then the identified
set for

PYo=1|Z2=0),PYo=1|Z=1),PY1=1]Z=0),PY1=1|Z=1))

is ©p(c) x O1(c). Consequently, the model is falsified if and only if this set is empty.

The identified sets in theorem 5 are defined via two kinds of constraints: the set D(c) and the
sets H, for x € {0,1}. The set H, is simply the identified set for

(P(Y,=1]|Z2=0), P(Y,=1|Z=1))

without imposing any assumptions on the stochastic relationship between Y, and Z, as derived by
Manski (1990). This set can be thought of as the intersection of two pairs of parallel half-spaces.
The shaded boxes in figure 6 show one example of this set.

The set D(c) imposes the c-dependence constraint. For example, if ¢ = 0, it imposes that
PY,=1|Z=0)=PY,=1|Z2=1)

for x € {0,1}. This is simply the statistical independence assumption B1 studied by Manski (1990).
Thus the identified sets in theorem 5 simplify to those derived by Manski when ¢ = 0. As c¢ gets
larger, we no longer require the values P(Y, = 1| Z = z) for z € {0, 1} to exactly equal each other,
but we do require them to be sufficiently close, as defined by the set D(c). Specifically, it constrains
the pairs (P(Y; = 1| Z =0),P(Y, = 1| Z = 1)) to lie inside a diamond-shaped parallelogram,
as shown in figure 6. As c gets larger, this parallelogram gets larger, eventually approaching the
entire square [0,1]% as ¢ — max{pz,1 — pz}. Thus, for ¢ > max{pz,1 — pz}, theorem 5 simplifies
to the no assumption bounds derived by Manski (1990). Thus theorem 5 continuously connects the
no assumption bounds with the bounds under the statistical independence assumption B1.

While the no assumption bounds (¢ > max{pz,1 — pz}) are never empty, the bounds under
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Figure 7: Example identified set for (P(Y, =1|Z =1),P(Y, =1 | Z =0)). Here pz = 0.5. Left:
¢ = 0. We see that the baseline model is falsified. Middle: ¢ = ¢* = 0.1, the falsification point. Here
we have relaxed the assumption just enough that the model is no longer falsified. Right: ¢ = 0.3.
Relaxing independence even further increases the size of the identified set.

statistical independence (¢ = 0) can be empty, and hence the baseline statistical independence
assumption can be falsified. This happens when, for some x € {0,1}, the no assumption bounds
‘H, have an empty intersection with the statistical independence constraint set D(0). Graphically,
this happens when the box defined by the no assumption bounds does not intersect the 45-degree
line. This is shown in figure 7. The falsification point is simply the smallest ¢ such that the
parallelogram defined by D(c) has a nonempty intersection with the no assumption bounds #, for
each x € {0, 1}. This intersection is illustrated in the middle plot of figure 7.

We next state some useful properties of the identified set given in theorem 5.
Proposition 6. Suppose the assumptions of theorem 5 hold. Then:

1. There is a value ¢* € [0, 1] such that Oy (c) x O1(c) is empty for all ¢ € [0, ¢*) and is non-empty
for all ¢ € [¢*,1]. The value ¢* is point identified.

2. For each ¢ € [¢*, 1], the set Og(c) x O1(c) is a closed, convex polytope in [0, 1]*.
3. The correspondence ¢ : [¢*,1] = [0,1]? defined by ¢(c) = Og(c) x O1(c) is continuous.

The value ¢* is the falsification point. In the simple model with a single binary instrument it is
possible to give a closed form expression for the falsification point, but we omit it for brevity. For
part 2, recall that a polytope in [0, 1]* is a set that can be written as the intersection of finitely many
half-spaces. We use continuity of the correspondence ¢ below to show that bounds on functionals
like ATE are continuous in c.

We next show how to use theorem 5 to get identified sets for the counterfactual probabilities

P(Y, = 1) and for the average treatment effect. By the law of total probability,

P(Y,=1)=P(Y,=1|Z=0P(Z=0)+P(Y,=1|Z=1)P(Z=1).
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The weights P(Z = 0) and P(Z = 1) are point identified. The joint identified set for P(Y, = 1 |
Z=0)and P(Y, =1| Z =1) is given by O,(c). Thus we can simply minimize and maximize the

above convex combination over this set to obtain the identified set for P(Y, = 1). Hence we define

P(e) = sup (aoP(Z =0) + aP(Z = 1))
(a0,a1)€0:(c)
and

P,(c)=  inf P(Z=0 P(Z =1)).
P.(c) (@008, (0 (aoP( ) + a1 P( )

These are both finite dimensional linear programs and hence can be computed easily.
Corollary 5. Suppose the assumptions of theorem 5 hold. Then:

1. Let ¢ € [¢*,1]. The identified set for (P(Yy = 1),P(Y; = 1)) is Ip(c) x Ii(c) where I, =
[P,(c), Py(c)] for = € {0,1}.

2. For z € {0,1}, the functions P,(c) and P,(c) are continuous and monotonic over ¢ € [c*, 1].

3. Let ¢ € [¢*,1]. The identified set for ATE is [ATE(c), ATE(c)] where

ATE(c) = Py(c) - Polc)  and  ATE(c) = Py(c) - Py(o).

The falsification adaptive set for P(Y, = 1) is [P,(c*), Px(c*)]. This will be a singleton for one
x € {0,1} and will typically be an interval with a nonempty interior for the other value of z. This
can be seen in figure 7. In the middle plot, P(Y, = 1) is point identified since ©,(c*) is a singleton.
There is an analogous plot, however, for P(Y;_, = 1 | Z = z). In this plot, the box H, will typically
not also have a singleton intersection with the diamond D(c*). Thus P(Y;_, = 1) will typically
be partially identified. This discussion implies that ATE will typically be partially identified at
the falsification point. That is: The falsification adaptive set for ATE, [ATE(c*), ATE(c*)], will

generally be an interval with a nonempty interior.

Generalization to Multiple Discrete Instruments

We next consider the case where there are multiple discrete instruments. We relax each instrument
exogeneity condition separately. We derive identified sets for a given relaxation of the instrument
exogeneity conditions. As before, this allows us to derive the falsification frontier and the falsifica-
tion adaptive set.

Suppose we observe L > 1 instruments, Z = (Z1,...,Z1) € RL. Let supp(Zy) = {#},. .. ,zgé}
for some constant J;,. For notational simplicity we only consider the case J, = J for all ¢ €
{1,...,L}. As in theorem 5, we will derive the joint identified set for the probabilities

P(Y, =1|Z = z])
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for x € {0,1}, £ € {1,...,L}, and j € {1,...,J}. For each = € {0,1}, there are LJ conditional
probabilities. As in the single binary instrument case, we make the following assumption to rule

out trivial cases.

Assumption B2’ Forall ¢ € {1,...,L} and j € {1,...,J},
1. P(Z, = 2)) € (0,1).
2. P(X =1 % = z)) € (0,1).

Let Z_, denote the vector of instruments without Z,. Z has J* support points while Z_, has
JLfl

JL=1 support points. Let supp(Z_s) = {z%,,...,27,  }. By the law of total probability,

P(Yy =12 ==))
=PY=1|X=2,Z=2)P(X=x|Z=2)

JL—l

+ > PYa=1|X=1-a,Z=2,Z4=2")P(X=1-2,2_,=2"]2 =2))
k=1

=PY=1,X=x|Z=2z)
JL—l

+ Y PYa=1|X=1-2,Z=2,2_4=2")
k=1

PX=1-x,2Z=2),Z_4=2",)

P(Zy = 2]) 4o)

The terms

P(X=1-x,7Z=2),Z4=2",

P(Y=1,X=x|Z=2) and .
P(Zy = %)

are observed directly in the data. In contrast, the probabilities
P(Y,=1|X=1-22=2,74=2%)

are not observed. We do know that they must lie in the interval [0, 1], however. For each = € {0, 1},
there are J* of these unknown probabilities. Thus for each z € {0, 1} the LJ probabilities P(Y, =
1|2, = zz) are determined by a system of L.J known linear functions of J» unknowns which are
all bounded between 0 and 1. Denote this set by

H, = {a € [0,1]* :a=b, + A,q for some q € [0, 1]JL} (17)
where b, € R is defined by

bl =PY =1LX=1|2 =z
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forte{l,....,L},je{l,...,J} and A, € REIXI" ig defined by

PX=1-227=2")
P(Z; = z])

[As](—1)74jm = 1([z"]¢ = 2)
for 0 € {1,...,L}, j€{1,...,J}, m e {1,...J5}. Here we use 2™ to denote the mth element of
the support of Z.

Although this notation is a bit complicated, it is simply the vector description of equation (16)
above: The elements of b, are the intercepts, while the non-zero elements of the matrix A, are

elements of the form
PX=1-x,7Z,=2%|2=2)

for some ¢ € {1,...,L},j€{1,...,J},and k€ {1,...,J"1}.

As in the single instrument case, this set H, is the identified set for the joint vector of P(Y, =
1] Z,= zg ) probabilities with no assumption on the dependence between Y, and each instrument
Zy. We next consider constraints on this dependence. As before, we relax independence using

c-dependence. Specifically, we make the following assumption.

Assumption B1” (Instrument partial exogeneity). For each ¢ € {1,... L}, let ¢, be a scalar
between 0 and 1. Then
‘P(Zg = zz ’ Y, = ym) — P(Zg = Zz)’ < ¢

for each j € {1,...,J}, £ €{1,...,L}, y, € supp(Yz), and z € {0, 1}.

This assumption generalizes c-dependence to allow for multiple discrete instruments. As in the
single binary instrument case, ¢, = 0 implies Y, 1 Zy, while ¢, > 0 allows for some dependence.
Importantly, we allow ¢; to vary across instruments. Let ¢ = (c1,...,cp).

As shown in theorem 6 below, the set

L
D(c) = [[ Delcr)
{=1
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where

Dy(ce) = {ae 0,17 : Forall j =1,...,J, (18)
J
P(Z; = z))a; — min{P(Z, = 2]) + ¢, 1} Y P(Zy = 2f)ag <0,
k=1
P(Z, = zé) —max{P(Z, = z;) — ¢;,0} Z]P’ May >0,
P(Zy = z)(1 — aj) — min{P(Z, = z}) + ¢4, 1} ZIP(Zg =251 —ax) <0,
k=1
P(Z; = 2))(1 — a;) — max{P(Z, = —c@,o}ZP )1 —ay) > 0}

characterizes the constraints that B1” imposes on the probabilities P(Y, = 1| Z, = Ze) This set
D(c) generalizes the parallelogram defined by equation (14). As in the single binary instrument
case, it is defined by a finite number of linear inequalities.
Let
O,(c) =D(c) N Hy

denote the intersection of these generalized diamond and box sets.

Theorem 6. Consider the binary outcome, binary treatment model (11). Suppose the joint dis-
tribution of (Y, X, Z) is known. Suppose B1” and B2’ hold. For = € {0,1}, let

pe={P(Yo=1|Zr=2):0e{l,....L},j € {j,..., T} }.

Then the identified set for (pg, p1) is Op(c) X O1(c). Consequently, the model is falsified if and only
if this set is empty.

This result is a direct generalization of theorem 5. All of the discussion and interpretation there
applies here as well. One new issue arises: The baseline model, ¢ = (0, ...,0), is falsifiable even if
none of the instruments are falsifiable themselves. That is, consider the model that imposes Y, 1L Z,
but no constraints on the statistical dependence between the other instruments Z_, and Y,. We
can obtain this model by setting ¢ = ¢ — e, where ¢ is a vector of 1’s and ey is the unit vector.
Suppose this model is not falsified, regardless of which instrument £ we choose to impose exogeneity
on. Despite this, it is nonetheless possible that the baseline model ¢ = (0,...,0) is falsified. In this
case the instruments are incompatible with each other.

As in proposition 6 in the single binary instrument case, we next state some useful properties

of the identified set given in theorem 6.

Proposition 7. Suppose the assumptions of theorem 6 hold. Then:
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1. There is a closed set C C [0, 1]* such that ©g(c) x ©1(c) is non-empty for all ¢ € C. The set
C is point identified.

2. For each ¢ € C, the set ©g(c) x O1(c) is a closed, convex polytope.

3. The correspondence ¢ : C = [0,1]%%/ defined by ¢(c) = Og(c) x O1(c) is continuous at any
¢ € C such that int(H,) Nint(D(c)) # 0 for x € {0,1}.

The set C is the set of all instrument partial exogeneity assumptions which do not refute the
model. The complement of this set is the set of all instrument partial exogeneity assumptions which

are refuted. The falsification frontier in this case is defined as follows. Let
Sce={ce0,1]F:é< ¢}
be the set of points which are smaller than ¢. Then
FF = {ce[0,1]F: S.. C ([0,1]F\ C)}. (19)

This is the set of all points ¢ such that any points smaller than ¢ are not in C. This frontier is
identified from the data since C is defined implicitly by {©g(c) x ©1(c) : ¢ € [0,1]F}, which is point
identified.

We next show how to use theorem 6 to get identified sets for counterfactual probabilities P(Y, =

1) and for the average treatment effect. Define

J L
Po()= sup > > ag_1)s4;P(Ze = 2])

ac0,(c) j=1 r=1

and
J L

Po(o)= inf >3 ag_1)4P(Z = 2).
a€0,(c) 4
j=1/4=1

As in the single binary instrument case, these are both finite dimensional linear programs and hence
can be computed easily.
Corollary 6. Suppose the assumptions of theorem 6 hold. Then:

1. Let ¢ € C. The identified set for (P(Yo = 1),P(Y7 = 1)) is Ip(c) x Ii(c) where I, =

[P, (c), Px(c)].
2. For x € {0, 1}, the functions P, (c) and P,(c) are continuous at any ¢ € C such that int(#,)N

int(D(c)) # 0. Moreover, they are monotonic in each component of c.

3. Let ¢ € C. The identified set for ATE is [ATE(c), ATE(c)] where

ATE(c) = P;(c) — Po(c) and ATE(c) = Pi(c) — Py(c).
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In the single binary instrument case, there is a simple closed form expression for the falsification
point ¢*. Consequently, computing the falsification adaptive set for ATE can be done easily by using
linear programming to compute P,(c*) and P,(c*). In the multiple discrete instrument case, there
is not a simple closed form expression for the falsification frontier. Nonetheless, it can be computed
by a sequence of convex optimization problems. Specifically, the sets D(c) and H, are polytopes

in R/, Define the ‘distance’ between these polytopes as

dist(D(c), Hz) = (vlm)é%f(c)x?{z lvr — val.
The model is refuted if and only if dist(D(c), H,) > 0 for some = € {0,1}. For any ¢, the distance
between these polytopes can be computed via convex optimization. Thus one can do a grid search
over ¢ and collect all values where the distance is zero for both z € {0, 1}, and hence the model is not
refuted. This is a numerical approximation to the set C. We can then use this set to approximate
the falsification frontier.

Given this approximate falsification frontier, we can compute the falsification adaptive set for
ATE as follows. For any ¢, we can compute P,(c) and P,(c) via linear programming, since the
objective function is linear and the constraint set is a polytope in R*/. Thus we can simply compute
these bounds for all ¢ € FF. The union of those bounds is the falsification adaptive set. Identified

sets for ATE at values of ¢ beyond the falsification frontier can be computed similarly.

5.2 Continuous Outcomes

In section 5.1 we considered binary outcomes, binary treatment, and multiple discrete instruments.
In this case, the joint distribution of the data is characterized by a finite dimensional vector. It
is well known that with discretely distributed data identified sets can often be computed using
linear programming; see our literature review in appendix A. There are two advantages, however,
to deriving analytical results like those of theorems 5 and 6. First, they can explain the role of
identifying assumptions, as illustrated in figures 6 and 7. Second, they allow us to generalize the
results to cases where brute force computation is costly or impossible. In this section, we show that
the analytical results we derived under binary outcomes generalize to continuous outcomes. This
leads us to a relatively simple and feasible approach for computing identified sets, falsification fron-
tiers, and the falsification adaptive set under relaxations of instrument exogeneity with continuous
outcomes.

We begin by assuming that outcomes are continuously distributed.

Assumption C1. For any x,2’ € {0,1} and z € {0,1}%, the distribution of Y | X =2/, Z = z is

continuous with respect to the Lebesgue measure.

Assumption C1 supposes that, conditional on the treatment and instruments, potential out-
comes are continuously distributed. It implies that, conditional on the treatment and instruments,

observed outcomes are also continuously distributed. We also suppose there are L binary instru-
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ments Z = (Z1,...,7Z1). We can allow for discrete instruments as in section 5.1, but we only
consider binary instruments to simplify the notation.
Let P(A) denote the set of densities (with respect to the Lebesgue measure) with support

contained in A. This set can be written as
P(A) = {P : / p(y)dy =1, p(y) >0 for all y € R} .
A

We begin by considering the baseline case where the instruments are exogenous. When there is just
a single instrument, this setting was studied in Kitagawa (2009). The following result is essentially

his proposition 3.1.

Proposition 8. Let L = 1. Suppose C1 (continuous outcomes) and Bl (instrument exogeneity)
hold. For each x € {0,1}, let ), be a known set and suppose supp(Yz) C V,. Then the identified
set for (fy,, fy,) is

{fl ePO): fi() = max frxiz(1] Z)} X {fo € P(o): fol-) = max fyx)z(5 0] Z)} -
Consequently, the model is refuted if

max fyx|z(y,z | 2) dy >1
yz z70,1

for some x € {0,1}.

The assumption that supp(Y,) C ), is not restrictive since we can let ), = R, but this notation
allows us to impose bounds on the support if they are known.

We generalize proposition 8 in two ways. First, we consider an arbitrary number L of binary
instruments. Second, we relax instrument exogeneity Bl to instrument partial exogeneity B1”.
As discussed above, our proof strategy generalizes the result in section 5.1. Independence of each

instrument with each potential outcome requires that

sz|Zg(y | 1) = sz\Zg@ 1 0)

for all y € R and ¢ € {1,...,L}. This constraint is analogous to the diagonal constraint in the
left plots of figures 6 and 7. The c-dependence assumption B1” does not require the densities
fyv,1z,(- | 2) to be the same for all z € {0,1}, but it bounds the variation across z by a magnitude
determined by the vector c of sensitivity parameters. We make this constraint precise below.

Analogously to section 5.1, we will derive the joint identified set for the conditional densities

{fyx‘zg(' | 2) 2 €{0,1},2 € {0,1},£ € {1,...,L}}

under instrument partial exogeneity. We define the following notation for these densities. For all
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¢e{l,...,L} and z € {0,1}, let

£,z — <fyng(: : (1))> € P(supp(Yz | Z¢ = 0)) x P(supp(Y, | Z, = 1))

AAGIRY
and
fy, 1z
(fy,1z)ane = | 1l (P(Supp(Yx | Ze = 0)) x P(supp(Yz | Z¢ = 1)))-
sz|ZL /=1

Thus we will derive the joint identified set for the vectors (fy;z,)an ¢ and (fy;|z,)an ¢-
This identified set has a structure analogous to that in section 5.1. Thus we first define the
continuous outcome generalization of the set D(c) defined in equations (14) and (18). To do this,

define
P(Zy = z)max{P(Zy =1 — z) — ¢4,0}

P(Zy=1—-2z)min{P(Z; = z) + ¢4, 1}
for ¢ € {1,...,L} and z € {0,1}. This function generalizes equation (13). For each z € {0, 1},

let )V, be a known set. We assume this set contains the support of Y, | X, Z for all values of the

ki(co) =

conditioning variables. Define

Dasler) = {(F(10), F(- | 1)) € P)? 5 F(- | 0)kf(ee) < f(- 1) and f(- | Dkf(er) < (-] 0)}

for ¢ € {1,...,L} and = € {0,1}. This set generalizes equations (14) and (18). It depends on
x € {0,1} only via the possibility that ), might depend on z. Finally, take the product to get

We will show that D, (c) is the set of densities (fy,|z,)an ¢ consistent with c-dependence (B1”). Note
that setting ¢, = 0 implies that fy,|z, = fv,, as required by the baseline model.

Next we generalize the set H, defined in equations (15) and (17). With continuous outcomes
this will be the set of proper densities (fyz| Zg)all ¢ consistent with the observed data. Let A, be the
2L x 2 matrix such that for £ € {1,...,L} and m € {1,...,2F}:

PX=1—-2,7Z=2")

[Az](—1)241,m = P(Z, = 0) ]l([zm]g — 0)
and PX=1—-2,7=2m) m
[Ax](2—1)2+2,m = P(Zg _ 1) ]l([Z ]g = 1)
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Here we use z™ to denote the mth element of the support of Z. Let

fy x|z, (, @)

N <fY,X|Zg('7x | 0)

f LX) = and f S x))all ¢ =
v,x12, (5 ®) fY,X|Z£('7$\1)> (fy, x|, () )an ¢

fy x12, ()

These are vectors of observed densities of outcomes and treatment conditional on different instru-

ments. Define

Hy = {fx € P(yx)ZL £ = (fy,x)2,(-,7))an ¢ + Azq for some q € P(yx)zL} .

This set generalizes equation (17). Finally, let
O.(c) = Dy(c) N Hy.

Theorem 7. Consider the continuous outcome, binary treatment model (11). Suppose the joint
distribution of (Y, X, Z) is known. Suppose C1, B1”, and B2’ hold. For each = € {0, 1}, let ), be
a known set and suppose supp(Yy | X =2/, Z = 2™) C Y, for all 2’ € {0,1} and m € {1,...,2F}.
Then the identified set for ((fy,|z,)an ¢, (fy;|z,)an ¢) is

@0(6) X @1(6).

Consequently, the model is falsified if and only if this set is empty.

As in proposition 8, knowledge of the set ), is not restrictive since we can let ), = R, but this
notation allows us to impose bounds on its support if they are known. We could also generalize
this set to allow it to vary with 2’ and 2™, at the cost of additional notation.

The identified set Og(c) x ©1(c) is a convex set of functions defined by linear equality and
inequality constraints. It weakly expands as components of ¢ increase. It nests the identified set
under the baseline independence assumption (¢ = 0) and the identified set under no assumptions
on the dependence between potential outcomes and instruments (¢ = ¢, an L-vector of ones).

For a given c¢, this identified set can be empty, which implies the model at that c¢ is falsified.
Define

C={ce0,1]F:00(c) x O1(c) # B}.

This is the set of all partial exogeneity assumptions which are not refuted. It has the property
that ¢ € C and ¢ > ¢ implies ¢’ € C. Using this set, we can compute the falsification frontier as in
equation (19).

As in section 5.1, we can obtain the identified set for functionals of the densities fy,|z, via
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convex optimization. For example, the identified set for (fy,(+), fv,(-)) is Io(c) x I1(c) where

I(c) ={f € PVs) : () = fryz ( | O)P(Z1 = 0) + fy, 12, (- | VP(Z1 = 1)
where (fy,z,(- | 0), fy,|z, (- | 1)) is the first component of some (fy,|z,)an ¢ in Oz(c) }.

Given this identified set, suppose we are interested in a linear functional

L'(f1, fo) :/

wi(y1) fi(yr) dy +/ wo(yo)fo(yo) dyo
V1

Yo
where w; and wp are known weight functions. For example, with wi(y) = vy and wo(y) = —v,

I'(f1, fo) equals the average treatment effect. Let

T(c)= sup /wl(yl)fl(yl)dyl+ sup /wo(yo)fo(yo) dyo
fi€li(c) J Y1 fo€lo(c) /Yo

and

['(c) = inf dy1 + inf / dyo.
v = it [ s dn s int et o) d

Then [[(c),T(c)] is the closure of the identified set for I'(fy;, fy;). This follows by convexity of
the identified set in theorem 7. These bounds are weakly increasing in each component of c. We

discuss computation next.

Computation

The identified set Op(c) x O1(c) is infinite dimensional, since it is a set of nonparametric densities.
Suppose we are interested in linear functionals I'(f1, fo). Even though the corresponding identified
set—when it is nonempty—is an interval, we have characterized it via optimization over the infinite
dimensional spaces ©,(c). Here we discuss one approach to computing these identified sets in
practice. When the baseline model is falsified, this will also allow us to compute approximations
to the falsification frontier and the falsification adaptive set. Specifically, we will approximate
the infinite dimensional space of densities of interest by a finite dimensional sieve space. Similar
approximations of identified sets have been used in Mogstad, Santos, and Torgovitsky (2018), for
example. Alternatively, it is likely that the computational approach developed in Christensen and
Connault (2019) could be adapted to our setting. Unlike the sieve based approach we consider
below, the dimension of their optimization problem does not depend on the precision of the density
approximation. We leave the application of their approach to our problem to future work.

For simplicity, let Y = [0,1] for € {0, 1}. This restriction can be relaxed by transforming the
outcome variable to have support in the unit interval. We also assume that for any z,2’ € {0,1}
and z € {0,1}* the density fy.1x,z(- | @', 2) is continuous on [0,1]. Let ﬁ([O, 1]) denote this set of
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continuous pdfs. Let

M
FM = {fM(y) = Z ambm (y) : (a1,...,an) —a' e ‘AM}
m=0
) = 2B () 0 € Ay}

where Ay € RM and {b,,(-)} are known basis functions. We assume that every element of P([0, 1])
can be approximated by a sequence of elements in Fj; as M — oco. For example, FM could be a
set of Bernstein polynomials, which can uniformly approximate any continuous function on [0, 1].

For Bernstein polynomials,

M
AM:{aM:amzo,Zamzl}.
m=0

Hence Ay is a closed, bounded, and convex subset of RM.

To approximate O, (c) = D,(c) N H,, we approximate each of the sets D,(c) and H,. We first
consider a finite dimensional approximation to the set Dy (c). Since Y, = [0, 1] does not depend on
x, we let D(c) = D(c). Let

D} (ce) = {(f(‘ 10), £(- 1 1)) = (@(0)'BM (), a™(1)BY () : a™(0),a" (1) € Anr,

/

(aM(O)kS(q) - aM(1)) bM(y) <0 and

/

<aM(1)kf(Cg) — aM(O)) bM(y) <0 for all y € [0, 1]}

Define the set

AM (¢p) = { (2™ (0),aM (1)) € Aps x Ay : <aM(O)kS(Cg) - aM(1))'bM(y) <0 and

/

<aM(1)kf(Cg) - aM(O)) bM(y) <0 for all y € [0, 1]}
Then
Dy () = {(F(-10). (- 1)) = (@ (0)BY (), a™ (1)DY () : (a(0),a™ (1)) € A" (co)} -

The set AM (c;) is closed and convex since it is defined by a finite number of weak inequalities. There
are a continuum of inequalities, however. In practice, we also approximate .Aé\/[ (cg) as follows. Pick
a grid of points {y1,...,yn} C [0,1] that becomes dense in [0,1] as N — oco. Then let Aéw’N(cK)
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be the set of coefficients a (0) and a™ (1) satisfying
/
(2™ (O)kf(cr) — a (1)) B (y) <0

and
(a™ (1K (cr) — 2™ (0)) B (y) <0

for all n € {1,...,N}. This is a finite set of linear inequalities. We keep the N implicit in the
notation from here on.

Approximate the overall set D(c) by the product
L
DM (c) = [ P2 (c0)-
=1
This set is characterized by
L
AM(c) = [T A (co),
=1

a closed, convex, and bounded set in R?ML,

We similarly approximate H, by a finite dimensional set. Let
fyix,z,(- | )
fyvix,z (| x,0) o
fyix,z,( | ) = ( %2 2 and (fyix,z(C [ 2)an e =

f s g( )
e fyx.2, (- | )

These conditional pdfs are point identified directly from the data. For each z € {0, 1}, we approx-

imate fy|x,z,(- | =, 2) by

M
Wixz,(12,2) = (@ 2)mbm(:)
m=0
= ££<sz>M/bM(.)

where {b,,(-)} are known basis functions. When these basis functions are orthonormal, so that

this approximation can be obtained choosing

1
€02, 2)m = /0 Frix.z, (| 2 2)bm(y) dy.
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More concretely, if we use a Bernstein polynomial approximation, then

&, 2)m = fy|x.2, (% | x,z) .

Here we have approximated the conditional distribution of Y | X, Z. But H, is defined in terms of
distributions of (Y, X) | Z. We can write the vector (fy,x|z(y,2))an ¢ as

(v, x1z(¥: 2))an ¢ = Ba(fy|x,2(y | 2))an ¢
where

P(X =z | Z =0) 0 0
0 P(X=z|Z =1) ... 0

0 0 o P(X=2|Z,=1)

Hence its approximation can be written as

(Fy.x12(y, 2))an ¢ = B,EYbM (y)

where
& (z,0) (x,0) ... M(z,0)
1) &z,1) ... (1)
=M _ . . .
&1 (x,0) & (x,0 &Y (x,0
Ep(x,1) &f(x,1 & (2,1
Next, approximate P(yx)2L by
{£() =M ()i, ...yt € AV}
where
ocind
I'= :
vor

is a 2 x M matrix of coefficients. Thus we approximate H, by

H = {f(y) = (B.EM + A, DM (y) t v, y0r € Ay}
— {f(y) = EMbM(y) : EM € B,EM + A, A%}

If Apy is closed, convex, and bounded, the affine mapping

B,=Y + A, A%
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will also be closed, convex, and bounded.

Thus we approximate the identified set for ((fy;|z,)an ¢, (fy;|2,)an ¢) by
0 (c) x & (c) = (DM (c) nHY) x (DM (c) n 1)

where
DY () 1Y = {f(y) = MM () : BV € AM(c) 0 (B,EM + A, AT }

This approximate identified set is empty—and hence the approximate model is falsified—if the set
AM ()N (BLEM + A, A2

is empty for either z = 0 or x = 1. These two sets are finite dimensional polytopes. Hence it is

computationally tractable to compute the distance between them,

dist(AM (c), B,EM + A A2)) = inf v — val|,
(vi,v2)EAM (¢)x (B,EM + A, A2F
for any given c. Since they are closed, convex, and bounded, the approximate model will be

non-refuted if and only if
dist(AM (c), B,EM + A, AZ)) = 0.

This characterization can be used to compute an approximate falsification frontier as well as an
approximate falsification adaptive set.

Although we omit a full analysis, we expect the identified sets O} (c) x ©M(c) will converge
to Op(c) x ©1(c) as M — oo under suitable regularity conditions. Consequently, the approximate
falsification frontier and falsification adaptive sets should also converge as M — oco. Finally, the
value of M can be chosen large enough so that the approximate objects of interest change by less

than a preset tolerance for further increases in M.

6 Conclusion

Summary

In this paper we outlined a systematic and constructive answer to the question “What should
researchers do when their baseline model is refuted?” Our answer focuses on what can be learned
from falsified models, rather than treating falsification as a nuisance to be ignored or as a fatal flaw
which dooms a study.

We gave four recommendations. First: Measure the extent of falsification. Do this by defining
continuous relaxations of the key identifying assumptions of interest, and then relaxing these as-
sumptions until the model is no longer falsified. We call the set of points at which this happens
the falsification frontier. Second: Present the falsification adaptive set, the identified set for the

parameter of interest under the assumption that the true model lies somewhere on the falsifica-
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tion frontier. This second recommendation is a generalization of standard practice for non-refuted
baseline models. Moreover, it does not require the researcher to select or calibrate sensitivity pa-
rameters. Third: Present the identified set for selected points of interest on the falsification frontier.
Fourth: Present identified sets for points beyond the falsification frontier, as a further sensitivity
analysis.

We illustrated these four recommendations in two different overidentified instrumental variable
models. The first model imposes homogeneous treatment effects but allows for continuous treat-
ments, while the second model allows for heterogeneous treatment effects but focuses on binary
treatments. In both models, multiple instruments are observed and the key identifying assump-
tions are exclusion and exogeneity of each instrument. We considered continuous relaxations of
these assumptions. We then characterized the falsification frontier, the falsification adaptive set,
and identified sets for points beyond the frontier. In the homogeneous treatment effect model, the
falsification adaptive set has a particularly simple closed form expression, depending only on the
value of a handful of 2SLS regression coefficients. In the heterogeneous treatment effect model, the
falsification adaptive set can be quickly computed using convex optimization.

We showed how to use our results in four substantively different empirical applications. There
we emphasized that that falsification adaptive set is an informative complement to traditional
overidentification test p-values: It directly summarizes the range of estimates corresponding to
non-falsified alternative models. We also emphasized the importance of controlling for the possibly

invalid instruments when considering alternative models.

Future Research

In this paper we outlined our general approach and then applied it to the classical linear instru-
mental variable model. The falsification frontier and falsification adaptive sets, however, must
generally be derived separately for each baseline model and class of relaxations from those baseline
assumptions. Thus in future work we plan to do this kind of analysis for different baseline mod-
els and different classes of relaxations. Here we focused on instrumental variable models. Other
possible applications include various kinds of placebo tests, like those discussed in Heckman and
Hotz (1989). It may also be possible to derive results for a general class of models, by applying
the results of Chesher and Rosen (2017) or Torgovitsky (2019), for example. Such extensions are
important since—just like the choice of the baseline assumptions—the choice of relaxation matters.
Hence comparing empirical results for different relaxations will be informative.

Finally, in this paper we focused on population level analysis. We briefly discussed estimation

and inference in sections 2.5 and 3.4, but a full analysis of this remains for future work.
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An analysis of the implications of using affine transformations of one’s original instruments,
in the the linear model.

F. An extension of our linear model analysis to allow for covariates. Here we consider both linear
and nonparametric controls. We then use these results to show how to use our approach to
falsification to analyze subgroups.

G. A formal explanation that exclusion and exogeneity are technically equivalent in linear models,
although they are substantively distinct.

H. An analysis of the 2SLS estimand in falsified models, and a comparison of it with the falsifi-
cation adaptive set.

I. A discussion of how to interpret non-falsified models, and how our results relate to the previous
literature on this topic.

J. Additional empirical results for the Duranton et al. (2014) application.
K. Proofs for section 3.

L. Proofs for section 5.
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A Related Literature

In this section, we review the related literature.

Falsification

We begin with the literature on falsification. Typically a model entails many different assumptions.
Although we can sometimes falsify all assumptions jointly, it is often impossible to know which
specific assumption is false. This result is known in philosophy as the Duhem-Quine thesis (Bonk
2008, Stanford 2017). For example, Ariew (2018, section 2.1) states that “the thesis formed from
the two sub-theses, that (i) since empirical statements are interconnected, they cannot be singly
disconfirmed, and (ii) if we wish to hold a particular statement true we can always adjust another
statement, has become known as the Duhem-Quine thesis.” That is, the general idea that one
can consider trade-offs between assumptions to avoid falsification of any given assumption is well
known in philosophy. Our paper builds on this literature by providing a specific formalization of
this trade-off using identification theory.

In econometrics, three papers are most closely related. Of these, the conceptually closest is
Manski and Pepper (2018). They study identification of treatment effects under combinations of
different “bounded variation” assumptions, which are continuous relaxations of certain baseline
assumptions. In an empirical analysis of right-to-carry laws, they compute identified sets for var-
ious combinations of these relaxations; see their table 2. Our recommended responses to baseline
falsification can be read from this table. First, the boundary between the dark gray identified sets
in that table and the rest is essentially a discrete approximation to the falsification frontier in their
model. Second, the collection of the singleton identified sets on this boundary is what we call the
falsification adaptive set. Third, given all of the separate presented singleton identified sets on the
frontier, one can focus on any single set of interest. Finally, they also present identified sets beyond
the frontier. In our paper, we formally define the falsification frontier and falsification adaptive set
in a general model and relate it to the problem of responding to specification test rejection. We
emphasize that these concepts and the four responses apply to any falsified model, not just the
specific one considered by Manski and Pepper (2018). Finally, we illustrate these responses using
refutable instrumental variable models, whereas Manski and Pepper (2018) studied a model with
cross sectional and time series variation in treatment rather than variation due to instrumental
variables.

Ramsahai (2012) studies a heterogeneous treatment effect model with a binary outcome, a
binary treatment, and a binary instrument. He defines a continuous relaxation of the instrument
exogeneity assumption and then shows how to numerically compute identified sets for a single
value of this relaxation. He notes that the model can be falsified even if exogeneity does not hold
exactly, and that the model is not falsified if instrument exogeneity is completely relaxed. He does
not formally define and derive the falsification point, however. He also does not consider multi-
dimensional relaxations. On pages 842—843, he notes that “it is not obvious how the methods
described in [his| paper can be extended to compute bounds” as a function of his relaxation. In
our analysis, we show how to compute bounds for any value of our continuous relaxation, and thus
also are able to derive falsification points, falsification frontiers, and the falsification adaptive set.
Unlike him, we also consider multiple instruments as well as models for continuous outcomes and
continuous treatments.

Machado, Shaikh, and Vytlacil (2019) study the testable implications of instrument exogeneity,
sometimes combined with various monotonicity assumptions. They only consider the case where
the outcome, treatment, and instrument are all binary. Their proposition 4.1 characterizes the set of
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distributions of unobservables (potential outcomes, potential treatments, and the instrument) which
falsify instrument exogeneity. In their appendix A, they illustrate this result by parameterizing the
distribution of unobservables. From the set of falsified distributions of unobservables, they pick
the distribution which has the smallest relaxation of the baseline assumption, in a certain sense.
They call this the “minimal detectable violation.” This is equivalent to what we call a falsification
point. We explain this equivalence formally in our appendix C. Beyond this similarity, however,
there are several main differences between our paper and theirs. First, they only consider the case
where outcomes are binary, whereas we also consider the continuous outcome case. Second, even
in the binary outcome case their falsification point analysis is based on parametric index model
assumptions. Our analysis of that case does not use such assumptions. Third, they do not consider
the linear case, which allows for continuous treatments. Fourth, they do not consider the multiple
instrument case. Finally, unlike their paper, we characterize identified sets under relaxations of
the baseline assumptions. This allows us to characterize the falsification adaptive set, as well as
identified sets beyond the falsification frontier. In particular, this allows researchers to do sensitivity
analysis even when the baseline model is not falsified.

Before these three papers, a large literature in asset pricing beginning with Hansen and Ja-
gannathan (1991, 1997) developed in response to refutation of models via overidentification tests.
For example, Hansen, Heaton, and Luttmer (1995, page 239) state that their goal “is to shift the
focus of statistical analysis of asset pricing models away from whether the models are correctly
specified and toward measurement of the extent to which they are misspecified” (emphasis added).
Our paper is motivated by the same concern—the falsification frontier provides one way of mea-
suring the extent to which one’s baseline model is misspecified. Besides this shared motivation,
however, the technical approach in our paper is substantially different from that taken in this asset
pricing literature. For an explanation and further discussion of the approach in that literature, see
Ludvigson (2013, section 3.3).

Recent work by D’Haultfoeuille, Gaillac, and Maurel (2018) also has a similar motivation.
They characterize the constraints that the rational expectations assumption places on the marginal
distributions of realized outcomes and subjective expectations. When rational expectations is
refuted, they define minimal deviations from the rational expectations assumption. They then
propose using these minimal deviations as an input to structural estimation. Again, besides a
shared motivation, the technical approach in our paper is substantially different. We also study a
different setting, instrumental variable models.

Finally, many researchers have studied falsifiable partially identified models. As with point
identified models, however, the existing literature focuses on testing the baseline model. For exam-
ple, see Bontemps, Magnac, and Maurin (2012) and Bugni, Canay, and Shi (2015). The results in
Chernozhukov et al. (2013) can also be used for this purpose. The falsification frontier we develop
builds on such baseline tests by characterizing how much the baseline assumptions must be relaxed
before the model is no longer falsified.

The Testable Implications of Instrumental Variable Models

A large literature has studied the testable implications of instrumental variable models, especially
for models with heterogeneous treatment effects. Flores and Chen (2018) and Swanson, Hernan,
Miller, Robins, and Richardson (2018) provide excellent surveys. Here we discuss the results most
related to our paper.

Our analysis of the heterogeneous treatment effect case starts from Manski (1990). He derived
identified sets on average treatment effects assuming potential outcomes are mean independent of
the instrument. When the outcome, treatment, and instrument are all binary, Balke and Pearl
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(1997) characterize when Manski’s bounds are empty, and hence when the model is falsified.® Kita-
gawa (2009, proposition 3.1) generalizes this characterization to allow for continuous outcomes, still
requiring the treatment and instrument to be binary. As Kitagawa (2009) notes, his extension is an
adaptation of corollary 2.2.1 in Manski’s (2003) analysis of missing data. Beresteanu, Molchanov,
and Molinari (2012, proposition 2.4) further generalize this characterization to allow for continuous
instruments and discrete treatment, for discrete or continuous outcomes. Kédagni and Mourifié
(2019, proposition 1) provide an alternative characterization when instruments and outcomes are
continuous, treatment is binary, and under the stronger assumption that the instrument is inde-
pendent of the potential outcomes jointly; also see proposition 2.5 of Beresteanu et al. (2012) for a
result under this stronger independence assumption.

Our paper builds on these results in two ways. First, and most importantly: These papers
only consider falsification of the baseline model with valid instruments. We consider falsification
of a class of models which nests the baseline case along with continuous relaxations of the baseline
assumptions. This allows us to define and derive the falsification frontier and falsification adaptive
set. Second, for non-falsified models, our results allow researchers to do sensitivity analysis by
relaxing the instrument exogeneity assumption.

Our paper complements these results in one subtle way: These previous papers focus on the
single instrument case whereas we study multiple instruments. If one assumes that all instruments
are jointly independent of potential outcomes, and that instruments are all discrete, then the
multiple instrument case can be reduced to a single instrument, and thus the previous results
apply.? If even one of the instruments is invalid, however, this new instrument will also typically be
invalid. For this reason, we purposely do not combine multiple instruments into one new instrument.
This allows us to relax each instrument exogeneity assumption separately. In our baseline model, we
only assume that each instrument is independent of each potential outcome, rather than assuming
joint independence of all instruments with each potential outcome. Thus our baseline model with
multiple instruments is slightly weaker than the model obtained by combining the instruments into
a single discrete instrument and then applying one of the papers mentioned above. Hence even the
testable implications we derive in our baseline case are apparently new, although this is a minor
point since our primary contribution is the falsification frontier analysis rather than the baseline
analysis.

Finally, a large literature on the testable implications of instrument exogeneity combined with
other assumptions has developed. Most notably, many papers have studied the testable implications
of the monotonicity assumption of Imbens and Angrist (1994). Flores and Chen (2018) give a
comprehensive review. In this paper we focus on instrument exogeneity only.

Sensitivity Analysis in Homogeneous Effect Instrumental Variable Models

In a series of papers from the mid-1950’s to early 1960’s, Ta-Chung Liu criticized the identify-
ing assumptions used in the Cowles Commission approach to simultaneous equations models (Liu
1955, 1960, 1963). Among other criticisms, he argued that exclusion restrictions are unlikely to

8Balke and Pearl (1997) assume the instrument is independent of the potential outcomes jointly, whereas Manski
(1990) only assumed the instrument is independent of each potential outcome separately. (Here we suppose outcomes
are binary so that mean independence is equivalent to statistical independence.) This difference does not affect
whether the identified set is empty or not, given any fixed distribution of observables. Hence it does not change the
testable implications of the model. When the identified set is not empty, however, this difference can affect the size
of the identified set. See the second paragraph of section 3 in Swanson et al. (2018) for further discussion.

9 Another way to directly apply previous results is by looking at one instrument at a time, obtaining bounds using
that instrument only, and then intersecting each of those instrument-specific bounds. This generally does not yield
sharp bounds, however.
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hold exactly, and thus no valid instruments actually exist. Frank Fisher called this a “disturb-
ing argument,” since “its premises apparently cannot be doubted and because its conclusions, if
accepted, imply that the hope of structural estimation by any techniques whatsoever is forlorn
indeed” (Fisher 1961, page 139). Fisher countered this argument, however, by providing perhaps
the first sensitivity analysis of an instrumental variable model. He considered a linear model where
the supposedly excluded variable actually has a nonzero coefficient, with the magnitude of this
coefficient measuring the scale of the deviation from the baseline assumption. He showed that the
bias of k-class estimators—which includes 2SLS—is continuous in this deviation from the exclusion
restriction. He thus argued that it suffices that failures of the exclusion restriction are sufficiently
small—it is not necessary for exclusion to hold exactly. Although Fisher called this paper his
“most important contribution to econometrics” (Fisher 2005, page 545), it apparently was mostly
forgotten for over 40 years.

Around the early 2000’s, however, several papers renewed the study of sensitivity analysis in
linear instrumental variable models. This includes Angrist and Krueger (1994), Altonji, Elder, and
Taber (2005), Small (2007), Conley et al. (2012), Ashley (2009), Kraay (2012), Ashley and Parmeter
(2015), and van Kippersluis and Rietveld (2017, 2018). In section 3, we study the same classical
linear model as all of these papers, along with similar relaxations of the baseline assumptions.
In that section, our main contribution is the analysis of falsification points, frontiers, and the
falsification adaptive set. In contrast, this previous literature has focused on sensitivity analysis
for statistical inference on the treatment variable coefficient. Our results build on Small’s (2007)
equation (8), which characterizes the set of instrument coefficients consistent with the data. Small
focuses on the implications of this characterization for non-rejection of the overidentification test
(see his proposition 1), and then uses this result to do sensitivity analysis for the treatment effect.
In contrast, we focus on the implications of this characterization for falsification.

Sensitivity Analysis in Heterogeneous Effect Instrumental Variable Models

Unlike the literature on models with homogeneous treatment effects, there are far fewer papers on
sensitivity analysis in instrumental variable models with heterogeneous treatment effects. Specifi-
cally, few papers consider continuous relaxations of the baseline instrumental variable assumptions
while still allowing for heterogeneous treatment effects.

An important early paper was Hotz, Mullin, and Sanders (1997), who use a mixture model to
allow for relaxations of the baseline assumptions. There are three main differences with our paper:
First, they only study sensitivity, not falsification. Second, their mixture relaxation is different
from the kind of relaxation we consider. Finally, they focus on the average effect of treatment on
the treated, whereas our sensitivity analysis allows for a broader set of parameters of interest.

When all variables are discrete, it is well known that identified sets can often be computed using
linear programming. For example, see the literature review in Torgovitsky (2019). This approach
has been used in several papers to do sensitivity analysis. One paper is Ramsahai (2012), which we
already discussed above. Lafférs (2019, section 4) considers continuous relaxations of instrument
exogeneity. He then computes identified sets for ATE for several values of this relaxation. In Lafférs
(2018) he applies this approach to various additional forms of continuous relaxations. These three
papers all require all variables to be discrete. A key contribution of our paper is that our results
allow for continuous outcome variables. Furthermore, these papers focus on sensitivity analysis,
rather than falsification (see our discussion of Ramsahai 2012 above, however).

Finally, the paper by Huber (2014) is somewhat related. He studies deviations from the base-
line instrument exogeneity, exclusion, and monotonicity assumptions. These deviations are not
relaxations of the baseline assumption; rather, they point identify LATE given the values of the
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sensitivity parameters. He does not consider parameters besides LATE. Moreover, his sensitiv-
ity analysis does not account for the possibility that the model is falsified. Hence his analysis is
substantially different from ours.

Discrete Relaxations of Instrumental Variable Assumptions

Above we focused on the previous literature which studied continuous relaxations of the baseline
instrumental variables assumptions, like we do. Several papers instead consider discrete relax-
ations. Manski and Pepper (2000, 2009) propose and study the monotone instrumental variable
assumption. Blundell, Gosling, Ichimura, and Meghir (2007) use this assumption in their study of
wage distributions. Kreider and Pepper (2007), Kreider, Pepper, Gundersen, and Jolliffe (2012),
Gundersen, Kreider, and Pepper (2012), and Kreider, Pepper, and Roy (2016) use this assumption
combined with assumptions on measurement error to do sensitivity analysis in various empirical
applications. Chen, Flores, and Flores-Lagunes (2016) also study identification under monotonic-
ity type assumptions on the instrument. Nevo and Rosen (2012) suppose the correlation between
the instrument and the unobservable is of the same sign and smaller than the correlation between
treatment and the unobservable.

As with the other papers discussed above, these papers’ primary goal is to obtain identified
sets on various parameters under assumptions weaker than the standard instrumental variables
assumptions. While our results allow for similar analyses, our primary focus is on falsified models.

Local Versus Global Approaches to Sensitivity Analysis

Several papers use local asymptotics to study various kinds of sensitivity to misspecification. For
example, see Andrews, Gentzkow, and Shapiro (2017), Bonhomme and Weidner (2018), and Arm-
strong and Kolesar (2019). The local asymptotic approach assumes the baseline model is approx-
imately correct, in the sense that the magnitude of model misspecification is about the same size
as the magnitude of sampling uncertainty. When analyzing falsifiable models, this means that the
local approach is designed to handle misspecification which is difficult to detect with specifica-
tion tests. For example, Bonhomme and Weidner (2018) cite the following quote from Huber and
Ronchetti (2009, page 294):

“[such local] neighborhoods make eminent sense, since the standard goodness-of-fit tests
are just able to detect deviations of this order. Larger deviations should be taken care
of by diagnostic and modeling, while smaller ones are difficult to detect and should be
covered (in the insurance sense) by [local] robustness.” [emphasis added]

In this paper we focus on models which are clearly falsified—the “larger deviations” which Huber
and Ronchetti refer to. In these larger deviations, it is known that the model is not approximately
correct. For this reason we take a global approach to sensitivity analysis, which does not rely on
linking the size of model misspecification to the size of sampling uncertainty.

Finally, note that this distinction is empirical relevant since many baseline models are strongly
rejected in practice. For example, both Andrews et al. (2017) and Armstrong and Kolesar (2019)
study the classic automobile data used by Berry, Levinsohn, and Pakes (1995) to estimate a baseline
random coefficients logit model. This model is strongly rejected by the data, however. Specifically,
Armstrong and Kolesar (2019) report that “The J-statistic for testing the hypothesis that all
moments are correctly specified equals 404.7. Consequently, the hypothesis is rejected at the usual
significance levels” (page 34). We deal with empirical findings of large misspecification like this by
taking a global approach.
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B Alternative Responses to Falsification

In this paper we provided four constructive responses to refutation of a baseline model. In this
section, we briefly discuss five alternative responses from the literature.

1. Present the no assumption bounds. This response is nested as a special case of our analysis.
Specifically, in the heterogeneous treatment effects model, the no assumption bounds are
obtained by allowing ¢, to be sufficiently large for all ¢ € {1,...,L}. In the homogeneous
treatment effects model, the no assumption bounds are (—oo, 00), which is obtained as d; — oo
forall ¢ € {1,...,L}.

2. Present identified sets under alternative, discrete relaxations of the baseline assumptions. For
example, one could use the analysis of Manski and Pepper (2000, 2009) or Nevo and Rosen
(2012). Even these relaxations are falsifiable, however. When these weaker assumption are
falsified, researchers again face the question of what to do. Our identification assumptions
are not nested with these alternative relaxations. Hence they are complementary and can be
used together with these previous results.

3. Focus on a non-falsified subgroup. We discuss this point formally in section F, so here we
give an informal explanation. Suppose a vector of covariates W is observed. Then the model
may be refuted conditional on some values w € supp(W') but not conditional on other values.
So one could present results for those subgroups where the model is not refuted. This is
reasonable under either of two assumptions:

(a) You assume treatment effects do not depend on covariates. Thus the subgroup effect
equals the effect for the entire population.

(b) You are specifically interested in a certain subgroup, which happens to be one which
does not refute the model, and you are not interested in other subgroups.

If, however, you care about other subgroups, or the entire population, and you want to allow
for coefficients that are functions of the covariates, then it is not sufficient to focus on non-
falsified subgroups. In section F we formally discuss how you can use our results to handle
the subgroups where the model is refuted and then aggregate up to get identified sets for an
overall treatment effect.

4. Use a specific estimator to redefine the parameter of interest. For example, in a fully para-
metric model one could declare the maximum likelihood estimand to be the parameter of
interest. When the model is falsified, this parameter is called the pseudo-true parameter,
while its estimator is called the quasi-MLE. Note that this approach absolves the researcher
from any need to do specification testing, since interest in the parameter is motivated by the
estimator rather than an underlying model. While this approach is sometimes used, it was
not advocated in White’s original analysis of quasi-MLE. To the contrary, he used quasi-MLE
as a tool for constructing specification tests, emphasizing that

“[if] one has an indication that the parameter estimator is inconsistent for the pa-
rameters of interest” then “the model specification must be carefully re-examined.”
(White 1982, pages 16-17)

He reaches a similar conclusion in his 1994 book:
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“In many cases, the goal of empirical economic research is to test hypotheses about
parameters to which one wishes to attribute economic meaning. It is our view that
this is inappropriate and unjustified without first establishing that the model within
which the hypotheses are being tested is correctly specified to at least some extent.
Otherwise, one may only have confidence that one is testing hypotheses about
[the pseudo-true parameter] 6*; the economic interpretation desired is untenable.”
(White 1994, pages 346-347)

We concur with this sentiment and focus on methods which hold the parameter of interest
fixed but vary the model assumptions to avoid falsification.

5. Drop the research and move on to a different project. This response has three problems:
(a) It creates a kind of publication bias, since we would never observe analyses with refuted
baseline models. (b) It prevents us from answering certain empirical questions when there
are no good alternative models or datasets. And (c) It treats all falsified models equally; in
contrast, our analysis distinguishes between models which are just barely falsified and those
which are strongly falsified.

C An Alternative Definition of the Falsification Point

In this section we discuss an alternative method of defining the falsification point or frontier. This
alternative approach is motivated by the analysis in appendix A of Machado et al. (2019). For
concreteness, we focus on the binary outcome heterogeneous treatment effects model of section 5.1.
Let

Q= {Fyhym x,z : This distribution is consistent with the observed data Fy, x, z}

That is, @ € Q if and only if Qx 7z = Fx, 7z and

Qv,x,z(- | 7,-) = Fy|x z(- | =,")

for each x € {0, 1}, so that equation (11) holds. For each @ € Q, define

(@)= sup [Po(Z=1]Y: =y)—PBo(Z =1)]
ye{0,1}

Then compute

“ = inf ¢, (Q).
Cy 51;QC(Q)

Proposition 9. Consider the model of section 5.1. The falsification point is ¢* = max{c{, ¢} }.

In sections 3 and 5, we obtain falsification frontiers by characterizing identified sets under a
given relaxation of the assumptions, and then checking when they are empty. A benefit of this
approach is that we can present identified sets for values of the sensitivity parameters on or beyond
the falsification frontier. The approach discussed in the present section provides the falsification
point but does not characterize identified sets for values ¢ > ¢*.

Proof of proposition 9. Let ¢ > ¢*. Then, ¢ > ¢} for x € {0,1}. Thus, by definition of ¢, there
exists a distribution @* € Q under which Z is c-dependent with Y;, for each = € {0,1}. Define
QY17Y07X,Z as follows: Let QX,Z = FX,Z- Next, define

PN 0
Qvivolx.z = Qv x.z  Qvo|x,2-
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Then (a) Q € Q, so that it is consistent with the data, and (b) under @, Z is c-dependent with Y,
for each = € {0,1}. Thus the model under partial exogeneity with c-dependence is not falsified.

Next suppose ¢ < ¢*. Then ¢, (Q) > ¢ for all @ € Q. That is, all distributions of the unobserv-
ables that are consistent with the data have

sup [Po(Z=1]Y, =y)—Po(Z=1)| >c
y€{0,1}

for each x € {0,1}, and so cannot satisfy c-dependence. Thus the model under partial exogeneity
with c-dependence is falsified. O

D A Bayesian Perspective on Falsification

In this section we briefly discuss how one might respond to falsification of a baseline model from
a Bayesian perspective. To do this, it is first helpful to describe our analysis from a different
perspective than that used in the main paper. After that, we describe an alternative Bayesian
perspective. We then compare the two approaches.

For concreteness, we focus on the classical linear instrumental variable model of section 3.
Several papers study sensitivity analysis in this model from a Bayesian perspective, including
Ashley (2009), Conley et al. (2012), Kraay (2012), and Chan and Tobias (2015). Also see DiTraglia
and Garcia-Jimeno (2019) for a detailed analysis of priors in instrumental variable models. Here
we focus on the problem of falsification.

An Alternative Perspective of Our Analysis

Suppose we impose Al, A2, and A3, but we make no assumptions about v. Then the model is no
longer falsifiable. Instead, there is always a nonempty identified set for (8,v). Proposition 15 in
appendix I below shows that the identified set for 7 is a line in R*. Figure 11 shows two examples
in the two instrument case. Falsification of the baseline model occurs when this line does not pass
through the origin.

For simplicity, focus on the two instrument case, as depicted in figure 11. Let 7] denote
the horizontal intercept of this line. Let 75 denote the vertical intercept. Then 67 = 7 and
05 = 5, where 07 and d; are the falsification points defined in section 3.2. The falsification frontier
corresponds to the line segment with endpoints (0,v5) and (77, 0).

Each point in the identified set for + corresponds to a unique value of 3, namely, the value b
that satisfies

v =1 — bl

See proposition 15. Thus the falsification adaptive set is simply the values of b corresponding to +’s
in the line segment between (0,73) and (77,0). As we emphasize in our fourth recommendation,
researchers may want to do sensitivity analysis beyond the falsification frontier. That is, they may
want to start by presenting the falsification adaptive set, but also present larger identified sets
corresponding to values of § that lie beyond the falsification frontier. In this case, the identified set
for B simply expands to include values of b that correspond to +’s beyond the line segment between

(0,73) and (71, 0).

A Bayesian Perspective

With that as background, we next discuss a Bayesian approach. The baseline model corresponds
to a dogmatic prior that places all of its mass on v = 0. Instead, suppose we specify a prior 7 on y
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which is centered at zero, but has full support. Suppose now that we observe the distribution of the
data Fy x 7. And we see that this distribution is incompatible with the baseline model. That is,
the identified set for v described in proposition 15 does not pass through the origin. A prior which
was dogmatic on zero would be refuted. But a full support prior would not. Instead, we would
update our prior so that our posterior will place support only on the identified set for ~. Given
that our prior had full support, our posterior will have full support on this line in RZ. Since each
point on this line corresponds to a unique value of 3, this posterior on v will imply a posterior on
B. This posterior will have full support on R, but of course will give larger weight to some values
than to others.

Note that there is no need to specify a prior on 3, since we are working with population level
data. The only uncertainty that is being captured by the prior is the model uncertainty over the
precise value of -, rather than sampling uncertainty. That said, the prior on ~ implies a prior on S,
which depends on the values ¢ and II. These values themselves come from the data. Thus, before
seeing the population data, it may still be useful to consider one’s prior on 8 and on the values of ¥
and IT when thinking about the choice of the prior on y. We leave a full analysis of prior selection
to future work.

A Comparison and Integration of Both Approaches

Now that we have described both approaches, let’s compare them. As noted above, the Bayesian
approach yields a posterior for S that has full support on R. Assuming the prior on ~ places most
of its mass near zero, the posterior on # will put more mass on the values corresponding to ~’s
closer to the origin. Thus means that it will generally put large amount of mass on the falsification
adaptive set. In general, researchers taking a Bayesian perspective may find it useful to compute
the posterior probability that 5 lies within the falsification adaptive set. If we view the falsification
adaptive set as a partial summary of the identified set for -, reporting this posterior probability
can help researchers understand which aspects of the conclusions come from the data and which
come from the prior. This is similar to Moon and Schorfheide’s (2012) suggestion that researchers
reported estimated identified sets along with Bayesian posteriors.

As researchers relax their model beyond the falsification frontier, the identified set for 5 will
expand beyond the falsification adaptive set. Bayesian researchers may also find it helpful to
compare the size of credible sets to the falsification adaptive set. More generally, they could
compute a kind of Bayesian falsification frontier: For a € (0,1), what is the set of §’s that yield a
posterior for 8 which places probability 1 — « on the identified set B(4)?

In this section we have briefly compared and contrasted our approach with a Bayesian approach,
and shown that they can complement each other. There are many open questions, however, like
how to choose priors and how to analyze finite sample versions of this analysis. In particular, in
finite samples we never know for sure that our model is falsified. Thus it will be interesting to see
how Bayesian shrinkage methods, like those in Fessler and Kasy (2019), can be applied to analyze
falsifiable models. We leave this and related questions to future work.

E Affine Transformations of the Instruments in the Linear Model

In this section we discuss the implications of using affine transformations of the original instruments
Z. Specifically, let A denote an invertible L x L matrix. Let b € RY. Then Z = AZ +b is an affine
transformation of Z. Let

¢ =var(Z) " eov(Z,Y) and 7 =var(Z) " cov(Z, X).
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Here we assume K = 1 for simplicity.

Proposition 10. Suppose A is diagonal. Then

Yo _ Y

T T
Hence the FAS using Z as instruments equals the FAS using Z as instruments.

Proof of proposition 10. We have

be = e
= e’z var(Z)_1 COV(Z, Y)
= epvar(AZ + b)leov(AZ 4+1b,Y)
= ¢} Var(AZ)_1 cov(AZ,Y)
= ¢y|A Var(Z)A']_lA cov(Z,Y)
= e’f(A')*1 Valr(Z)*1 cov(Z,Y)
= ep(A) 1.
Similarly,
7o = ep(A) L.
Thus
Yo ep(A) Ty
T e(A) "I
aceptp
agey,m

ey

/
6£7T

(0

s
The second line follows since A = diag(a1,...,ar), so that e,(A")~* = ase). O

Proposition 10 shows that the just-identified 2SLS estimand using Z as an instrument and
Z_g as controls is equivalent to the just-identified 2SLS estimand using Z, as an instrument and
Z_y as controls. As stated, this implies that the falsification adaptive set is the same too. When
A is invertible and diagonal, Zy = ayZ + b, for some ay # 0. So the proposition shows that the
falsification adaptive set is invariant to rescaling each instrument and changing their location.

When A is not diagonal, however, these just-identified 2SLS estimands ¢/, are not invariant
to affine transformations. As we show next, this is not surprising since using a non-diagonal affine
transformation is equivalent to using the original instruments, but with a different way of relaxing
the exclusion restriction.

To see this, consider the case where A is a rotation matrix and b = 0. From the outcome
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Figure 8: Rotating the instruments leads to a different class of exclusion restriction relaxations.
See text for explanation.

equation we have

Y =8X+~vZ+U
=B X++/A1AZ+U
=X+ (A Z+U
— X +7Z+U.

In the last line we defined ¥ = A~'y. A~! is also a rotation matrix, and hence 7 is a rotation
of ~. To illustrate this, consider the two instrument case and suppose A represents a 45 degree

counter-clockwise rotation:
_ (cos(m/4) —sin(m/4)
- \sin(n/4) cos(n/4) )

Hhen (—m/4) —sin(—m/4)
1 4 [cos(—m —sin(—m
AT =A0= <sin(—7r/4) cos(—m/4) >

represents a 45 degree clockwise rotation. The first plot in figure 8 shows the original axes for
measuring (71, 3/2). The second plot shows the rotated axes. Suppose we now apply our results
directly using Z as the instruments. That is, we define relaxations of exclusion v = 0 by

el < 6.

Then we measure relaxations of ¥ = 0 by placing rectangles around the origin, in the rotated
coordinate system. The third plot in figure 8 shows an example of this constraint set, for a given
value of §. The fourth plot in figure 8 shows this same constraint set, but now in our original
coordinate system. Thus we see that relaxations of the exclusion restriction v = 0 are now measured
in terms of rotated rectangles around the origin. In contrast, suppose we instead used our original
instruments Z and measured relaxations of exclusion by |y¢| < ;. The fifth and final plot in figure
8 shows this constraint set, for the same J.

Comparing the last two plots in figure 8 thus shows why rotating the instruments will generally
yield different a falsification adaptive sets: It is equivalent to using a different class of relaxations
of the exclusion restriction with the original instruments. Different classes of relaxations of one’s
assumptions will typically lead to different falsification adaptive sets. This is exactly the same
situation as one’s baseline analysis, where different baseline assumptions typically lead to different
baseline estimands.
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F Including Covariates in the Linear Model and Subgroup Analysis

In this section we discuss how to include additional covariates in the analysis of section 3. We
consider two approaches: In the first approach we include covariates linearly. In the second approach
we condition nonparametrically on the covariates. Finally, we discuss how to use our results in
combination with the subgroup analysis approach discussed in section B.

Linear Controls

Generalize equation (1) as follows:
Y=XB+Z'vy+Wa+U (1)

where W € RI™W) is a dim(W)-vector of additional covariates and a is a dim(W)-vector of un-
known constant coefficients. In addition to assumptions A1-A3, we make two further assumptions:

1. The controls are exogenous: cov(W,U) = 0.
2. The vector Z = (Z,W) has a nonsingular variance matrix.

In the framework considered in section 3, we can think of the vector W as a vector of instruments
whose exclusion violation is not restricted at all. That is, we set §; = oo for the elements of 7
corresponding to the W covariates. Hence we do not place any constraints on the magnitude of a.
It is nonetheless helpful to keep Z and W separate in the notation.

Under equation (1’) and the exogenous controls assumption, we can obtain the identified set
for 8 by simply applying the analysis of section 3, but with an initial step where the exogenous
covariates are partialled out from instruments Z and endogenous regressors X. To see this, write

cov(Z,Y) = cov(Z,X)B + var(Z)y + cov(Z, W)«
cov(W,Y) = cov(W, X ) + cov(W, Z)y + var(W)a.

Solve the second equation for a to get
a = var(W) L eov(W,Y) — var(W) ! cov(W, X) B — var(W) ! cov(W, Z)7.
Substitute this into the first equation to get

cov(Z — cov(Z, W) var(W) "W, Y) = cov(Z — cov(Z, W) var (W)W, X)3
+var(Z — cov(Z, W) var(W) 1 W)y.

By the assumption that Z has a nonsingular variance matrix, solve for v to get

~v = var(Z — cov(Z, W) Var(W)_IW)_l(cov(Z — cov(Z, W) var(W) "W, Y)
—cov(Z — cov(Z, W) var(W)™'W, X)B).

Thus we can write the identified set for 3 as
BO)={beRX:—5< U -TI8 < 6}

where

U = var(Z — cov(Z, W) var(W)'W) "t cov(Z — cov(Z, W) var(W) W, Y)
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is the vector of population OLS coefficients on Z in a regression of Y on (1, Z, W) and

I = var(Z — cov(Z, W) var(W)'W) ™t cov(Z — cov(Z, W) var(W) " W, X)

is the vector of population OLS coefficients on Z in a regression of X on (1,2, W).
From this characterization of the identified set for 8, we can adapt the proof of theorem 2 to
see that the falsification adaptive set is

| | B(6)=| min ﬂ, max @
t=1,.,L Ty =1
SEFF

where ng is the fth component of ¥ and g is the £th component of II. Here we assume e # 0 for
all ¢ € {1,...,L}. Moreover, as in lemma 1, 1);/7y equals the population 2SLS coefficient on X
using Zy as the excluded instrument and (Z_;, W) as controls. Thus, under the above assumptions,
the presence of these additional controls poses no additional technical challenges for estimation
and inference since the falsification adaptive set can still be computed via standard linear 2SLS
regressions.

Nonparametric Controls

Above we included controls linearly and assumed they were exogenous. An alternative approach
is to condition on them nonparametrically. This allows the value of the covariates to affect the
coefficients on X and Z, and also allows the controls to be endogenous. Thus we now generalize
equation (1) as follows:

Y =X'B(W)+Z'vW)+U (1"

where W is a dim(W)-vector of controls, and S(-) and 7(-) are unknown functions. We replace
A1-A4 with their conditional-on-W versions:

A1*. cov(Z,X | W = w) has rank K for almost all w € supp(W).

A2*. var(Z | W = w) has full rank for almost all w € supp(WV).

A3*. For all ¢ € {1,...,L}, cov(Zy,U | W = w) = 0 for almost all w € supp(W).
A4*. For all ¢ € {1,...,L}, y(w) = 0 for almost all w € supp(W).

We relax A4* by

A4**. There are known functions d;(w) > 0 such that |y,(w)| < dy(w) for almost all w € supp(W),
forall ¢ € {1,...,L}. Let §(w) = (61(w),...,dp(w))".

Write
y(w) =var(Z | W = w)fl(cov(Z, Y| W=w)—cov(Z,X | W= w)ﬂ(w))

for any w € supp(W).
By derivations similar to those in section 3, the identified set for (w) is

B(6(w) | w)
={be RE . —§(w) < var(Z | W = w)_l(cov(Z,Y | W =w) —cov(Z, X | W =w)b) < d(w)}
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for any w € supp(W). For a given §(-), the model is refuted if the set {w € supp(W) : B(d(w) |
w) = P} has positive probability.

Subgroup Analysis

Suppose that the baseline model discussed in section 3 is refuted. Or suppose the model with
covariates based on equation (1’) is refuted. As discussed in section B, one response is to switch
to the nonparametric controls model based on equation (1”), and then find the set of conditioning
covariates for which the model is not refuted. Specifically, define

W(0) = {w € supp(W) : B(0 | w) # 0}.

This set is point identified. If we impose A1*~A4* only for w € W(0), then the model is not refuted.
Thus one approach to salvaging the model is to focus on the subgroups W(0), and to report 5(w)
for w € W(0).

Alternatively, one could make specific assumptions to extrapolate from f(w) for w € W(0) to
B(w) for w in the complement W(0)¢. For example, suppose S(w) is observed to be constant across
w € W(0). Then one could assume that it is also constant across w € W(0)¢, and that this constant
value is the same as the observed constant value across w € W(0).

Suppose, however, that we want to allow for S(w) to vary over w, and that we are interested
in the entire population, not just the subgroups in W(0). In this case, a natural parameter is the
mean coefficient, E[5(1W)]. We can construct the falsification adaptive set for this parameter as
follows. For simplicity, suppose K = 1. We have

E[B(W)] = / o ) B @)

_ / Blw) dFiw (w) + / B(w) dFiy (w).
weW(0)

wgW(0)

The first term is point identified. For the second term, we can construct the falsification adaptive
set for f(w) for each w € W(0) by applying the results of section 3. Denote these bounds by
[L(w),U(w)]. Then the falsification adaptive set for E[3(W)] is [L, U] where

L= /w oy ) AF () + /w o ) A 2)

and
U= /wEW(O) B(w) dFy (w) + /w¢W(0) U(w) dFy (w).

Keep in mind that this falsification adaptive set relaxes exclusion by using values dy(w) that vary
across w. In particular, d;(w) = 0 for all w € W(0). If we require dy(w) = dy to be constant across
w, then the falsification adaptive set will be weakly larger.

G Technical Equivalence of Exclusion and Exogeneity in Linear Models

In section 3 we explicitly modeled relaxations of the instrument exclusion restriction, holding in-
strument exogeneity fixed. In this section we show that the same formal results can be used to relax
exogeneity alone or to relax exogeneity and exclusion simultaneously. This analysis is essentially a
variation of Small (2007).
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(a) Exclusion Fails (b) Exogeneity Fails

Figure 9: Two ways for the standard instrumental variable assumptions to fail.

Let A and U denote unobserved random variables. Suppose the true model for potential out-
comes is

Y(x,2,a) =2'B+ 2N+ ¢a+ U.

Thus observed outcomes are

Y =Y(X,Z,A)
=X'B+Z'X\+ (pA+U).

This equation allows for violations of exclusion if A is nonzero. It also allows for violations of
exogeneity if A and Z are correlated. Figure G shows these two kinds of failures. Let ¢ be the
coefficients on Z in a linear projection of A onto Z and let U be the projection residual. Thus

A=Z¢v+U

where cov(Zy,U) = 0 by construction. Then

Y=XB+ZN+9pA+U
=X'B+ZN+(Z%+V)+U
=X'B+Z' A+ o) + (U +U)
=X'B+Z2'v+ V.

In the last line we defined
Y=A+ Y

and V = U + U. For all £ € {1,...,L}, we have cov(Z;, V) = 0 since cov(Z;, U) = 0 by A3 and
cov(Zy, U) = 0 by construction.

Thus the formal results in section 3 apply to relaxations of exogeneity as well. The key difference
is that the interpretation of the coefficient on Z changes depending on whether we are interested
in exclusion or exogeneity failure. For example, suppose A = 0 so that we are only worried about
exogeneity failures. Then the interpretation of v depends on the size of the causal effect of ¢ and the
relationship between Z and A. This is the case that Small (2007) focuses on. To aid interpretation
of these parameters, he adapts the ideas of Imbens (2003) to phrase constraints on ¢ and |[¢|| in
terms of R? measures.
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H Comparing the 2SLS Estimand with the Falsification Adapative Set
The following proposition gives the relationship between the 2SLS estimand

cov(X, Z)var(Z) L cov(Z,Y)
cov(X, Z)var(Z)~tcov(Z, X)

Basrs =

and the falsification adaptive set when there is a single endogenous variable. Here we assume all
instruments are relevant.

Proposition 11. Suppose K = 1. Suppose mp # 0 for all £ =1,..., L. Then

e
i

L
BasLs = > Wi

(=1

where .
COV(ijl 7Tij, Wng)

var(7, Z;)

Recall that 1y /7y is the 2SLS estimand using Zy as an instrument and the remaining instruments
Z_y as controls. The falsification adaptive set is the interval between the smallest and largest such
estimands. Proposition 11 shows that the 2SLS estimand is a weighted average of the estimands
/. The weights sum to one, ZeL:1 Wy = 1, but the weights are not necessarily positive. For
example, this may happen if covariances between instruments are negative, or if some 7, < 0.

Thus an important implication of this result is that the 2SLS estimand does not have to be
inside the falsification adaptive set. Indeed, it can be arbitrarily far from it. Put differently, in a
falsified linear IV model, the 2SLS estimand can be arbitrarily far from the set of parameters which
correspond to minimally non-falsified models.

=

Proof of proposition 11. Recall that

Y =var(Z) teov(Z,Y) and © =var(Z) tcov(Z, X).
(Lx1) (Lx1)

Thus
cov(X, Z2)¢
cov(X, Z)m’

Since 7 is the vector of coefficients from a linear projection of X onto the instruments, we can write

Basrs =

L
X = Zﬂng—l—V
(=1
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where cov(Zy, V) = 0 for all £. Consider the numerator of Sagrs:

cov(X, Z) Zcov X, Zp)
:ZCOV Zﬂ'ij—i-V,Zg Py
=1 j=1
L L
:ZCOV Zﬂ'ij,Z[ ’(ﬁg
=

1 j=1

=y
:Zﬂ_— cov ZTI'J , Ty

~
Il
—
@
I
—

Putting these two results together yields the result. O

I Further Remarks on Interpreting Non-Falsified Models

In this section we elaborate on the discussion in section 2.2. We only consider the linear instrumental
variable model of section 3 with one endogenous variable and two instruments. Newey (1985)
analyzes the problem in a much broader class of moment equality models.

With just two instruments, the outcome equation is

Y=a+BX+%Z1+vZ+ U. (20)

Here we include a constant intercept «, unlike in section 3. So we also impose the normalization
E(U) = 0. This normalization combined with the exogeneity assumption A3 gives us the following
three moment conditions:

E[U] =0
E[Z,U] = 0
E[Z,U] = 0
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We can use these moments to define a GMM objective function
Q(b) = m(b)'Wm(b)
where W is a symmetric positive definite weighting matrix, m(b) = (mq(b), ma2(b))’, and
mye(b) = cov(Zy,Y) — beov(Zy, X).
for ¢ € {1,2}. This leads to the following standard result.

Proposition 12. Consider the outcome equation (20). Suppose E(U) = 0. Suppose Al, A3, and
A4 hold; that is, suppose the baseline model is true. Then @ is uniquely minimized at 5. Moreover,

Q) =0.

This result immediately provides a way of checking whether the model is falsified. Let

Q" = min Q(b).

beR
Corollary 7. Suppose Q* > 0. Then the model is false.

As we discussed in section 2.2, however, the inverse statement is not true. That is, observing
Q* = 0 does not imply the model is true. It merely implies that there exist values of the unob-
servables that are consistent with the assumptions and the data. But, as is well known, there also
exist values of the unobservables that are consistent with the data but which are not consistent
with the assumptions. To see this, we will study the value of Q* as the true coefficients (71, 72) on
the instruments vary. For simplicity, suppose we use the identity weight matrix. Then

Q(b) = (cov(Z1,Y) = beov(Z1, X))* + (cov(Zs, Y) — beov(Za, X)), (21)

Proposition 13. Suppose the true model is given by (20) with coefficients (5,71,72). That is,
the exclusion restriction does not necessarily hold. Suppose Al and A3 hold. Then the value of )
evaluated at its optimizer is

2
Q" (n.9) = fn. 207 [a e (222 20) ]

cov(Zy,X)

where

cov(Z1,X)

OV(Zl, X)
cov(Zy, X)

f(vi,72) = |var(Z1) — cov(Z1, Zo) ] + 72 [COV(ZL Z3) — Var(Z2)zOV(Z2 X)

and
B cov(X, Z1)?

~ cov(X, Z1)2 + cov(X, Z9)2

Notice that Q*(v1,72) does not depend on the value of 3. The left plot in figure 10 shows
an example of Q*(71,72).' From this proposition, we see that Q*(v1,7v2) = 0 if and only if
f(y1,72) = 0. This equation defines a line in R?. Thus the model is not refuted if and only
if (y1,72) falls on this line. Only one of these points—the origin—corresponds to the baseline

0This figure plots the function Q. (8,7v1,v2) which we discuss below. When evaluated at § = 0, and when
var(Z1) = var(Z2) = 1 as used in the figure, we have Q31 (0,71,7v2) = Q" (v1,72). In general, Q3+(0,71,72) equals the
GMM objective function with weight matrix W = diag(1/ var(Z:)?, 1/ var(Z2)?).
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Figure 10: Plots of Q%(d,71,72) as functions of (7y1,72) for three different values of §. Left: The
baseline case, 61 = do = 0. Middle: A relaxed model with 4; = do = 1. Right: A relaxed
model with §; = d, = 2. All three plots set var(Z;) = var(Zs) = 1, cov(Z1,Z2) = 0, and
cov(Zy,X) = cov(Za,X) = 0.5.

model. All other points on this line are false models which are observationally equivalent to a set
of structural parameters which satisfy the model assumptions.

Next we consider the relaxed model which replaces exclusion A4 with partial exclusion A4’.
Following Manski and Tamer (2002) and Chernozhukov, Hong, and Tamer (2007), we can again
characterize falsification of the model in terms of a certain objective function. Under partial
exclusion, theorem 1 shows that the identified set B(¢) is characterized by four moment inequalities:

(e —mf3) + 60 >0
— (g — ™) + 90 >0

for £ € {1,2}. Recall that ¢ and 7 were defined on page 13. Define

2
Que(0,0) =Y (max{ — (g — 7eb) + 64,0} + max { — [—(eby — meb) + 8], 0}2).

(=1

Then Qur(b,0) = 0 if and only if b € B(d). This objective function generalizes equation (21). Recall
the notation By(d) = [by(9),bs(0)] from equation (4). The following proposition characterizes this
objective function at its minimal value.

Proposition 14. Let Q}(6) = minger Qur(b,d). Then

7

0 it max{by (5), by(8)} < min{B1(6), Ba(5)}
0(6) = { 2 (baf0) ~ B1(®) i B1(0) < by(0)
500 ~B0) it 5a(0) < b, (),

The identified set B(J) is the intersection of two intervals, B;(J) and Bz(d). When these two
intervals overlap, the model is not refuted and @};,(d) = 0. This is the first case. When the intervals
do not overlap, QF(0) is strictly positive. The second case above occurs when Bj(d) is completely
below By(d). The third case above is the reverse. That is, if Q.(d) > 0, then the model is false.

As in proposition 13 above, we can view Q5(0) as a function of the true underlying parameters,
which we write as

Qi (0,71, 72)-
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We give an explicit expression for this function on page 91. The middle and right plots in figure 10
show two examples of Q3;(5,71,72), for two different values of §. Like the baseline case, (01, d2) =
(0,0), there is a set of values (7y1,72) where the objective function is zero. This set contains the
values in the square [—d1,01] X [—d2, d2] which are consistent with partial exclusion A4’. But this
set also contains values outside of this square. Each of these values is a false model which is
observationally equivalent to a set of structural parameters which satisfy the model assumptions.
As the components of § increase, this set of (y1,72) values such that Q5.(0,71,72) = 0 grows.

Finally, we relate these results to the falsification frontier. In figure 10, as we vary (v1,72)
in the domain, the distribution of the observed data changes. This follows since cov(Z,Y) and
cov(Za,Y) change when (71,72) change while holding all else fixed. In our analysis in sections 2
and 3 we fix a single distribution of the observed data (Y, X, Z1, Z3). We then check whether the
model is falsified by that distribution. For example, we check whether the objective function in
equation (21) is zero at its optimizer. Suppose it is not. Then the model is falsified. This means
that, in the left plot of figure 10, we observed a distribution of (Y, X, Z1, Z3) off the diagonal defined
by f(v1,72) = 0. As we increase the components of ¢, the value function Q5 () will flatten, until
eventually we have Q%,.(d) = 0. The smallest set of §’s at which this happens is what we call the
falsification frontier.

The Identified Set for (3,7)

An alternative way to view these arguments is to study the identified set for (3,~) when no con-
straints on the values of v are imposed. Specifically, we have the following result.

Proposition 15. Suppose Al, A2, and A3 hold. Suppose K = 1. Then
F:{'yERL:’y:w—beorsomebER}
is the identified set for 7. Moreover, the identified set for (3,7) is
{(B,7) € R ;4 — BII = ~ for some v € T'}.

Recall from page 13 that 1 is the vector of reduced form regression coefficients of Y on Z.
Similarly, I is the vector of first stage regression coefficients of X on Z. Proposition 15 is essentially
a restatement of equation (8) in Small (2007).

The identified set I' is never empty, which means that without any constraints on the direct
causal effects of the instruments, the model is not refutable. With a single instrument (L = 1), the
identified set I' always contains 0. That is, the exclusion restriction v = 0 is always consistent with
the data and assumptions Al, A2, and A3. This is simply the well known result that the classical
linear IV model with one instrument is not refutable.

With L > 2 instruments, however, the identified set I' does not necessarily contain the origin.
Thus the baseline model (the outcome equation (1) plus assumptions A1-A4) with two or more
instruments is refutable: The baseline model is refuted if and only if the origin is not an element of
the identified set I'. Figure 11 shows two examples of the identified sets I', for the two instrument
case. On the left, the baseline model is not refuted since the set I" passes through the origin. On
the right, the baseline model is refuted since the set I' does not pass through the origin.

Importantly, even when the baseline model is not refuted, the identified set for v always contains
elements which are inconsistent with the exclusion restriction. This is the same point we discussed
above, by analyzing the GMM objective function.

To relate this discussion to the falsification frontier, fix a distribution of the observed data
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Figure 11: Example identified sets for (y1,72). Left: A distribution of (Y, X, Z1, Z3) which does
not refute the baseline model. Right: A distribution of (Y, X, Z1, Z2) which does refute the baseline
model.

(Y, X, Z). We then check whether the baseline model is falsified by that distribution. For example,
we check whether I' contains the origin. Suppose it does not. Then the baseline model is falsified.
We then compute the falsification frontier. While this set was given by proposition 2, it can
alternatively be obtained as the set

L
FF = {5 e [0,00)L : (H[—ég,ch]) NTis a singleton} .

/=1

Essentially, we consider boxes around the origin. We then find all boxes that have a singleton
intersection with the line I'.

At any point 0 on the falsification frontier, the relaxed model (the outcome equation (1) plus
assumptions A1-A3 and A4’) is not refuted and there is a unique 7 value consistent with the relaxed
model assumptions. If we drop the partial exclusion assumption A4’, however, there are infinitely
many values of v consistent with the remaining assumptions and the data—all the elements of the
set T'.

Proofs for section I

Proof of proposition 12. This result is standard, but we include the proof for completeness. Sub-
stituting the outcome equation (20) into our system of three moments and using exclusion yields
the moments

E[Y —a—3X]=0

E[Z1(Y —a — 5X)]
E[Zy(Y —a - BX)]

0
0.

Next we profile out the intercept. Solving the first equation for a yields a = E(Y) — SE(X).
Substituting this into the second two equations gives
E[Z1(Y = E(Y) + SE(X) — 5X)]
E[Zy(Y —E(Y) + SE(X) — BX)]

0
0.
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We can rewrite this system as

cov(Z1,Y) — feov(Z1,X) =0
cov(Z2,Y) — fcov(Za, X) = 0.

This is a system of two moment equalities with one unknown, 8. The left hand side is the vector
m(f). This explains the definition of @) and shows that Q(8) = 0. The fact that @ is uniquely
minimized at 8 follows by the relevance assumption Al and since the moments are linear in 5. [

Proof of corollary 7. This is simply the contrapositive of proposition 12. For concreteness, however,
notice that the model is falsified if and only if both instruments are relevant, so that cov(Zy, X) # 0

for ¢ € {1,2}, and
cov(Z1,Y)  cov(Za,Y)

cov(Z1,X) " cov(Zy, X)'

This happens when there does not exist a solution to the population moment equations. ]

Proof of proposition 13. Solving the first order conditions for minimizing @ yields

cov(Z1,Y ) cov(Z1,X) + cov(Z2,Y ) cov(Za, X)

cov(Z1, X)? + cov(Zz, X)?
cov(Y, Zy) cov(X, Zp)? cov(Y, Z2) cov(X, Z3)?
cov(X, Z1) cov(X, Z1)? + cov(X, Z3)?  cov(X, Zs) cov(X, Z1)? + cov(X, Z3)?
BQSLSW _'_ﬁQSLS( w)

b* =

where w € [0,1]. That is, the optimizer is a convex combination of the two individual 2SLS
estimands. Thus the value function is

Q(b")
( ov(Z1,Y) = b* cov(Z1, X)) + (cov(Za, Y) — b* cov(Za, X))
= (cov(Z1,Y) — [BE"w + BES(1 — w)] cov(Z1, X))

+ (cov(Z2,Y) — [BF 5w + BZ5(1 — w)] cov(Za, X))2
= (cov(Z1,Y) — cov(Zl, Vw — (1 —w)BZ" cov(Zy, X))2
+ (cov(Z2,Y) — (1 — w) cov(Zs,Y) — wpBZF™ cov(Zs, X))2

(1—w)*( cov(Zl, Y) —cov(Zy, X )B%Ls) w? (cov(Zs,Y) — cov(Zs, )B%LS)
cov(Z1, X)\?
cov(Za, X))

cov(Za, X)\ 2
cov(Z1,X)

(1-w) <cov Z1,Y) —cov(Zs,Y)
+ w? <COV(ZQ, Y) —cov(Z1,Y)

To understand how this value function changes as the underlying dgp changes, we substitute the
outcome equation (20) for Y. Since Y only enters via its covariance with Zy, this yields

COV(Z@, Y) = cov (Zg, o+ BX + 121 + 2 le + U)

= Beov(Zy, X Z vj cov(Ze, Zj).
je{1,2}
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Thus
Q" (71,72)

=(1-w)? (ﬂ cov(Z1,X) + y1var(Zy) + 2 cov(Z1, Z2)

— [Bcov(Za, X) + 1 cov(Zy, Z3) 4 2 var(Zs)]

2
cov(Z1,X)
cov(Zy, X)

+ w? (B cov(Za, X ) + v1 cov(Z1, Za) + 2 var(Zz)

2
— [Beov(Z1, X) + v1 var(Zy) + 2 cov(Z1, Z2)] cov(Za, X))

cov(Zy,X)

cov(Zy, X;D2

=(1- w)2 <’y1 [var(Zl) — cov(Z1, Z2) cov(Zy, X

cov(Zy,X)
COV(ZQ,)():| + Y2 [COV(Zl, ZQ) V&I‘(ZQ)

L2 <COV(Z2, X)

cov(Zy, X)>2 <71 [Var(zl) — cov(Zy, Zz)cov(zl’ X)] + 72 [cov(zl, Z5) — var(Zs)

cov(Za, X)
O

Proof of proposition 14. When the model is not refuted, Quyr(b,0) = 0 by definition. This gives
us the first case in the definition of Q},;(6). So suppose the model is refuted. Then the intervals
[b1(0),01(6)] and [by(d),b2(5)] do not intersect. Hence one of them lies strictly to the left of the

other. Suppose that B
[Lh Ul] = [bl (5)7 b1 (5)]

lies to the left of B
[La, Us] = [by(6), b2(3)],

meaning that Uy < Ly. First we show that Qyr(b,d) is uniquely minimized at the midpoint between

Ui and Lo, _—
= AR
2

First note that any value b outside of [L1,Us] can never be a minimizer. Furthermore, b* must lie
inside [Uy, Lo]. For b’s in this range, the objective function is

Qur (b, 0) = max{b — Uy, 0}> + max{—(b — Ly),0}?
= (b — U1)2 + (b — L2)2.

The FOC is
2(b — Uy)(—1) +2(b — Ly)(—1) = 0.

Solve for b to get the midpoint. This essentially follows since our objective function gives equal
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weight to violations of each of the two inequalities. Next, to obtain the value of the objective
function at the optimizer, simply plug b* back in to get

\ U+ L > /U +L 2
QMT(b):< 12 2—U1> +( 12 2—L2>

(Lo — Uy)? n (Uy — Ly)?
4 4

1
= (U, — Ly)?.
2(U1 2)

This gives us the second case in the definition of Q},;(d). The third case occurs when the interval
[b5(8),b2(0)] lies to the left of [b;(9),b1(d)]. The result follows by following the derivations of the
second case, but reversing the role of the two intervals. O

Derivation of Q¥.(0,7v1,72). First substitute the definitions of the bounds b,(§) and b,(§) into the
expression for Qy(6). This yields Q(6) = 0 if

S T N Y O
‘71'2’ ‘71'1’ 2

m |a|

L[(¢2_ &\ _(t &2-<w_®) (w &>
2K7T2 !7T2|> <W1+!771|>} i Ty | ~ 7Tl+\7f1!
Ll _ 61\ _ (¢ @2-<w_&> (w %)
2Km rm|> (mﬂmﬂ o ) 7 il )

Of all of these terms, only 1y depends on (3,71,72). Specifically,

and

Q;IT((S) =

Y =var(Z)  cov(Z,Y)
B < var(Z1) cov(zl,22)>‘1 <cov(Z1,Y)>

cov(Z1,7Z3)  var(Zs) cov(Z2,Y)
_ 1 var(Z2) —cov(Z1,Z2)\ (cov(Z1,Y)
~ var(Zy) var(Zs) — cov(Zy, Z)? \—cov(Z1, Zs) var(Z1) cov(Z9,Y) )"
So
by = cov(Zy,Y)var(Zy) — cov(Za,Y ) cov(Zy, Za)
b var(Zy) var(Zy) — cov(Zy, Z2)2
and

cov(Zy, Y)var(Zy) — cov(Z1,Y) cov(Zy, Za)
var(Zy) var(Zy) — cov(Z1, Z3)?

Py =

Now substitute
cov(Zy,Y) = B cov(Zy, X) + Z 5 cov(Zu, Zj)
je{1,2}
to obtain the desired function Q. (d,71,72). As in the baseline case, notice that this function does
not actually depend on the value of . O

Proof of proposition 15. This follows immediately from the proof of theorem 1. O
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J Duranton et al. (2014): Analysis of export value

Duranton et al. (2014) consider two different outcome variables: Propensity to export weight and
propensity to export value. In section 4.1 we focused on export weight. Here we briefly discuss the
results for export value. Panel A of table 11 reproduces columns 5-8 of table 5 in Duranton et al.
(2014). These are their main results for export value. As with our analysis of export weight, we
add the falsification adaptive set to the last row of panel A. In panel B we present results using plan
and exploration as instruments, controlling for railroads. Compared to their baseline results, our
modified baseline results in panel B suggest that the effect of within city highways on propensity
to export value is potentially large and negative. Their theoretical model, however, predicts that
this effect should be small and positive (their comparative static 3). That said, there is substantial
model uncertainty: The falsification adaptive set in column 4 is [—0.19,0.047], which includes small
positive values along with the large negative values. There is substantial statistical uncertainty as
well. Thus the data does not allow us to draw a definitive conclusion about the validity of their
model’s predicted comparative static.

K Proofs for section 3

Proof of proposition 1. This result is well known, but we include a proof for completeness. Suppose
equation (2) holds for all m, £ € {1,..., L}. We will construct a joint distribution (Y, X, Z, U) and
a parameter 3 consistent with the data and assumptions A1-A4.
By the relevance assumption Al, there exists an ¢ such that cov(X, Z;) # 0. Let
= cov(Y, Zy)
b= cov(X, Zy)

Letﬁ:Y—XE. For every m € {1,..., L},

cov(U, Zpm) = cov(Y, Zm) — cov(X, Zm)B

cov(Y, Zy)
— cov(Y, Zu) — cov(X, Zp) 220
cov(Y, Zy,) — cov( )COV(X, 70
_cov(Y, Zy,) cov(X, Zy) — cov(Y, Zy) cov(X, Zy,)
N cov(X, Zy)

=0.

Thus A3 holds. A4 holds by definition of U. A2 holds automatically. Thus the model is not refuted.
Next suppose the model is not refuted. Then there exists a joint distribution of (Y, X, Z,U)
and a value 8 consistent with the model assumptions and the data. By A3 we have

0 = cov(U, Zy)
=cov(Y — X3, Zy)
= cov(Y, Zy) — Beov(X, Zy)

for all £ € {1,...,L}. Suppose 8 = 0. Then cov(Y, Zy) = 0 for all ¢, and hence equation (2) holds
for all m,¢ € {1,...,L}.

Suppose 3 # 0. Suppose cov(X, Z;) = 0. Then the above equation implies that we must have
cov(Y, Z;) = 0 as well. Hence equation (2) holds for this ¢ and any other m € {1,...,L}.
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Table 11:  Baseline 2SLS results for Duranton et al. (2014): The effect of highways on export
value. Non-highlighted parts reproduce results from their paper. Highlighted parts are new. Panel
A reproduces columns 1-4 of their table 5. It also shows the estimated falsification adaptive set.
Panel B uses only two of their instruments, controlling for the other. See text for discussion.

Dependent variable: Export value

(1) (2) 3) (4)

Panel A. Plan, exploration, and railroads used as instruments

log highway km 1.10%%* 0.17 0.070 -0.026
(0.17) (0.16) (0.14) (0.12)

log employment 0.91%** 1.19%* 0.90**
(0.091) (0.58) (0.42)

Market access (export) -0.19 -0.38%** -0.36%**
(0.12) (0.14) (0.11)
log 1920 population -0.34 -0.23
(0.30) (0.30)
log 1950 population 0.95* 0.49
(0.48) (0.51)
log 2000 population -0.84 -0.14
(0.72) (0.58)

log % manuf. emp. 0.83%%*
(0.16)
First-stage F' stat. 97.5 90.3 80 84.8
Overid. p-value 0.081 0.071 0.28 0.55

FAS [0.24,0.78]  [-0.85, -0.085] [-0.85,-0.01]  [-0.19, 0.047]

Panel B. Plan and exploration used as instruments, controlling for railroads

log highway km 0.69** -0.22 -0.16 -0.14
(0.30) (0.23) (0.18) (0.15)
log 1898 railroad km 0.41** 0.32** 0.22% 0.11
(0.20) (0.14) (0.13) (0.11)
First-stage F' stat. 61.1 65.4 77.8 82.2
Overid. p-value 0.60 0.47 0.41 0.74

Notes: 66 observations per column. All specifications include a constant. Heteroskedas-
ticity robust standard errors in parentheses. *** ** *. statistically significant at 1%,
5%, 10%.
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Finally, consider any pair m and ¢ such that cov(X, Z,,) # 0 and cov(X, Z;) # 0. Then the
above equation implies

cov(Y, Zy)  ,  cov(Y, Zpy)
cov(X,Z)) 7 cov(X, Zm)
Thus we have shown that equation (2) holds for all m,¢ € {1,...,L}. O

Proof of theorem 1. First we show that any value of 3 consistent with the model must lie in B(9).
By the outcome equation (1) and the instrument exogeneity A3,
cov(Z,Y) =cov(Z,X'B+ Z'y+ U)
= cov(Z,X)p + var(Z)y.
By A2,
v =var(Z) Y (cov(Z,Y) — cov(Z, X)B).
Since —6 < v < ¢ (component-wise) by A4’ we have 5 € B(9).
Next we show that B(6) is sharp. Let b € B(J). Define
v = var(Z) Y (cov(Z,Y) — cov(Z, X)b).
Then ~ satisfies A4’ by definition of B(d). Next, define U=Y — X'b— Z'y. Then

cov(Z,U) = cov(Z,Y — X'b— Z'v)
=cov(Z,Y — X'b— Z'var(Z) " (cov(Z,Y) — cov(Z, X)b))
=cov(Z,Y) — cov(Z, X)b — var(Z) var(Z) " (cov(Z,Y) — cov(Z, X)b)

Thus A3 holds. Hence B(0) is sharp. That the model is refuted if and only if this set is empty
follows by the definition of the (sharp) identified set. O

Proof of corollary 1. Write the identified set from theorem 1 as
Bo)={beR:—-06 <1 —br <4}

={beR: =6 <tpy—bmp<dy, £=1,...,L}
={beR: Y= <bmp<tpy+, £L=1,...,L}.

Equation (4) follows immediately by considering the three cases 7y = 0, 7y < 0, and 7, > 0
separately. O

Proof of lemma 1. Without loss of generality, let £ = 1. The result for £ # 1 can be obtained by
permuting the components of the vector Z. Then X = (X, Zs,...,Zr). Hence

cov(Z, o) = <cov(Z1,X) cov(Zl,Z_l)) |

cov(Z_1,X) var(Z_;)
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By block matrix inversion, the first row of cov(Z, X;)! is

e cov(Z,X,) ' =
(cov(Z1, X) — cov(Zy, Z_1) var(Z_1) "L cov(Z_1, X)) ! '
—(cov(Z1, X)) — cov(Zy, Z_1) var(Z_1) "L cov(Z_1, X)) cov(Z1, Z_1)var(Z_1) "L )

Hence

¢y cov(Z,X1)  cov(Z,Y)
cov(Z1,Y) —cov(Zy, Z_1)var(Z_1) "L cov(Z_1,Y)

(
(
cov(Z1 —cov(Zy, Z_q)var(Z_1)"1Z_1,X)
B cov(Z1,Y)
a cov(Zl,X)
B cov(Z1,Y) [ cov(Zy, X)
a var(Z,) / var(Z1)
_%
1

Here we defined Z; = Z; — cov(Zy,Z_1)var(Z_1)"'Z_1. This is the population residual of Z; after
removing the projection of Z; onto Z_;. The last line thus follows by the partitioned regression
formula. O

Proof of equation (5) on page 14. As in the proof of lemma 1, without loss of generality suppose
¢ = 1. Suppose the baseline model (6 = 0) holds. Then

Y1 cov(Z1,Y)
™ cov(Z1, X)
cov(Z1,BX +U)
cov(Z1, X)
cov(Zy, X)
cov(Zy, X)
= f.

Similarly, cov(Z1,Y)/ cov(Z1, X) = 8. Equation (5) follows. O

We use the following lemma in the proofs of proposition 2 and theorem 2. It says that the
identified set for 5 is a singleton at any point ¢ in the set FF defined in equation (6).

Lemma 2. Suppose A1-A3 hold. Suppose K = 1. Let
(o e

be min -, max .
{=1,...,Lim¢#0 g £=1,...,.L:m;#0 Ty

Define 5(b) = (|1, — bmil,.. ., [y, — brr|). Then B(5(b)) = {b}.
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Proof of lemma 2. We have

Bowy= () |L-2b ﬂ+ ()]
=1, .. Lm0 L |me| | 7]
N T W+|W—Wq
0=1,...,L:mp#0 L7 |7Tg| e |7T£|
SUNCERERES
=1 Lﬂg;é[)
- [w W—b‘ Yo v bH
L¢e>b7rz w0 LTE 1T T |
ﬂ [w W_b‘,w‘f‘ e bH
e | e | T

0=1,....L:py<bmy,mp#0

(0 k(0 e

0=1,....L:tpy>bmy,mp#0 0=1,...,L:pp<bmy,mp#0
= {b}.

The first line follows by equation (4), and by the definition of §(b). The second line also uses the
definition of §(b). The remaining lines follow by considering two cases so that we can eliminate the
absolute values. O

Proof of proposition 2. Let FF denote the true falsification frontier. Let

FF8uess = {5 e R S0:00= |t —bmy|, L=1,....L, be min Ye max QM]}
{=1,...,L:my#0 1y f 1,...,L:mp#0 Ty

We will show FF = FF&"S. We split the proof in three parts. The first two parts together show
that FF&"*® C FF. The third part shows that FF&"*® D FF.

1. We first show that if § € FF&"** then the identified set B(d) is not empty. This follows
immediately from lemma 2.

2. We next show that §' < § for § € FF&" implies that B(d’) is empty. So let ¢ < & where
§ € FF8's and § > 0. Consider two cases.

(a) First suppose d; < d, for some £ such that 7, = 0. By the definition of FF&"* §, = |1)y|.

e Suppose by > 0. Then §y = 1, and hence [ty — &, ¢ + d¢] = [0,2¢)]. Since §, < dy,
¢ — &y > 0 and so 0 is not an element of [¢py — &), + 0;]. Hence By(d;) = () by
equation (4).

e Suppose 1y < 0. Then 6y = —1)y and hence [ty — d¢, 1)y + ¢] = [24¢,0]. Since §; < oy,
Yy + 0, < 0 and so 0 is not an element of [ — &y, + d;]. Hence By(d;) = 0 by
equation (4).

e Suppose ¢y = 0. Then §; = 0 and so we cannot have §;, < d, since &, > 0.

Thus in this case we must have B(d") = 0.
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(b) Next suppose d, < d; for some ¢ such that 7 # 0. ¢’ < ¢ implies that B(¢") C B(d). By
lemma 2, B(§) = {b*} for some value b*. Thus it suffices to show that b* ¢ B(d’). That
will imply that B(d8") = 0.

To show that b* ¢ B(¢') it suffices to show that b* ¢ By(d") for some ¢, since B(d’) is the
intersection of these sets over all £’s, by corollary 1. From that corollary we have

Y &
B@(él) = |:W - 7@7 ﬂ + €:| .
e |mel me  |mel
Consider two cases:
i. Suppose b* < 1py/mp. Then
Yo S0 e | — bimy

T |l oWy |7
e,
™ .
= b*.

Hence

e 0 _ e O

me|mel T ome |ml
=b*.
Thus b* ¢ By(d').
ii. Suppose b* > 1yy/my. Then

e 8 _ e [be—bm]

T |ml |
— ﬂ + ﬂ _b*
Ty o)
=b".

Hence

Y )
Yo O Y O
e |mel  ome |l

=b".
Thus b* ¢ By(d').
Steps 1 and 2 together imply that FF&"*® C FF.

3. Finally, we show that FF&"** D FF. We show the contrapositive: 6 ¢ FF&"** implies that
d ¢ FF. So let § ¢ FF&"*S. There are three cases to consider.

(a) Suppose B(d) = ). Then ¢ ¢ FF by definition.

(b) Denote
(i
bmin = min — ax -
0=1,...,L:my#0 Tp {=1,...,L:me#0 Ty
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Suppose B(d) # 0 and B(6) C [bmin, bmax)- We'll show that we can find a ¢ < § such
that B(0") # 0, and hence ¢ ¢ FF. We use two observations:

i. Since 0 ¢ FF&8"*" we must have § # §(b) for all b € [byin, bmax]. In particular,
d # 0(b) for all b € B(J), since we're considering the case where B(0) C [bmin, bmax]-

ii. Let b € B(d). By the characterization of B(d) in theorem 1 (specifically, see equation
(22) in our discussion below), this implies that |1y — bmy| < &y for all £ =1,..., L.
That is, 0(b) < 4.

Let b’ be any element of B(d). This exists by assumption. Let ¢’ = 6(b"). Observation
(i) implies 0’ # §. Observation (ii) implies ¢’ < 0. Hence ¢’ < 0. Moreover, we have
B(8") = B(6(b')) = {b'} # 0 by lemma 2. Thus § ¢ FF, by definition of the falsification
frontier.

(c) Suppose B(d) contains an element b ¢ [buin, bmax]. Suppose b > bpax. Let &' = §(bmax)-
e Observation (i) above implies ' # 0.

e Next we show §’ < 4. Observation (ii) above implies dy(b) = [1hy — bmg| < &y for all
{=1,...,L. So it suffices to show

6€(bmax) = \W - bmaxﬂ'é‘ < |¢Z - b7TZ| = 5Z(b)

for all ¢. This holds immediately for all £ with mp = 0. For the other ¢’s, it follows
by the structure of the dy(-) function, the definition

e

b = max
T 1 Lm0 Ty

and the fact that b > byax. Specifically, notice that for ¢ such that my # 0, d,(+)
is zero at /7, and otherwise is strictly increasing as the distance between v,/
and its argument increases. (Specifically, it is a V-shaped function, whose slope is
determined by my, but this specific shape is not important here.) Since b > bpyax,
b > 1s/ms for all s with mg # 0. Thus we must have d;(b) > d4(¢s/7s) for all £ and
s with 7y # 0 and 75 # 0. In particular, it holds for the s such that byax = ¥s/7s.

Hence ¢’ < 0. Moreover, B(¢') = B(d(bmax)) = {bmax} # @ by lemma 2. So § ¢ FF,
by definition of the falsification frontier. A similar argument applies if instead we have
b < bmin.

O]

Proof of corollary 2. The falsification frontier is given by

. Y
FF={6cR%,:6,=y—bmy|, £=1,2, b £ had
{9 e Rt = loaom 121,20 |y 2 )

a line segment in R?. We can directly see that FF is the line segment between

phtel) (el

g — —mo
m

o
P — —m
T2
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which corresponds the equation

for nonnegative values of §; and ds. ]

Proof of theorem 2. We have

U B0 = U B(5(b))

FF .
o€ be [mlne:L...,Lmﬁﬁo %1maX€:1,..,,L:7rZ¢O %]

= U {b}

. P ¥
bE[mlnzzl ..... Limg#0 7§7maxz:1 ..... Limg#0 7?]

. (4
min —,  max ve )
=1,...,L:mp#0 ¢ £=1,...,L:m,#0 Ty

The first equality follows by the characterization of the falsification frontier in proposition 2. The
second equality follows by lemma 2. O

Proof of proposition 3. Let

Yo Yy
>y !
m* = max — 7 .
eoe{l, Ly de  de
el o]

Suppose m < m*. Then there is an s and an s’ such that

% o 1/15'

Tg Ty
m < 0

|7s] ||

Rearranging yields
% md s w s/ md s/

T B |7s] Tgr |Ter|

Ye  mdyg : Yo | mdy
max (— —-——] > min — 4+ .
{=1,....L \ Ty |7Tg| 0=1,...L \ Ty ‘71'@/’

But recall from corollary 4 that for any 9,

B Ve 00 e | O
50 = 1 [m‘mw*]

] |70

e mdy . Yo mdy
=| max | ——-—— |, min + .
{=1,...,.L \ 1y |7Tg| U=1,....L \ Ty ’7Tg/|

We just showed, however, that for 6 = m - d, the left endpoint is larger than the right endpoint.
Hence B(m - d) is empty.

Hence
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Now, let 6 = m* - d. Let s,s’ be such that

% - 1/13'

* _  Ts s
YAy
[ms| |

Rearranging yields
s m*ds . (0% m*dgy

Ts ITs| Ty |mer|

Let b* denote this common value.
Next let ¢ € {1,...,L} be arbitrary. We will show that b* € By(d). We prove this by contra-
diction. Consider two cases.

1. Suppose
*d
2 + 2
T |l
Rearranging this equation yields
Yot
Ts Uy *
7613 d; >m".
sl |l
This contradicts the definition of s.
2. Suppose
*d
b* < Ve 4o
T |l
Rearranging this equation yields
ﬂ N ws’
Ty g *
4 4 Cm
|7T€ | |7Ts’ |

This contradicts the definition of s'.

Thus b* € By(6) for any ¢ € {1,...,L}. Hence b* € B(d). Thus implies that B(J) is not empty, as
desired. O

Proof of corollary 3. This result follows immediately from corollary 1, proposition 2, and proposi-
tion 3. O
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Proofs for section 3.6: K endogenous variables

To prove the results in this section, we first review the structure of the identified set for 8. From
theorem 1, this set is

B(6)={beRN:—5 <+ —TIb< 4}
L
= ﬂ{bERK:—(SgS'IM—ﬂ'EbS(Sg}
(=1
where 7r2 is the /th row of the matrix II. So if we let
By(0¢) = {b e RE . —0p < Py — Wéb < (5@}

then §
B(8) = (1) Be(6)- (22)
=1

In our baseline model with 6, = 0, B,(0) is a hyperplane in RX:
By(0) = {b € RF : ¢y, = m)b}.

As we relax exclusion, this set goes from being a hyperplane to the space between two hyperplanes.
Figures 12, 13, and 14 plot examples of these spaces. The overall identified set 5(d) is just the
intersection of these spaces.

With that as background, we next prove our main results: proposition 5, our characterization
of the falsification frontier, and theorem 4, our characterization of the falsification adaptive set. We
do this using a sequence of lemmas.

We begin by showing a basic geometric fact about the set FAS* when L = K + 1. Here and

: 2SLS __ Q2SLS
elsewhere we use the notation 527° = 5{17._.713}\{6}.
Lemma 3. Suppose Al’, A2, and A3 hold. Suppose L = K + 1. Then exactly one of the following
holds:

1. g%)S = p%is for all £,¢' € {1,...,L}.
2. m,B%LS £ 4y for all £ € {1,...,L}.
Proof of lemma 3. We will show that (1) holds if and only if (2) does not hold.

1. (=) Suppose statement (1) holds. So 8% = 825 for all £,¢' € {1,...,L}. Then 7,5%}* =
m)3%)° = 1y for any ¢ and any ¢’ # (. Therefore statement (2) does not hold.

2. («). Suppose (2) does not hold. Then there exists an ¢ such that 3% = 1),. By definition
of B2, we have 77, 3% = ¢y for all ¢’ # {. But now we know it also holds for ¢ = ¢. Thus
%515 is an element of every hyperplane By (0). This implies that

(Mgr,oopgey) b= Y, o ey

is satisfied by b = 8?3/5. But this equation is also satisfied by b = %%°, by definition of this
estimand. By A1/, this equation has a unique solution. Thus %}* = 325, This argument

holds for all ¢ € {1,...,L}\ {¢}. Thus (1) holds.
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The next lemma shows that, when L = K + 1 and FAS™ is not a singleton, we can write any
element of R as a weighted sum of our just-identified 2SLS estimands.

Lemma 4. Suppose Al’ holds. Suppose L = K + 1. Assume that FAS* is not a singleton. Then
for any b € RE there exist weights wy(b), ..., wr(b) such that

L
b= w(b)B2}*
=1

and the weights that sum to one, ZZLZI wy(b) = 1.

Proof of lemma 4. Since we want the weights to sum to one, the last weight is always defined by

L=1
1= w(b)
/=1

once we’ve chosen the first L — 1 weights. Thus we want to find (wy(b),...,wr—1(b)) such that

w1 (b)
b= (8% - 5719) :
1- Ze L we(b)

holds. Multiplying this out we get

L—-1 L—-1
b= Z ﬁzssstS(b) + (BQS[I:S - BESLL:S Z ws(b)>
s=1 s=1
or
L-1
b B2 = 3 (B5 — 55w (b).
s=1

Thus in matrix notation we have

h— B%S[I:S — (ﬁ%SILS _ lB%SIIjS IB%SLS_l) _ ﬁESLLS>

(L— 1) (L-1)

This system has a unique solution if the matrix

(5251Ls . /32%5 o QSLs BQSLS)

has full rank. So that’s what we’ll show.
This matrix doesn’t have full rank if we can find a ¢ € RE™1 with ¢ 2 071 such that

(stlLs _ IB%SES ... %S(Lffl) _ B%SII:S) c=0,_1. (23)
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Multiplying out we see that this equality is equivalent to

L-1 L—1
28LS 2SLS

D abrP =82

(=1 /=1

Premultiplying by 7 gives

L-1 L—-1
! Q2SLS ! n2SLS
BT Zce: g B
/=1 /=1

The second line follows since ﬁ%SZLS lies on the line ¥y = W’LB for all £ # L, by definition of these

2SLS estimands. Thus L

(br — T 855 Y e = 0.

(=1

By lemma 3, 11, # 7} 8%*. So we must have

L—1
Z cp = 0.
=1

We can now go back and substitute this into equation (23) to get

C1
(ﬂzles . ﬁz%s . ES(LLS—l) _ BESLLS) — 0,4
L—2
=01 ¢

Multiplying this out yields
L—2 L—2 L—2
> B = B2 e+ (Bop-1) — B-L) (- > Ce) =071
(=1 =1
Simplifying gives
L—2 L—2
2y Y= Tt
(=1 (=1
Premultiply both sides by w7 _1 and repeat the arguments above to get
L—2
Z cp = 0.
(=1
Repeat this argument iteratively to see that ¢ = 0p_;. Thus the matrix

(5295 — o295 - B2, - A7)
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is nonsingular. 0

Now recall our general definition of the falsification frontier: It is the set of values § € RL,
such that B(8) # 0 and B(§') = () for any &' < 6. We first show that, in the L = K + 1 case, the
identified set for (8 is a singleton at any point § in the conjectured falsification frontier defined in
equation (10). For this we define

de(b) = [tpe — myb]
forall ¢ =1,...,L. Let 6(b) = (61(b),...,dL(D)).

Lemma 5. Suppose A1l’, A2, and A3 hold. Suppose L = K+1. Let b € FAS*. Then B(4(b)) = {b}.
Figure 12 illustrates the geometric intuition for this lemma.

Proof of lemma 5. By lemma 3, there are two cases to consider: FAS* is either a singleton or a
nondegenerate simplex in R

Case 1. Suppose FAS* = {b} is a singleton. By the definition of FAS*, this implies that
b= %S for any £ C {1,..., L} with |£| = K. Moreover, for any such L,

() Be(0) = {b € RF : TI2b = ¢}
tec
— ).

Let £1 and Ly be subsets of {1,..., L} such that £; ULy = £. Then

L
B(0) = (1) Be(0)
=1

= () BO) | ()| [ Bel0)

leLy leLs
= {b}.
The first line holds by equation (22). Thus B(d(b)) = B(0) = {b}.

Case 2. Suppose FAS* is not a singleton. Then 7)3%}® # ¢, for all £ € {1,...,L}. We prove
equality of sets by showing that both directions of set inclusion hold.

Step 1 (D). First we show that B(5(b)) D {b}. By definition of s(-),
e — mib € [—0,(b), de(b)]
for all . Thus, by the characterization of B(-) in theorem 1, b € B((b)).

Step 2 (C). Next we show that B(d(b)) C {b}. First suppose d;(b) = 0 for all £. In this case
the baseline model is not refuted. b is then the unique value that satisfies all of the instrument
constraints. So FAS™ is a singleton. This is a contradiction. So we must have dy(b) > 0 for some /.

We will show that any element b* # b is not in B(d(b)). The set FAS* is a polytope. Consider
its alternative half-space representation. The half-spaces correspond to one side of the hyperplanes
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By(0). For example, the shaded areas in figure 5 can be written as the intersection of half-spaces
formed by the plotted lines. Formally, write

L
FAS* = ({b € R¥ : 4hy — mjb < 0}. (24)
(=1

Here we assume without loss of generality that all of the inequalities go in the same direction (< 0).

e If one of the half-spaces originally has the form v, — ﬂzg > 0, it can be rewritten as —y —

(—myb) < 0. This is equivalent to replacing Z, with —Z;. As shown in appendix E, changing
the sign of an instrument does not affect the estimands 2" and therefore does not affect
the set FAS™.

Now recall that

L
B(s) = {BeRK : —54g¢@—m{,z§§5¢}
/=1

= (ﬂ{g e RE . @/Jg—?TélN) > —(Sg}) ﬂ (ﬂ{i) e RE . Wy —WZI; < 5g}> .
/=1

/=1

Evaluating this expression at §(b) yields

By lemma 4, any element in R® can be written as a linear combination of our L different just-
identified 2SLS estimands. In particular, we can write b* in this way:

L

- Z wg(b*)ﬁzs;s

(=1

where %55 = B%ii?,L}\{f} and where wy(b*) are weights that sum to one, ZeL:1 wy(b*) = 1. (These
weights are not necessarily non-negative.) Remember that our goal is to show that b* # b implies
b* ¢ B(5(b)). By our decomposition above, it suffices to show that b* ¢ Py (b).
Since b € FAS*,
Py — T éb <0

for all £. This follows directly from our half-space representation of FAS*. Thus

—|tpg — web| = by — b
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for all /. Hence

L
Pr(b) = ({b € RX : gy — mb > — |y — mjbl}

~
Il
—

{b e RF :hy — mib > by — myb}

I
DL

~
Il
—

{beRE . 7)(b—b) <0}

I
DL

T
X

So b* € P1(b) if and only if 7(b* — b) < 0 for all £. Focus on just one ¢ for a moment. Then

(ws(b*) — ws (b))ﬂéﬁgssm

M=

7 (b* —b) =

@
Il
—_

I
M=

L
(ws (b%) = ws (b)) w825 — w8255 Y (wy(b*) — wy(b))
s=1

@
Il
-

(ws(0") — ws<b))7r25szLs - WQBESZLS Z(wsa)*) — wg (b))

s#£L s#£L

= (ws (0") — ws(b))1he — 772/83%8 Z(wsa)*> — ws(b))
s#£L s#L

= (e = mB2%) Y _(wa(b") — ws(b)).

s#£L

The first line follows by substituting in our linear combination representation of any element in R*
for both b* and b. The second line follows since the weights sum to one, so the sum of the difference
in weights is zero. The third line comes from cancelling the ¢th term in the two summations. The
fourth line follows since, for all s # £, 325 lies on the line vy = 7T2[~). This holds by the definition
of these 2SLS estimands.

Next notice that 1, —78%}° < 0. This follows from 32 € FAS*, the half-space representation
of FAS*, and the fact that FAS* is a nondegenerate simplex. So suppose by way of contradiction
that b* € Py(b). Then mj(b* —b) < 0 for all . We’ve just seen that this implies

S (wy(5) — wy(B)) > 0

s#L
for all . But now we have
L
0= (ws(b*) —ws(b))
s=1
=) (ws(b*) = ws (b)) + (we(b*) — we(b)).
s#£L
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by 4 ¥a = msb ¥y =mb

{1 3}

Bf;' 5

by 4 V3=

Figure 12: Geometric intuition for a key step in the proof of theorem 3. Start at the top left.
Here we have K = 2 and L = 3, as in the left plot of figure 5. We pick a point inside the convex
hull of the three just identified 2SLS estimands. Call it b. We’ll now illustrate the intuition for
lemma 5, which shows that B(6(b)) = {b}. We next plot the sets By(d;(b)) = {b € RE : —§,(b) <
Yo —m)b < §y(b)}, adding one at a time. We look at relaxations d;(b) = |ty — m)b| which are chosen
to be as small as possible, while still making sure that b is included in each of the tubes centered
at the different hyperplanes By(0). The result is that the identified set for § given the relaxation
§(b)—the intersection of these three tubes—is the singleton {b}.

Thus

This holds for all £. But the only way for the sum of non-positive numbers to equal zero is if
they’re all zero. Thus wy(b*) = wy(b) for all £. This implies that b* = b, a contradiction. Therefore
b* ¢ P1(b). As discussed above, this suffices to see that b* ¢ B(d(b)). O

Lemma 6. Suppose Al’, A2, and A3 hold. Suppose L > K + 1. Let b € P. Then B(§(b)) = {b}.

Proof of lemma 6. As in the proof of lemma 5, we prove set equality by showing that both directions
of set inclusion hold.

Step 1 (2). The proof of this step from lemma 5 applies without modification.

Step 2 (C). Since b € P there is some £ C {1,..., L} with |£| = K such that b € P,. Let

= () Be(o)

el
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Figure 13: Geometric intuition for a key step in the proof of theorem 3, continued from figure 12.
Here we instead pick a point outside the convex hull of the three just identified 2SLS estimands.
We again relax each exclusion restriction just enough so that b is inside each of the tubes centered
at the different hyperplanes B;(0). But now when we look at the intersection of these tubes we get
a non-singleton set. Because this set has an interior, we’ve relaxed exclusion too much—we can
strengthen some of the exclusion restrictions without obtaining a falsified model. Thus the point b
is not in the falsification adaptive set.

This is the identified set for # when we impose partial exclusion for only the instruments with

indices in £. By lemma 5, Bz (6(b)) = {b}. Moreover, B.(d) 2 B(4). Thus B(§(b)) C {b}. O

The following variation on Farkas’ lemma (for example, corollary 22.3.1 on page 200 of Rock-
afellar 1970; Border 2019 provides an extensive discussion) is helpful.

Lemma 7 (Variation on Farkas’ Lemma). Let x1,...,2, € RE. Then 0 ¢ conv({z1,...,z,}) if
and only if there exists a point p € R¥ such that p'z; >0 foralli=1,...,n.

In particular, this lemma shows that if you pick a point outside a convex hull of {x1,...,z,},
then you can find a vector p pointing towards all of the vectors z1,...,x,.

Proof of lemma 7. 0 ¢ conv({x1,...,z,}) if and only if the system

1 - 1 1
(=)= (o)
A>0

has no solutions. By Farkas’ lemma (for example, theorem 6 in Border 2019), this system does not
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have a solution if and only if there exists a point p = (pg, p) € RE*! such that
1 ... 1

That is,

which is equivalent to

po+p'x; >0 foralli=1,...,n

po < 0. (25)
For the = direction, this immediately implies that p’z; > 0 for alli = 1,...,n. For the < direction,
we take p'x; > 0 foralli = 1,...,n as our assumption. We can then always pick a py < 0 sufficiently
close to zero that the system (25) holds. O

Lemma 8. Suppose A1’ holds. Suppose L = K + 1. Suppose FAS* is not a singleton. Then

Yo — )b = wy(b) (Y — m,B%5) for all £ = 1,..., L.
Proof of lemma 8. For ¢’ € {1,...,L} we have

L
Yo — 7'['2/() = ¢£/ - 772/ <Z w@(b)ﬁgbflﬁ>
(=1

o

= g —mp | Y we®)BZF5 4+ [ 1= wi(b) | B2
A0 A

= wg/ — Z ’U)[(b)ﬂ’é/ﬁ%sgLS - 1 - Z wf(b) ﬂ-é’ zsél;s

LAV £

= g — > web)pe — [ 1= we(b) | w825

(A0 (A0

= (1= wed) | e — | 1= we(b) | 782

LAY LEL

= 1= wild) | (o — 70 8%5)
£l
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= wp (0) (Yo — 7 BZ).

In the first line we used the representation b = 25:1 we(b)3%}®, by lemma 4. The last equality
follows since the weights sum to one. O

Lemma 9. Suppose Al’ holds. Suppose L = K + 1. Suppose FAS* is not a singleton. Without

loss of generality, write
L

FAS* = [{b € R¥ : 4hy — mjb < 0}.
=1
(See equation (24) in the proof of lemma 5, and the surrounding discussion.) Then there are no
b € RX such that Yep—mb>0forall £ =1,..., L.

Proof of lemma 9. Let
L
£ = m{BERK:@bg—wﬂ)ZO}.
/=1
Suppose by way of contradiction that there is some element b € £. Write

L

b= w(b)s%}

(=1

where S5 wy(b) = 1. By lemma 8 (which we can use since L = K 41 and FAS* is not a singleton),

Pp — mpb = wy(b) (e — mBELS).

This term is > 0 since b € £. Since ,BESELS € FAS* and by lemma 3 we have 1, — TrZ,stgLS < 0. This

implies wy(b) < 0. This must hold for all /. That is a contradiction to ZeL:1 wy(b) = 1. Hence
E=0. O

Lemma 10. Suppose A1’, A2, and A3 hold. Suppose L = K +1. Then there exists a normalization
of the hyperplanes {b € RX : 7)b = ¢,} with ¢, > 0 and such that

0€conv({m:£=1,...,L}) = 0cconv({B®°:0=1,...,L}).
Proof of lemma 10. We prove this by contrapositive. So suppose 0 ¢ conv({#*}* : ¢ =1,...,L}).
By L = K + 1 and lemma 3, there are two cases to consider.

1. Suppose FAS* = conv({8%}* : £ =1,...,L}) is a singleton. Let b* denote this common value.
By definition of %5, 7%} = 4y for all £. Thus 7,b* = ), for all £. Since 0 is not in the
convex hull of the 4%%* points by assumption, we have b* # 0. Recall also that we normalized
e > 0 for all £. So we have m;b* > 0 for all £.

Let Ly denote the indices £ such that ¢, = 0. Note that 7,b* = 0 for £ € L. The set

U{bGRK:ﬂ'éb:O}
LeLy

does not equal RX. This follows since it is a finite union of K — 1 dimensional hyperplanes.
So there is a point v € RX which is not in this set. That is, there exists a vector v € R¥ such
that mv # 0 for all £ € Lo.
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Note that hyperplanes corresponding to £ € L are invariant to sign normalizations of 7y since
{(beRE :7pp =0} = {b e RE : (—m)’b = 0}.

The element v is independent of the normalization since if mjv # 0, then (—my)'v # 0 as well.
Let
b*(t) =b" +tv

for t > 0. At t = 0 we have
Wéb*((]) = 1/1@ >0

for all £ € £\ Ly. By continuity, for small enough ¢ > 0 we also have
mb*(t) = mpb* + tmpv > 0
for all £ € L\ L. Denote this point by ¢ > 0. Next, for all £ € Ly we have
mpb* (t) = mpb* + tmpv
= tmpv
# 0.

Therefore, given that the sign of my for £ € Ly can be renormalized, we can normalize 7y for
¢ € Lo such that w;b*(t) > 0 for all £ € Ly. So now we have found a normalization and a point
b*(t) such that m;b* () > 0 for all . Lemma 7 thus implies that 0 ¢ conv({m,: ¢ =1,...,L}).

. Suppose conv({#%}*: ¢ =1,...,L}) is not a singleton. By A1.2/, the equation
1 1 M 1
(2|2 ) o) 20
has a unique solution A € RY. We want to show that this solution does not satisfy A > 0.

Recall that we can write FAS* = conv({#%}® : £ =1,...,L}) as an intersection of halfspaces
{beRK: 7['2[; < 1p}. Without loss of generality, write

FAS* = [ (N {beRN sqpp—mb <0} | ()| () {b € RN :¢hy — mjb > 0}
lely lelo

for some partition £; U L = L. Since we have normalized 1, > 0, we cannot have £ = ()
because this would imply that 0 € FAS*. So this implies that there is some index ki such
that

conv({f%}5 0 =1,....,L}) C{be RN 1w b >y}

However, we also cannot have £ = {1,...,L}.

o If £; ={1,...,L} then

FAS* = (] {beR¥:y—mb<0}.
te{1,...,.L}

111



By lemma 9, this implies that

(N {(beRX: ¢ —mb>0}
e{1,...,.L}

is empty. This is a contradiction since

0c ﬂ {(beRE ¢y — )b >0}

by the normalization 1, > 0.
Hence there is some index ko € L£9. That is, there is a ko such that
{b e RF :m,b < 4y, } Deconv({By*: £ =1,...,L}).

Now, from the last row of equation (26) we have

L
Z)\gﬂ'g =0g.
=1

Multiply this equation by (8%}%)’ to get

L
(5331?5)/277@)\@ =0.
=1

Separate the ¢ = k from the sum to get

Z Agﬂéﬂ%skm + )\kﬂzﬁzsk%s =0.
£k

Recall that, by the definition of these 2SLS estimands, 7} 3% = ¢, for k # . Hence

D Aok + M 825 = 0. (27)
£k
Consider this equation for our two different indices ki, k2 € {1,..., L},

Z )\Zwkl + )\kl 71—;61 zslgls = O and Z )\fka + )\k‘Zﬂ-;Cz 351;128 = 0
0#k C£ko

Subtract the left equation from the right to get
0 = Ak? (71-;{)2 %SI;JQS - wkZ) + )\kl (wkl - 71—;61 351315).

As mentioned earlier, lemma 3 implies that 7, %%; — Yk, <0 and 9, — 7721/33%15 < 0. This
equation implies that Ar, and A, cannot both have the same signs. If one of them is > 0
then the other must be < 0. In this case, we're done. Here we use the fact that A is the
unique solution to equation (26).

So suppose both of them are zero. Let ks € {1,...,L}\ {k1,k2}. Then by similar derivations
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we have
/ 28LS / 28LS
0 = AkQ (ﬂ-k‘g —kPQ - ka) + )\kS (wkl - ﬂ-kg —5141;3 )

We know that Ay, = 0 already and thus
O = )\kB (¢k1 - 7T’,€3 38’335)'

We know that g, — 7, 53%33 # 0 and thus we must have \g, = 0. Continuing in this way
we obtain A = 0. This contradicts ZeL:1 A¢ = 1. Thus A cannot be nonnegative. So equation
(26) then implies that O ¢ conv({my: ¢ =1,...,L}).

O

Lemma 11. Suppose Al’, A2, and A3 hold. Suppose L > K + 1. Let b ¢ P. Then there exists a
8" < §(b) such that B(d") # 0.

Figures 13 and 14 illustrate the geometric intuition for this lemma.

Proof of lemma 11. Without loss of generality, suppose b = 0. This follows since we can simply
translate our coordinate system so that the origin is at b. Put differently, we map all z € R¥ to
x — b. In particular, the hyperplanes

By(0) = {b € R : ¢y = mjb}
get mapped to . .
By(0) —b={beRE : ¢y — )b =mb}.

Thus we let b = 0. Throughout this proof, pick one of the normalizations given by lemma 10. In
these normalizations we have ¢y > 0 for all £. Next, there are two cases to consider.

1. Suppose d¢(b) > 0 for all £. Since b ¢ P, b ¢ Pr = conv({ﬁ%s\ﬁ} : £ € L}) for any £ with
|£| = K + 1. Since b = 0, lemma 10 implies that 0 ¢ conv({m : £ € £}). This holds for any

set £ such that |£| = K + 1. This implies that 0 ¢ conv({m,: £ =1,...,L}).

e If 0 € conv({my : £ = 1,...,L}), then Caratheodory’s theorem (e.g., chapter 17 of
Rockafellar 1970) implies that 0 is in the convex hull of a (K + 1)-element subset of
{m¢g:4=1,...,L}, That is, 0 € conv({m, : ¢ € L}) for some £ with |£| = K + 1. This

is a contradiction.

Since 0 ¢ conv({m : £ =1,...,L}), lemma 7 implies that there exists a vector b such that
b'my>0forall ¢ =1,..., L. Define

b(e) =b+eb
=0+ eb.

This is a point that starts at b and moves in the direction of b. Recall that we normalized
¢ > 0 for all £. Moreover, note that we must actually have ¢y > 0 since 0 < 5¢(0) = |1y
Thus, since ¢y > 0 and m;b > 0 for all ¢, there exists an & > 0 such that

1/)[-571‘26> 0
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for all ¢. This implies that

[t — mgb(E)| = [9pe — my(b + £D)]
= |(the — mph) — Emyb|
= (¢ — mpb) — Emyb
= dy(b) — 571’2[_7
< Op(b).
The third line uses b = 0 and our specific choice of £ to ensure that this term is positive, and

hence we can drop the absolute value. The fourth line uses ¢ > 0 and b = 0. The fifth line
uses myb > 0 and £ > 0.

Let

8y = e — mpb(&)].
We have shown that ¢ < d(b). Finally, by our characterization of B(-) and the definition of
&', we have b(g) € B(8'). Hence B(d') # 0.

. Suppose d;(b) = 0 for some ¢’s. There can be at most K — 1 such indices, since otherwise we
would have b € P. Let Ly denote the set of these indices. As in the proof of lemma 10, we
must have 1, = 0 for £ € Ly. In this case, consider the subspace

{(beRE :0=n}b, L€ Lo}

This is a linear subspace of dimension at least 1 (by assumption that d;(b) = 0 for some £’s)
and at most K — 1 (as noted earlier). Within this subspace, we can look at the remaining
indices {1,..., L} \ L£o. We have d,(b) > 0 for all of these indices. By restricting attention to
this subspace we can thus immediately apply the analysis of case 1.

O]

For the next two lemmas, let

Fguess {5€Ré0:5€: |¢£—ﬂ'éb‘,£: 1,...,L,b€77}

and let FF denote the true falsification frontier.

Lemma 12. Suppose Al’, A2, and A3 hold. Suppose L > K + 1. Then FF8"** C FF.

Proof of lemma 12. Recall the definition 6,(b) = |1y — m)b|. Let 6 € FF8"**. Then, by definition,
there is a b € P such that d,(b) = d, for all £. Thus B(d) = {b} by lemma 6.

Let 6’ < §(b). Then there is some index ¢ such that 0 < §; < d(b). So d¢(b) ¢ [—d},d;]. That is,

e = mib ¢ [=07, 6.

So b ¢ By(d'). This implies that b ¢ B(d’). But since B(d’) C B(§) = {b}, we must have B(§') = .
Hence, by the definition of the falsification frontier, FF&"** C FF. O

Lemma 13. Suppose Al’, A2, and A3 hold. Suppose L > K + 1. Then FF8"** D FF.

Proof of lemma 13. We will show the contrapositive: § ¢ FF&"** implies § ¢ FF. Solet § ¢ FF8",
There are three cases to consider.
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1. Suppose 4§ is such that B(d) = 0.
e In this case the result follows immediately since B(d) = () implies 6 ¢ FF by definition.
2. Suppose ¢ is such that B(d) contains an element b ¢ P.

e By lemma 11 there exists a ¢’ < d(b) with B(¢') # 0. Moreover, 6(b) < § by the
characterization of B(9) in theorem 1. Thus § ¢ FF by the definition of the falsification
frontier.

3. Suppose § is such that B(d) # () and B(d) C P.

e We use two observations:

(a) Since § ¢ FF&"** we must have ¢ # §(b) for all b € P. In particular, § # 4(b) for all
b € B(6), since we are considering the case where B(d) C P.

(b) Let b € B(d). By the characterization of B(¢) in theorem 1 (see equation (22)), this
implies that |¢y — m;b| < dp. That is, 6(b) < 6.

Let b’ be any element of B(d). This exists by assumption. Let ¢’ = §(b). The previous
two observations imply that ¢’ # § and & < §. This implies ¢’ < §. Moreover, we have
B(§") = B(6(b)) = {b'} # 0 by lemma 6. Thus § ¢ FF, by definition of the falsification

frontier.
All values of § must fall in one of these three cases. Therefore FF&"* D FF.
Proof of proposition 5. This follows directly from lemmas 12 and 13.
Proof of proposition 4. This is a special case of proposition 5.

Proof of theorem 4. We have

U B©) = B((b))

deFF beP
= (J{»
beP
—P.
The first line follows by proposition 5. The second line follows by lemma 6. O

Proof of theorem 3. This is a special case of theorem 4. In particular, note that P = FAS™ in this
case. O

To prove corollary 4, we use the following definition: Let P be a K x K idempotent matrix.
Define the linear operator p : RX — RX by p(a) = Pa. pis called a projection. For A C RX define
the projection of the set A as

proj(A) = {p(a) e R¥ : a € A}.
We use the following lemma.

Lemma 14. proj(conv(A)) = conv(proj(A)).
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Proof of lemma 14. Step 1 (2). Since A C conv(A), proj(A) C proj(conv(A)). Thus
conv(proj(A)) C conv(proj(conv(A))).

Since p(-) is a linear operator, proj(conv(A)) is convex. Hence
conv(proj(conv(A))) = proj(conv(A)).

This with our previous result shows that conv(proj(A)) C proj(conv(A)).

Step 2 (C€). Let x € proj(conv(A)). Then = = p(y) for some y € conv(A). Since y € conv(A),

we can write .
y= Z 0y
i=1

where > " ;1 0; = 1,0; > 0, and y; € A for i = 1,...,n, where n is a finite integer. Since p(-) is a
linear operator,

ply) => Oip(ys).
i=1

Thus we’ve written x as a convex combination of elements p(y;) € proj(A). Hence x € conv(proj(A)).
Thus we’ve shown that proj(conv(A)) C conv(proj(A)). O

Proof of corollary 4. The first part of this result states that P C FAS*. To see this, let b € P.
Then b € P, for some set of indices £ with |£| = K + 1. But if b is a convex combination of
{Bﬁ@} : £ € L}, then it is also a convex combination of the larger set of elements {3& : & C
{1,...,L},|S| = K}. Hence b € FAS*.

To prove the second part, consider projections defined by

where o € RE. For any set A C RE | let [A]; = {a1 € R:a = (a1,...,ax) € RE}. Since P maps
the 2,..., K components of any vector a € R¥ to zero, it suffices to show that

[proj(P)]1 = [proj(FAS™)}x

and

[proj(FAS*)]; = of S o/ fES (28)

min max
£C{1,..,L},|L|=K L£C{1,..,L},|L|=K

We have

proj(FAS*) = proj(conv(P))
= proj(conv({fZ" : L C {1,...,L},|L] = K}))
= conv(proj({Z : L C {1,...,L},|L] = K}))
=conv({PBF"S : L C{1,...,L},|L| = K}).
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The third line follows from lemma 14. The fourth by the definition of the projection of a set. Using
the specific form of the projection P now gives equation (28).
Similarly,

proj(P) = proj U conv({B%S\L{SZ} e L})
LC{L,...L}L|=K +1

= U proj (conv({ﬁ%s\L{S@} e E}))

LC{1,.. . Ly:|L|=K+1

= U conv (proj({BzS\L{sg} L e ﬁ})) )

LC{1,..,L}:|L|=K+1

The first line follows by definition of P. The second since projections and unions commute. The
third from lemma 14. Hence

[proj(P)]1 = U [Il}llg o' By max Oé/ﬁzzzs\%{sk}]
LC{l, o LlL=K 41 L€ <

Thus we see that the first component of proj(P) is a union of closed intervals.
If £ and £’ differ by at most one element, then the intervals

. ! R2SLS ! 22SLS
i 8y, e o5
and

. ! 22SLS / Q2SLS
[gglg} @ Pentey, max a 50\{6}}

will overlap (have non-empty intersection). Their union is therefore also a closed interval. Because
we take the union over all £ C {1,...,L} : |£| = K 4+ 1, we can find a sequence (L1,...,Ly) such
that
. ! 22SLS ! 22SLS

[;gg @B\ ax a f%\{e}]
and

: ! R2SLS ! 22SLS

Lenﬁlf}ﬂ o ﬁLnH\{f}’ glﬁi}jl @ Bﬁnﬂ\{f}]

overlap and such that

n=1
Thus
. ! R2SLS ! 22SLS _ : ! 22SLS ! R2SLS
U [Igg? @ 55\{5}71;1632( « Bﬁ\{é}] N [cc{1 ci=r bz ST A T N
LC{1,..,.LY:|L|=K +1 =it =
Putting everything together yields [proj(P)]1 = [proj(FAS*)]; as desired. O

117



/ A
by by =/mhb  dr=mb

g = mhb

by

by

by

Py =mhb [

b3 ='mhb

Py =mib

g = b

by

Py = mhb

by

by

Yo =mhb [

by

o =mhb [

g = mhb

1y = mhb

b3 =/T5b

Y1 =mb

by

Figure 14: Geometric intuition for a key step in the proof of theorem 4. This figure is analogous
to figure 13, except now we have K = 2 and L = 4. Moreover, here we pick b to be outside of
P but inside FAS*. Thus here we illustrate why FAS* is not the falsification adaptive set when
L > K+ 1. The argument is the same as before: We relax each exclusion restriction just enough to
include b in the tubes. But when we do this their intersection is non-singleton. Thus we’ve relaxed
exclusion too much. The point b is not in the falsification adaptive set.

L Proofs for section 5

Proofs for section 5.1: Single binary instrument

Proof of theorem 5. This result follows by applying theorem 6 to the case with J =2 and L = 1.
Here we will show that the general expressions for D(c¢) and H, used in theorem 6 simplify to the
ones used in theorem 5.

We start with D(c). From theorem 6, it is the set of (ag,a1) € [0,1]? such that the following
eight inequalities hold

(1 —pz)ag —min{l — pz + ¢,1}(pzas + (1 —pz)ag) <0

(1 —pz)ao — max{l — pz — ¢,0}(pza1 + (1 — pz)ag) > 0

(1 =pz)(1 —ag) —min{l — pz +¢,1}[1 — (pza1 + (1 — pz)ao)] <0
(1 -pz)(1 —ap) —max{l — pz — c,0}[1 — (pza1 + (1 — pz)ap)] >0
pza1r —min{pz + ¢, 1} (pza1 + (1 — pz)ag) <0

pza1 —max{pz — ¢,0}(pza1 + (1 — pz)ao) > 0

pz(1—a1) —min{pz + ¢, 1}[1 — (pza1 + (1 — pz)ag)] <0

pz(1 —a1) —max{pz — ¢,0}[1 — (pza1 + (1 — pz)ao)] > 0.

Note that we indexed the elements of D(c) by j € {0, 1} rather than j € {1,2}. Also recall that
pz = P(Z = 1). Using the function k,(c) and removing redundant equations, we can rearrange
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these 8 inequalities to obtain

a1 > aoko(c)

a 2 alkl(c)
(1 —a1) > (1 —ag)ko(c)
(I —ag) = (1 —ar)ki(c)

This is the set of inequalities described in equation (14) and used in theorem 5.
Next consider H,. From theorem 6, we have

H, = {(ag,a1) € [0,1]% : For some (qo,q1) € [0,1)%,
ay=PY =1,X=2|Z2=0+P(X=1-2|Z=0)q,
a=PY=1,X=z|Z=1)+PX=1—-2|Z=1)q:}.

This is simply

Ho=P(Y=1,X=2|Z=0),PY=1,X=2|2=0+P(X=1—2|Z=0)]
X[PY =1,X=2|2=1),PY=1,X=2|Z=1)4P(X=1-2|Z=1)]

as in theorem 5. OJ

Proof of proposition 6. Parts 1 and 2 are immediate corollaries of proposition 7. Consider part 3.
By proposition 7, the correspondence ¢ is continuous on

(", 1] = {c e [¢*,1] : (int(D(c)) Nint(Ha)) # 0,z € {0,1}}.

Here we show that ¢ is also continuous at ¢ = ¢*. Again by proposition 7, this correspondence is
uhc at ¢ = ¢*. To show it is also lhc at ¢ = ¢*, let U = [¢*,1]. U is an open neighborhood of c¢*
relative to the domain [¢*, 1]. Let E be any open set such that

(Bo(c*) x ©1(c*)) NE # 0.
Since the set Op(c) x O1(c) is weakly increasing in ¢ (with respect to the set inclusion order C),
(B0(c*) x ©1(c*)) C (Og(c) x ©1(c))
for any ¢ € U. Hence
[(B0(c*) x ©1(c*)) N E] C [(Bo(c) x O1(c)) N E]
for any ¢ € U. Since the set on the left is not empty, the set on the right is not empty:
(©o(c) x ©1(c)) NE # 0
for any ¢ € U. Therefore ¢ is continuous at ¢ = ¢*.

Proof of corollary 5. This follows immediately from the more general result, corollary 6. O
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Proofs for section 5.1: Multiple discrete instruments

Proof of theorem 6. There are two steps. First we show that Og(c) x ©1(c) is an outer identified
set, in the sense that it contains the true parameters. Then we show that it is sharp, in the sense
that any element of this set is consistent with the data and the assumptions. Finally, the fact that
the model is refuted if and only if this set is empty follows by the definition of a (sharp) identified
set.

Step 1. We first show that the true conditional probabilities (pg, p1) are in Op(c) x O1(c). Fix
x € {0,1}. By ¢y-dependence,
P(Zy=z) | Yy = 1) < min{P(Z, = 2}) + ¢, 1}
P(ZZ = zz ’ Y, = 1) m X{]P’(Zg = ZZ) — C@,O}
(Ze =z | Yo = 0) < min{P(Z; = 2]) + cr, 1}
P(Z, = zg 'Y, =0) > max{P(Z, = Ze) ¢, 0}
for all j € {1,...,J}. Consider the first inequality. Use Bayes’ rule to rewrite the left hand side.
This yields
P(Y, = 1| Z = 2))P(Z = 2)) < min{P(Z = 2}) + ¢¢, 1}P(Yy = 1)
J

=min{P(Z = 2)) + e, 1} > P(Ya =1|Zy = 2)P(Zy = ).
k=1

In the last line we applied the law of total probability. Hence

J
P(Yy =12 = 2))P(Z = 2]) —min{P(Z = 2)) + 4,1} Y P(Ya =1 Zy = 2} )P(Z; = 2f) < 0.
k=1

Repeat these derivations for the other three inequalities. This yields the definition of Dy(c). Thus
we have shown that the true conditional probabilities P(Y, = 1 | Z; = z]) are in Dy(cy) for each
¢ e {1,...,L}. p, is simply the vector of these conditional probabilities. Thus we have shown

Pz € D(c).

Next we show that p, € H;. Element (¢ — 1)J + j of p, can be written as

[px](e—l)J-i—j =PY,=1|2,= Zz)
=PY,=1,X=z|Zy=2)+PY,=1,X=1-2|Z=z)
=PY=1,X=2|Z=2))+PYo=1,X=1-2|2Z=2])
=PY=1,X=z|Z=2)
JLfl
+ Y PYa=1|X=1-wZ=2,Z =" )P(X=1-2,2,=2"|2,=2]).
k=1

This is simply equation (16). Since

PY,=1|X=1-u, Zg—ze,Z e=25) € 0,1,
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these derivations imply that
bz = bx + AJ;‘QJ;

where ¢, € [0,1]” " is a vector with elements
P(Y,=1|X=1-22=2,2_,=2").
Thus p, € H.,.

Thus we have shown that p, € D(c) N Hy. Since this is true for each = € {0,1}, we have
pE @1(6) X @o(c).

Step 2. Next we show sharpness. Let (pg,p1) € ©1(c) X ©g(c). First, p, € D(c) implies
P(Z =z | Yy = y) € [max{P(Z; = 2]) — ¢¢,0}, min{P(Z; = 2]) + ¢4, 1}]

for all ¢ € {1,...,L} and all j € {1,...,J}. This follows by reversing the arguments at the
beginning of step 1. Hence c¢;-dependence is satisfied for all £ € {1,..., L}.
Next, since p, € H, there is a vector ¢, € [0, 1]’ " such that

Pz = by + Azge.
This vector g, consists of elements of the form
PY,=1|X=1—-2,7Z=2).
Take these elements and combine them with the observed probabilities
PY=1|X=z2=2)=PY,=1|X=2,Z=2%)

to get a distribution of Y, | (X, Z). Do this for both = € {0,1}. Combine these conditional marginal
distributions into a joint distribution (Yp, Y1) | (X, Z) using any copula, and finally combine these
with the known marginals (X, Z) to get a joint distribution of (Y, Y1, X, Z). By construction, this
joint distribution is consistent with c-dependence, the distribution of the observed data (Y, X, Z),
and yields the point (pg, p1) that we started with. O

Lemma 15. Suppose B2’ holds. Then the correspondence D : [0, 1]* = [0, 1]%/ defined by D(c) in
equation (18) is continuous.

Proof of lemma 15. To prove this result, we show that Dy is both upper hemicontinuous (uhc) and
lower hemicontinuous (lhc).

Step 1: Upper hemicontinuity. Pick any ¢, € [0,1] and a € [0,1]7. Consider a sequence
{c}'} converging to c; and a sequence {a"} converging to a such that a” € D(c") for all n. From
the first inequality in equation (18),

J
P(Zy = 2))a} — min{P(Z, = 2]) + ¢, 1} Y P(Ze = z])ay < 0.
k=1
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Taking limits as n — oo yields
. - J
P(Zy = z))a; — min{P(Z; = z}) + ¢;, 1} Z]P’(Zg = 2f)ay, < 0.
k=1

Repeating this for the other three inequalities shows that a € Dy(¢s). Thus D, has a closed graph.
Hence Dy is uhc by theorem 17.11 in Aliprantis and Border (2006), since the range [0, 1]” is closed.

Step 2: Lower hemicontinuity. We next show that Dy is Ihc. We do this in two parts: First
for ¢ € (0,1) and second for ¢ = 0.

Part A. Let ¢ € (0,1]. We will show Dy is lhc at & Let E be an open set in [0,1]” such that
De(e) N E # .
By the definition of lhc, we must find an open set U (open relative to the domain [0, 1]) such that
1. ce U, and
2. ¢ € U implies that Dy(c) N E # 0.

We consider two cases.

Case 1. Suppose there is an element a = (a1,...,ay) € Dy(¢) N E such that a; = --- = ay.
In this case, we can simply let U = [0,1]. Why? U is open (relative to [0,1]). It contains ¢ since
it has to be in [0,1]. Moreover, we know that @ € E. But since a; = --- = ay, we also know

that a € Dy(0). (This is simply our baseline model where all these conditional probabilities equal
each other, by statistical independence.) Hence a € Dy(c) for any ¢ € [0, 1], since Dy(c) is weakly
increasing in ¢. Thus Dy(c¢)NE #  for all ¢ € [0,1] = U. This is the second requirement we needed
of U.

Case 2. Suppose none of the elements in Dy(¢) N E have all components equal. Let a be an
arbitrary element of this intersection. Consider

1
ale) = (1—e€)a+ €5ty
where ¢ is a J-vector of ones. %L J € Dy(c) for all ¢ since Dy(c) always contains the diagonal. This

combined with convexity of the set Dy(c) implies that a(e) € Dy(c) for all € € [0,1]. Finally, since
E is open, there exists an €* € [0, 1] such that a(e*) € Dy(¢) N E. Let a* = a(e*). Let

U={cel0,1]:a" € int(Dy(c))} .
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Equivalently,

U—{ce[o,l]: Forall j =1,...,J,

J
P(Zy = z))a; — min{P(Z; = 2]) + ¢, 1} Y _P(Z; = z)aj, < 0,

k=1
P(Zy = z))a; — max{P(Z, = z]) — ¢,0} Y _P(Z¢ = 2{)aj, > 0,
k=1
P(Zy = 2])(1 - af) —min{P(Z, = 2]) + ¢, 1} > _P(Z; = 2§)(1 — a}) <0,
k=1

J
P(Z, = zZ)(l —a;) —max{P(Z, = zZ) —¢,0} ZIP(Zg =201 —a}) > 0}.
k=1

This set U can be written as

=N

J
1

J
{c €[0,1] : P(Z¢ = 2))a} — min{P(Z, = 2]) + ¢, 1} ¥ _P(Zs = 2})aj, < 0}
k=1

J

J
N {c €[0,1]: P(Z, = 2))a} — max{P(Z; = 2}) — ¢,0} Y _P(Z¢ = z})aj > 0}
k=1

J
N {c €[0,1]: P(Zy = 2})(1 — a}) —min{P(Zy = 2]) + ¢, 1} > P(Z; = 2§)(1 — a}) < o}
k=1

J
N {c €[0,1]: P(Zy = 2))(1 — a}) —max{P(Z, = 2]) — ¢,0} Y _P(Z = z)(1 — a}) > o} ] .
k=1

By continuity in ¢ of the inequality components, this is a finite intersection of open sets. Hence U
is open. U is not empty since ¢ € U, which follows since a* € int(Dy(c)).

Finally, we show that U satisfies the second property we need: Suppose ¢ € U. By definition
of U, a* € int(Dy(c)). Moreover, a* € E by construction. Thus a* € (Dy(c) N E) for any ¢ € U.

Hence
'Dg(c) apd 75 @

for any ce U.

Part B. Let ¢ = 0. Let E be an open set in [0,1]” such that Dy(0) N E # (). Let U = [0,1]. U
is open (relative to [0,1]). Moreover,

(De(0) N E) C (De(c) N E)

since Dy is weakly increasing. Since the set on the left is not empty, the set on the right is not

empty:
Dy(c) N E # ()

for any c € U.
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Step 3: Take products. Finally, theorem 17.28 in Aliprantis and Border (2006) shows that
the product of continuous correspondences is continuous. Hence the correspondence D(-) defined
by

L
D(c) = [[ Delcr)
=1

is continuous. 0
Proof of proposition 7.

1. By lemma 15, the correspondence D(-) is continuous. Moreover D(-) is closed-valued since
it is defined by a finite number of linear weak inequalities. The correspondence that maps
¢ into H, is continuous since it is constant-valued. It is also closed- and compact-valued
since [0, 1]7 "is compact, and H, is the image of [0, 1]7 " under a continuous (affine) mapping.
Hence the set

Cr ={celo, 1]L :D(c) N Hy, # 0}

is closed, by exercise 11.18(b) on page 58 of Border (1985). Finally, let
C=CoNCr.

This set is the intersection of two closed sets and hence is closed. It depends only on D(-)
and H,, which are point identified. Hence C is point identified.

2. By definition of ©,(c),
@O(C) X @1(6) = (D(C) X Ho) X (D(C) X 7‘[1)
Each of these sets is a closed, convex polytope. To see this, consider D(c) and H, separately.

(a) D(c) is closed, as shown in part 1. It is convex since it is defined by a collection of linear
inequalities.
(b) H, is compact, as shown in part 1. Therefore it is closed and bounded. It is convex

valued since it is an affine transformation of the convex set [0, 1]’ ", and convexity is
preserved by affine transformations.

Since both D(c) and H,, are closed, convex, bounded by [0, 1]%/, and defined by linear inequal-
ities, they are both polytopes. Finally, all three properties—closed, convex, polytope—are
preserved by taking finite Cartesian products.

3. Next we show continuity of the correspondence ¢ : C = [0, 1]2%/ defined by ¢(c) = Gg(c) x
O1(c). First consider the correspondence ¢, : C = [0, 1]*7 defined by

bz(c) = O,(c) = D(c) N Hy.

It is convex-valued and closed-valued since its values are the intersection of two closed and
convex sets. It is uhc by theorem 17.25 in Aliprantis and Border (2006), since D(c) and H,
are both uhc. It is lhe for all ¢ such that int(D(c)) Nint(H,) # 0, by applying theorem B in
Lechicki and Spakowski (1985). Finally, ¢ is just the product of the correspondences ¢y and
¢1. The product of continuous correspondences is continuous by theorem 17.28 in Aliprantis
and Border (2006).
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Proof of corollary 6.
1. We can write the identified set for (P(Yp =1),P(Y; =1)) as

L J L
SN apygsP(Ze=20), > Y adu-1ys+P(Ze=2]) | :a € Op(c),ac O1(c)

J L J L
= Zza(g_l)J+jP(Zg = Zz) rac @0(6) X Z 25(4_1)J+jP(Zg = ZE) ac @1( )

By proposition 7, ©,(c) is closed, non-empty, and bounded for x € {0, 1}. Therefore, suprema
and infima of these sets are attained on ©.(c). Moreover, since ©,(c) is convex, the set

J L ‘
ZZ@E 1)+ P(Ze = 2]) 1 a € O4(c)

7j=1 1

~
Il

equals a closed interval ranging from the infimum to the supremum.

2. The mapping f(-) defined by

is continuous at all a € R*/. The correspondence O,(-) is continuous and compact-valued for
all ¢ such that int(D(c)) Nint(H,) # O by proposition 7. Therefore

P.(c) =max{f(a):a € O,(c)}

is a continuous function of ¢ on {¢ € C : int(D(c)) N int(Hy) # 0} by the Maximum The-
orem (for example, see theorem 9.14 in Sundaram 1996). By continuity of —f(a), P,(c) is
continuous over the same domain.

3. This follows immediately from the identified set ©g(c) x ©1(c) being a Cartesian product,
which implies that maxima and minima for each component can be simultaneously attained.

O

Proofs for section 5.2
Proof of proposition 8. See proposition 3.1 of Kitagawa (2009). O
Proof of theorem 7. This proof follows the structure of the proof of theorem 6.

Step 1. We first show that the true densities ((fy,|z,)an ¢, (fy;]2,)an ¢) are in ©g(c) x O1(c). Fix
x € {0,1}. By ¢y-dependence,

P(Zy=z2|Y, =y) <min{P(Z; = 2) + ¢, 1}
P(Zy=z|Y, =y) >max{P(Z;, = z) — ¢, 0}.
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all y € supp(Y,) and each z € {0,1}. These inequalities for z = 0 are equivalent to the inequalities
for z = 1, so there are only two non-redundant inequalities here. Use Bayes’ rule to rewrite the left
hand side. This yields

vz, | 2)P(Zy = 2) < min{P(Z, = 2) + ¢, 1} f, (y)
1
=min{P(Z, = 2) + ¢, 1} > oz (v | DP(Z0 = 2).
Z=0
Hence

1
FrazW | 2)P(Z = 2z) = min{P(Z, = 2) + 0,1} > frojz,(y | H)P(Ze =) < 0.

z=0

Evaluating at z = 0 yields

Iva12,(y | 0)P(Zy = 0) —min{P(Z; = 0) +c¢, 1} (fy,12,(y | 0)P(Zy = 0)+ fy, 2, (y | DP(Z, = 1)) <0.
Rearranging yields

fva12,(y | O)P(Z; = 0)(1 — min{P(Z; = 0) 4 ¢¢,1}) < P(Z = 1) min{P(Z; = 0) + ¢4, 1} fy, 2, (y | 1)
or

P(Z; = 0)(1 — min{P(Z; = 0) + ¢, 1})
P(Zy = 1) min{P(Z; = 0) + ¢4, 1}

ArACALY < fyo1z,(y | 1).

In the numerator,
1 —min{P(Z, = 0) + ¢, 1} = max{P(Z, = 1) — ¢, 0}.
Hence we have
sz|Zg(y ’ O)kg(cf) < sz‘Zg(y | 1)

Repeat these derivations for the other inequality evaluated at z = 0 to get the second inequality
in the definition of D, ¢(c). Thus we have shown that the true conditional densities fyz| 7, are in
D, ¢(cg) for all £. Since (fy,|z,)an ¢ is just the vector of these conditional densities, we have shown
that it is in Dy(c).

Next we show that (fy,|z,)an ¢ € He. For 2 € {0,1}, element (£ —1)2 + 1+ z of (fy,|z,)an ¢ can
be written as

[(fv,1z,)an e (e-1)2+2
= wa|Ze(y | 2)
= fvoxiz.W 2 | 2) + fv, x12,(y, 1 — 2 | 2)

= fvixiz, (.2 | 2) + fy, x12,(y: 1 — 2 | 2)
2L

= fY,X|Z¢(y7‘T ‘ Z) + nyﬂX,Zg,Z,g(y ‘ 1- xwz,ZEe)]P)(X =1- Z, Z_g = Zliﬁ ‘ ZZ = Z).
k=1

Since
fyax.zez_ (Y, 1 — 2 | 2,25 ) € P(Va)
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these derivations imply that
(fy,1z,)an ¢ = (Fy,x)2,(s2))an ¢ + Azq
where q € P())x)zL is a vector with elements fy,|x 7,z ,(y|1—z,z, z’jé). Thus (fy,|z,)an ¢ € Ha-

Thus we have shown that (fy,|z,)an ¢ € Dx(c) N H,. Since this is true for each z € {0,1}, we
have ((fy;)z,)an ¢ (fyy)2,)an ¢) € Oo(c) x O1(c).

Step 2. Next we show sharpness. Let (fy, f1) € ©1(c) x Og(c). First, £, € Dy(c) implies
P(Zy=2z|Yy =vy) € max{P(Z; = z) — ¢¢,0}, min{P(Zy = z) + ¢4, 1}]

forall ¢ € {1,...,L} and all z € {0,1}. This follows by reversing the arguments at the beginning
of step 1. Hence ¢y-dependence is satisfied for all £ € {1,...,L}.
Next, since f, € H,, there is a vector of counterfactual densities q; € P(yz)QL such that

f, = (fY,X|Zg('7 x))al ¢ + Azdy.

This vector q, consists of elements of the form fy,|x z(- | 1—, 2). Take these densities and combine
them with the observed densities

fY|X,Z(' | @, 2) = fYZ\XZ(' | @, 2)

to get a distribution of Y, | (X, Z). Do this for both = € {0,1}. Combine these conditional marginal
distributions into a joint distribution (Yp, Y1) | (X, Z) using any copula, and finally combine these
with the known marginals (X, Z) to get a joint distribution of (Yp, Y1, X, Z). By construction, this
joint distribution is consistent with c-dependence, the distribution of the observed data (Y, X, Z),
and yields the point (fy, f;) that we started with. O
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