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EXTENDING ECONOMIC MODELS
WITH TESTABLE ASSUMPTIONS:
THEORY AND APPLICATIONS

Movu Liao
The University of Sydney

This article studies the identification of complete economic models with testable
assumptions. We start with a local average treatment effect (LATE) model where
the “No Defiers,” the independent IV assumption, and the exclusion restrictions can
be jointly refuted by some data distributions. We propose two relaxed assumptions
that are not refutable, with one assumption focusing on relaxing the “No Defiers”
assumption while the other relaxes the independent IV assumption. The identified
set of LATE under either of the two relaxed assumptions coincides with the classical
LATE Wald ratio expression whenever the original assumption is not refuted by the
observed data distribution. We propose an estimator for the identified LATE and
derive the estimator’s limit distribution. We then develop a general method to relax
a refutable assumption A. This relaxation method requires finding a function that
measures the deviation of an econometric structure from the original assumption
A, and a relaxed assumption A is constructed using this measure of deviation. We
characterize a condition to ensure the identified sets under A and A coincide whenever
A is not refuted by the observed data distribution and discuss the criteria to choose
among different relaxed assumptions.

1. INTRODUCTION

Empirical researchers often make convenient model assumptions which usually
come from economic theories or intuitions. For example, the “No Defiers” assump-
tion in Imbens and Angrist (1994) assumes that the instrument has a monotone
effect on the decision to take treatment, the “Monotone Instrument” assumption
in Manski and Pepper (2000) imposes that an instrument monotonically shifts the
conditional mean of the potential outcomes, and the “Perfect Sector Selection”
assumption in Roy (1951) assumes that employees perfectly observe their future
earnings in two job sectors and choose the job sector that maximizes discounted
lifetime earnings. Such assumptions simplify the identification and make the
results easier to interpret.
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Unfortunately, assumptions in the three examples above, when combined with
some other reasonable assumptions, can be rejected by some distributions of
observables.! When the imposed assumption is refuted by data, the econometrician
is faced with an empty identified set for the parameter of interest. As a result, the
econometrician cannot give a useful interpretation of the economic environment.

A way to prevent the data rejection problem is to find a relaxed assumption A
so that no distributions of observables can reject A. Such a relaxed assumption is
called non-refutable. One way to construct a non-refutable relaxed assumption is
to consider a data-dependent assumption selection method: For each possible data
distribution, we pick a particular assumption that can rationalize the data. When
picking the assumption, we also do not want to deviate too much from the original
assumption A, since it reflects the economic theory behind it. Specifically, given a
parameter of interest 6, we want the identified set under the relaxed assumption A
to be the same as the identified set under A whenever A is not rejected by the data
distribution. In other words, we want to preserve the identified set.

Constructing a non-refutable assumption Aviaa data-dependent approach also
allows us to view the identified set of parameters of interest as a correspondence
whose further properties will be discussed. In particular, we are interested to know
whether the identified set of the parameter of interest is continuous in the observed
data distribution under the relaxed assumption A. If such a continuity property fails
for the identified set under A, we may question the appropriateness of using A: On
the one hand, it is hard to use economic intuitions to justify why the identified
set changes abruptly due to a small change in the observed data distribution. On
the other hand, the discontinuity of the identified set also poses challenges to
estimating the identified set.”

We aim to provide a general method to construct a relaxed assumption from
the original assumption such that the relaxed assumption preserves the identified
set. To achieve this goal, we start with the local average treatment effect (LATE)
model (Imbens and Angrist, 1994) with the classical “No Defiers” assumption,
the independent IV assumption, and the exclusion restrictions, which are jointly
refutable (Kitagawa, 2015; Mourifi€ and Wan, 2017). We use this application
as a leading example to illustrate the way to construct relaxed assumptions that
preserve the identified set. The application also sheds light on some subtle issues
when we construct a relaxed assumption, and it serves as a running example
where abstract definitions in the later section can be matched. We then generalize
the insights in the LATE example and present a general approach to construct a
relaxed assumption. The general approach allows us to construct multiple relaxed
assumptions and we discuss several criteria for econometricians to decide which
relaxed assumptions to use.

lKitagawa (2015) and Mourifi€ and Wan (2017) propose tests for the assumptions of the Imbens and Angrist (1994)
model. Hsu et al. (2019) propose a test for the monotone instrument assumption. Mourifié et al. (2020) study the
testability of the Roy model.

2We discuss the continuity of identified sets in Appendix B.
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The rest of the article is organized as follows. Section 2 introduces the LATE
example. The classical LATE model makes three assumptions on the distribution
of potential outcomes, potential treatments, and instruments (denoted by G): the
“No Defiers” assumption, the independent IV assumption, and the exclusion
restrictions. We propose two relaxed assumptions that focus on relaxing the “No
Defiers” assumption and the independent IV assumption, respectively. To construct
the assumption that relaxes the “No Defiers” assumption, we use the probability
of defiers as a measure of the deviation from the “No Defiers” assumption. We
then construct a relaxed assumption by specifying what distributions G should be
put into the relaxed assumption when a particular data distribution is observed. For
each possible observed data distribution, we only consider the G that are consistent
with the observed data distribution and have the minimal probability of defiers. We
call this the minimal defiers relaxed assumption. In the construction of the minimal
defiers relaxed assumption, we also emphasize the importance of imposing a
weaker instrument independence condition: we require the instrument to be inde-
pendent of the potential outcomes conditional on economic agents’ compliance
types,® which is weaker than the independent IV assumption. The assumption that
relaxes the independent IV assumption is constructed in a similar way: we first
define a function that measures the deviation of a G from the independent IV
assumption; we then specify what G to put in the relaxed assumption for each
possible observed data distribution, and call this the minimal marignal dependent
instrument relaxed assumption.*

In Section 2, we also characterize the identified sets of LATE under the two
relaxed assumptions, and the two identified sets of LATE coincide for all possible
data distributions. Moreover, the LATE is point-identified. We propose an estimator
of the LATE quantity and derive its asymptotic behavior. We then apply the iden-
tification results to study the return of college education using the dataset in Card
(1993). The empirical results show that the LATE identified under the minimal
defiers or the minimal marginal dependent instrument relaxed assumptions is more
reasonable compared to the classical Wald ratio LATE quantity.’

In Section 3, we formalize a general theory to construct a non-refutable
relaxed assumption out of a refutable assumption. We formalize the definitions
of econometric structures, refutable assumptions, and identified sets. A further
two-moment-inequality example is introduced to help illustrate the definitions.
We construct a relaxed assumption similarly as we did in the LATE example: we
consider a deviation measure m; and define the relaxed assumption that specifies
what econometric structures to be included in the relaxed assumption for each
observed data distribution. Moreover, all econometric structures included in the

3Compliance types include always-takers, never-takers, compliers, and defiers.

4Similarly, when we decide what G to put into the relaxed assumption, we only consider the G that achieves the
minimal deviation from the independent IV assumption.

5In Imbens and Angrist (1994), LATE is identified as the Wald ratio under the classical assumptions: LATEWe/d =
(E1Yi|Z; = 1] - E[Y;|Z; = 0])/(E[D;|Z; = 1] — E[D;|Z; = 0]).
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relaxed assumption are required to have a minimal deviation from the original
assumption measured by the m; function. We call such a construction the minimal
deviation relaxed assumption. We then characterize the conditions on ; such that
the identified set of parameters can be preserved under the minimal deviation
relaxed assumption whenever the original assumption is not refuted by the
observed data distribution. Multiple relaxed assumptions can be constructed with
different features, and we recommend using empirical relevance and continuity
of the identified set as criteria for selecting the appropriate relaxed assumption.
We conclude the section with an extension to the incomplete models, where the
minimal deviation construction of the relaxed assumption may fail to preserve the
identified set.
Section 4 concludes. All proofs are collected in the Appendixes.

Related Literature

First, we contribute to the literature on model misspecification and refutation. In
the macroeconomic literature, researchers use robust control to avoid the misspec-
ification issue in their baseline model (Hansen et al., 2006; Hansen and Sargent,
2007). The robust control approach aims to accommodate local perturbations to
the baseline model rather than solve the refutability of the baseline model. In
econometrics, Bonhomme and Weidner (2022) use the local asymptotics frame-
work to study the local perturbation of econometric models while Christensen
and Connault (2023) consider a moment inequality model with misspecified
parametric distributional assumption. Focusing on the model refutation issue,
Masten and Poirier (2021) studies the refuted linear IV model. Our analysis extends
the approach in Masten and Poirier (2021) to discuss several issues when using a
relaxed assumption for refutable models.

Second, we also contribute to the LATE literature. Since Kitagawa (2015) proves
the sharp testable implication of Imbens and Angrist (1994), literature relaxes the
“No Defiers” condition. De Chaisemartin (2017) discusses the economic meaning
of the conventional Wald ratio expression when defiers exist. He shows that,
under the additional assumption that a subgroup of compliers accounts for the
same population proportion as defiers and they have the same LATE, the Wald
ratio identifies the net average treatment effect of a subgroup of compliers after
deducting the average treatment effect of defiers.

Notations

Throughout this article, we use X to denote the vector of observed variables, and
we use F to denote the distribution of X. We use € to denote the vector of primitive
variables, and we use G to denote the distribution of €. We use s to denote an
econometric structure. We use A to denote a refutable assumption and use A to
denote a relaxed assumption. We use k| < k, to denote the same order of magnitude
between k; and «».
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2. A LEADING EXAMPLE: THE TREATMENT EFFECTS APPLICATION

We start with an application with a binary treatment and a binary instrument
(Imbens and Angrist, 1994). We first set up the notations and then briefly sum-
marize the results in Kitagawa (2015) that the assumptions in Imbens and Angrist
(1994) can be rejected by some data distributions. Notations are consistently set up
to connect to definitions in Section 3. We characterize the identified LATE under
these relaxed assumptions. We conclude the section with an empirical illustration
with the Card (1993) data.

2.1. The Potential Outcome Framework

An econometrician observes an outcome variable Y;, a treatment decision D;, and
a binary instrument Z;. The observed outcome variable Y; and treatment decision
D, are generated through

Yi =Y;(1,1)D;Z; + Y;(0,1)(1 — D)) Z; + ¥;(1,0)D;(1 = Z;) + ¥;(0,0)(1 — D) (1 = Z)),
D; =D;(1)Z; + D;(0)(1 - Z)),
2.1

where D;(1),D;(0) are potential treatment decisions, Y;(d,z) is the potential
outcome under (D; = d,Z; = z), and Z; is the binary instrument.

We collect all variables on the RHS of (2.1) in a vector and call them the prim-
itive variables: €; = (D;(1),D;(0), Y;(0,0), Y;(1,0), Y;(0, 1), Y;(1,1),Z;). We collect
the observed variables in X; = (¥;, D;,Z;). Let ) be the metric space of ¥; and let
B be the Borel-sigma algebra on ). The space of distributions of X; is

F ={Fx(y,d,z) : the support of Fy is contained in Y x {0, 1}2}, 2.2)
and the space of distributions of primitive variables is
G = {G(e) : the support of G is contained in {0, 1}* x Y* x {0, 1}}. 2.3)

Given the potential outcome equation (2.1), we can define a unique mapping
M : G — F, such that for any G* € G:

MG’ = {F € F:Prr(Y; € B,D;=d,Zi =7) = Prgs(Yi(d,z) € B,Di(z) =d,Z; = z),
VBeB, dze{01}}.
2.4)

In other words, M(G®) is the push-forward distribution of G* under the mapping
(2.1), and M (G®) contains a unique F.

In the potential outcome framework, we call G° an econometric structure s:
different econometric structures have different primitive variable distributions, and
they may imply different economic interpretations through G° through the same
M, which determines the economic relationship between primitive variables and
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observed variables. We therefore can consider the following set of structures as the
structural space:

S ={s| G’ € G}. (2.5)

A commonly used assumption for the potential outcome model is the Imbens—
Angrist Monotonicity assumption (IA-M) where we assume the exogeneity, exclu-
sion, and monotonicity of the instrument Z;. We can write the IA-M assumption
(denoted by A) as a subset of S:

A=ANP AV ﬂAER, where
AN = {s: Dy(1) = D;(0), G* —as.),
A = {5 : G satisfies Z; L (Y;(1,1),Y;(0,1), Yi(1,0), Y:(0,0), D;(1), D;(0))},

ARR = {5:Y,(1,1) = ¥;(1,0) and Y;(0,1) = ¥;(0,0), G* —a.s.}.
(2.6)

In (2.6), we refer to AMP as the “No Defiers” assumption, A’V as the independent IV
assumption, and AER as the exclusion restriction. Our main parameter of interest
is the LATE for compliers:

LATE(G®) = E[Yi(1,1) — Y;(0,0)|D;(1) = 1,D;(0) = 0]. 2.7)

We focus on the LATE because it is analyzed frequently in empirical papers as a
policy-relevant quantity and it can be identified as a simple Wald ratio (Imbens
and Angrist, 1994):

Er[Yi|Z; = 11— Er[Y;|Z; = 0]

LATEWald(F) — ,
Ep[Di|Z; = 11— Er[D;|Z; = 0]

if IA-M (2.6) holds.  (2.8)

2.2. The Sharp Testable Implication

While the IA-M assumption clearly identifies the LATE quantity, it can be rejected
by some data distributions. For example, Er[D;|Z; = 1] > Er[D;|Z; = 0] must
hold under the observed data distribution F to satisfy the IA-M assumption.
We summarize the results in Kitagawa (2015), who derives the sharp testable
implications of the IA-M assumption (2.6). Let us define two quantities for all
BeBandde{0,1}:

P(B,d) EP"F(Y,‘ < B,D,‘ =d|Z, = 1),

2.9)
Q(B7d) = PVF(Yi € B,Di = dlZl = 0).

We abuse the notation and suppress the dependence of P(-,d) and Q(-,d) on F.
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LEMMA 2.1. Let P(-,d) and Q(-,d), d € {0, 1}, be absolutely continuous with
respect to some measure jup.° For any structure s € A, F € M(G*), and any Borel
set B € B, the F must satisfy:

P(B,1) = Q(B,1), and Q(B,0) = P(B,0). (2.10)
Moreover, for any F satisfying (2.10), there is an s € A such that F € M(G®).

Kitagawa (2015) proposes using the core determining class (Galichon and
Henry, 2011) to test (2.10). As shown in Lemma 2.1, the IA-M assumption A is
refutable. When A is rejected by data, then the identified set for LATE should be
empty because no LATE value implied by the IA-M assumption is consistent with
the data. In many empirical applications, researchers do not test this implication,
nor do they specify what should be done when the A is rejected. In the next section,
we use a relaxed assumption approach to find relaxed assumptions A that are non-
refutable, characterize the identified set under the relaxed assumptions, and discuss
the estimation and inference on LATE.

2.3. Relax the IA-M Assumption

Depending on the empirical contexts, researchers may consider different aspects
of the IA-M assumption to be the source of the model refutation. In this section, we
study two ways to relax the [A-M assumption: the first relaxed assumption mainly
targets the “No Defiers” assumption while maintaining part of the IV assumption;
the second approach maintains the “No Defiers” assumption and targets the IV
assumption. We maintain the exclusion restriction Y;(d,z) = Y;(d,1 — z) for the
rest of the section and leave the discussion of relaxing the exclusion restriction to
Section D of the Supplementary Material.

2.3.1. The Minimal Defiers Extension. In some contexts, the instrument may
have heterogeneous effects on economic agents’ decisions to take treatment and
defiers may exist. In such cases, the empirical researcher may want to relax the “No
Defiers” assumption. However, allowing for defiers alone cannot solve the model
refutation problem (Kitagawa, 2021). For example, if ¥; € {0, 1} is also binary,
then the exclusion restriction and independent IV assumptions still imply that
Pp(Y; =1,D; =0|Z; =0) = Pr(Yi = 1,D; = 0|Z; = 1) — Pr(D; = 1|Z; = O)must
hold for the observed data distribution.”

To circumvent the refutability of the independent IV assumption, we introduce
a weaker version of the IV assumption, which is called the conditional type
independence assumption:

%Such dominating measure always exists, for example, define up(B) = P(B,1) + Q(B, 1) + P(B,0) + Q(B,0) for all
BeB.

TTo see this testable implication, we first impose the exclusion restriction and use Y;(d) to denote the potential
outcomes Y;(d, 1) and Y;(d,0). We want to show a failure of (¥;(d), D;(1),D;(0)) L Z;. We look at two terms Term 1 =
Prg(Yi(0) =1,D;(1) = D;(0) =0|Z; =0) and Term 2 = Prg(Y;(0) = 1,D;(1) = D;(0) = 0|Z; = 1). These two terms
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AT = {5|G’ satisties Z; L (Yi(1,1),¥;(0,1),Y;(1,0),Yi(0,0)) |D;(1), Di(0) } .

We call A™! the conditional type independence assumption because the condition-
ing variables D;(1), D;(0) define whether the individual i is an always-taker/never-
taker/complier/defier. The independent IV assumption implies the conditional type
independence assumption because A’ € A™'. The conditional type independence
assumption is also used in other empirical contexts to study the LATE (Kedagni,
2019). By using the conditional type independence assumption, we can avoid the
refutation issue.

We now state an equivalent representation of the IA-M assumption using the
conditional type independence representation.

LeEMMA 2.2. The IA-M assumption defined in (2.6) can be equivalently written
as the intersection A = AFRNATI N AEM=NIAT N\ AND yyhere AEM=NTAT s the set of
structures s such that:

Egs[1L(Di(1) = Di(0) = 1)|Z; = 1] = Ees[1(D;(1) = D;(0) = 1)|Z; = 0],

(2.11)
Ea[1(D;(1) = Di(0) = 0)|Z; = 1] = Ec:[L(D(1) = D;(0) = 0)|Z; = 0].

The assumption APM~NAT gays that the measure of always/never-takers is

independent of the instrument. It is weaker than the condition (D;(1),D;(0) L
Z;) because it allows the probability of compliers or defiers to depend on the
instrument. It should be noted that A"V C AEM=NTAT g5 AEM—NTAT i 3150 weaker
than the IV assumption. The alternative representation breaks the independent IV
assumption into the intersection of A" and AFM—NTAT

The alternative presentation in Lemma 2.2 comes with the following two desir-
able features: first, when the “No Defiers” assumption is effective, we preserve
the IA-M assumption; second, when the “No Defiers” assumption is given up,
as we will later see, the rest of the assumptions AER N AT N AEM=NTAT are not
refutable. We will use the non-refutation feature to construct a non-refutable
relaxed assumption, and the preservation property will be used to show a good
property of the LATE quantity under the relaxed assumption.

must be equal because of the independent IV assumption. By the potential outcome model (2.1), Term 1 < Prp(Y; =
1,D; = 0|Z; = 0). For Term 2, we can derive a sequence of relations:

Term 2 =) Prr(Y; =1,D; =0|Z; = 1) — Prg(Y;(0) = 1,D;(1) =0,D;(0) = 1|1Z; = 1)

=@y Prr(Yi =1,D; =0|Z; = 1) — Pr¢(Yi(0) = 1,D;(1) = 0,D;(0) = 1|Z; = 0)

>(o) Pre(Yi =1,D; =0|Z; = 1) — Prg(Di(1) = 0,D;(0) = 11Z; = 0)

=@ Prr(Y; =1,D; =0|Z; = 1) — [Prp(D; = 1|Z; = 0) — Pr¢(Di(1) = Di(0) = 1|Z; = 0)

> Prr(Yi=1,D;=01Zi=1) — Prr(D; = 1|Z; = 0),
where (a) follows by the potential outcome model (2.1), (b) follows by the independent IV assumption, (c) follows
because we subtract a larger probability, and (d) follows by the potential outcome model (2.1). When the lower

bound Prr(Y; = 1,D; = 0|Z; = 1) — Prr(D; = 1|Z; = 0) overtakes the upper bound Pr(Y; = 1,D; = 0|Z; = 0), the
independent IV assumption must fail.
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We consider a relaxed assumption that uses the following measure of defiers:
m(s) = E: [1{D;(1) = 0.D;(0) = 1}]. 2.12)

This quantity serves as a lens through which we can view the deviation of a
structure s from the “No Defiers” assumption. We relax the original IA-M by
allowing for a certain amount of defiers and it is characterized by the following.

Assumption 2.1. Let m™™4(F) = inf{m?(s) : F € M*(G*) and s € AFR N AT N
AEM=NTAT) e the minimal defier amount under F. We call

A =Uper {s e AFRNAT NAPMNTAT il (5) = m™™ 4 (F), F € M(G")}
the minimal defiers relaxed assumption.

Assumption A is constructed by a data-dependent method which specifies what
we should consider in our relaxed assumption for every F in the observed data
distribution space. Assumption 2.1 says that for each F, we only focus on the set
of the structures that achieve the minimal deviation from the AY? assumption. The
construction of A may be rationalized by an econometrician who has a belief about
the possible value of defiers. Since defiers are abnormal, her prior about the amount
of defiers is decreasing. The data-dependent approach for A is to first update her
belief for each possible F. The posterior of the defiers given the data distribution
F will be the prior belief conditioning on the set m"UF) > mi(s) > m""4(F).8
Since the prior is decreasing, the minimal defier m“(s) = m™"™¢(F) maximizes
the posterior likelihood and the data-dependent construction is to focus on these
posterior-likelihood-maximizing structures.

The construction of A is similar to the methods (Masten and Poirier, 2021), and
we add to the discussion by clarifying some subtle issues: first, the value of the
deviation measure m™"™¢(F) can indicate the possibility of finding a non-refutable
relaxed assumption. If there still exists an Fy such that the infimum is taken over
an empty set, then m™"4(Fy) = 400 and there is no hope we can construct a non-
refutable relaxed assumption using the m?(s) function. Second, when constructing
A, the econometrician is also required to justify whether the relaxed assumption
is structurally reasonable. In particular, the econometrician needs to justify the
infimum quantity m”"?(F) is achieved by some structure s so that the set A is
well-defined. These two concerns for A in Assumption 2.1 are addressed later in
Section 2.4 and further discussed in Section 3.

2.3.2. The Minimal Marginal Dependence Extension. Testable implications
(2.10) also arise due to the failure of the independent IV assumption, which
happens in many natural experiments. In this section, we provide another relaxed
assumption that uses the deviation from the independent IV assumptions but keeps
the “No Defiers” assumption.

8The upper bound m™*4(F) = sup{m‘(s) : F € M(G*) and s € AER N ATI N AEM=NTATY cap be less than 1.
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The independent IV assumption is an infinite-dimensional constraint on the G°.
As aresult, there are infinitely many ways to relax the independent IV assumption,
and they may result in different identified sets when the IA-M assumption is
rejected. Here, we present a choice of the relaxation measure that will lead to a
clean identified LATE.

We start with a measurement of the deviation from the independent IV assump-
tion. By the M mapping defined in (2.4), the probability measures Prgs (Yi(d}, 1) €
Byy1,Di(1) = di,D;(0) = do|Z; = 1) and Prgs (Yi(do, 0) € Bgy1,Di(1) =dy,D;(0) =
do|Z; = 0) are absolutely continuous with respect to some dominating measure
wr.” We can therefore derive the Radon-Nikodym densities for d;,d, € {0, 1}

dPrgs (Yi(d1,1) € Bg1,Di(1) = d,Di(0) =dp|Z; = 1)

dur '
dPrgs (Yi(do,0) € Bayo, Di(1) = dy,D;i(0) = dp|Z; = 0)

dur .
The gy, and g}, are the marginal densities of potential outcomes under different
instrument values. If the independent IV assumption holds, then the densities must
be the same. We therefore consider the following deviation measure:

g1 didolZi=1) =

g;o(y»dlsd()'Zi = 0) =

1
(=3 /y (8510 d.dIZ = 1) — g, d\Zs = ) dyur ().
d=0

The m™' measures the L? distance of marginal distributions of the potential out-
comes when the instrument Z; takes different values. Whend =1, g;z o0, L 11Z;=2)
is the marginal density of Y;(1,1) = Y;(1,0) and D;(1) = D;(0) = 1 conditional on
Z; = z, which focuses on the always-takers. Similarly, when d = 0, the density
concerns the never-takers group. In this measurement, the defiers group is omitted
because we maintain the “No Defiers” assumption. We also omit the marginal
distribution of y for the compliers. This is because for Z; = z, the observed Y;
only contains information about Y;(z,z) for compliers but not Y;(1 — z,z), and the
independent IV assumption does not imply a relationship between the marginal
densities of Y;(1, 1) and Y;(0,0) for compliers. In fact, as it will be shown later, we
can always construct a G* such that the conditional type independent IV condition
holds for the compliers.

The measure mM' also differs from the m? in a significant way: when m"/ (s) = 0,
it does not mean that s must satisfy the independent IV assumption. However, the
choice of mM!(s) is still plausible: note that for always-takers, only the Y;(1,1) =
Y;(1,0) matters because the untreated status never occurs for always-takers and
we can never get information about Y;(0,1) = Y;(0,0) for always-takers, so we
omitted the potential outcomes (¥;(0, 1), ¥;(0,0)) in m™'. A similar logic holds for
never-takers.

9Note that we maintain the exclusion restriction Y;(d,z) = Yi(d, 1 — z), so we can omit the Y; (d1,0) and Y;(do, 1).
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Before we proceed to the relaxed assumption, we also introduce the conditional
type independence condition for the compliers:

ATI=CP = 15| G° satisfies Z; L (Yi(1,1),Y:(0,1), ¥;(1,0), ¥;(0,0)) |D;(1) = 1,D;(0) = 0}.

We maintain this crucial assumption so that we can get an informative bound
on the LATE quantity. This is because, for Z; = z, Y¥; only contains information
about Y;(z, z) for compliers and we need some independence conditions across the
instrument values to make sure that we can combine the outcomes under Z; = 1
and Z; = 0 to identify the LATE.

Assumption 2.2 (Minimal Marginal Dependent Instrument). Let m™"M (F) =
inf(mM!(s) : F € M(G*) and s € AFR N ATI=CP N ANPY be the minimal distance. We
call

A = Uper [s e AFRN AT 0 AND . M (5) = m™™ M (F), F € M(G)}
the minimal marginal dependent instrument relaxed assumption.

Similar to A, the rationale behind A’ is also a data-dependent construction of
assumptions. However, it should be noted that when m™"M!(F) = 0, A’ does not
equal the IA-M assumption because m™! (s) = 0 is not an equivalent characteriza-
tion of the independent instrument condition. Nonetheless, as we will see in the
next section, A produces a clean identified LATE expression.

2.4. The Identified Set Under Assumption 2.1 or 2.2

Before we characterize the identified LATE quantity, we first show that A in
Assumption 2.1 and A’ in Assumption 2.2 are well-defined and non-refutable.
In particular, we want to show that the minimal deviation functions (mmind (F)
and m""MI(F)) are finite so that the assumption is not refutable, and the minimal
deviation values can be achieved by some econometric structures.

PROPOSITION 2.1. The A in Assumption 2.1 and A’ in Assumption 2.2 are well-
defined and non-refutable such that: (1) m"nd(Fy < oo and m""M (F) < oo for
all F € F; (2) for any F, there exist s; and s, such that mi(s)) = m""™(F) and
mMI (52) — mmin,MI (F)

The second condition in Proposition 2.1 is non-trivial. If the m™"4(F) is finite
but not achieved by some structure s, then {s € AZR N ATI N AEM=NTAT - pd (5) =
m"nd(F), F € M (G‘Y)} = () and the data-dependent construction of relaxed
assumptions does not specify what to consider when F is observed, and A becomes
refutable.

We first set up some notations and regularity conditions to describe the identified
LATE. We use the following notation to denote the identified set of LATE when F
is the observed data distribution and Ay is an imposed assumption:
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LATE} (F) = {EGS[YL'(L 1) — Y:(0,0)|D;(1) = 1,D;(0) = 0]|M(G*) = F, s € Ao} .

In our later discussion of the relaxed assumption, it would be easier to use the
Radon—Nikodym derivatives of P(-,d) and Q(-,d) with respect to the ;r measure.
Let ur be the common dominating measure in Lemma 2.1. Let p(y,d) and ¢(y,d)

be defined as:
dP(B,d dO(B,d
pindy = LED gy = LED, 2.13)
dur dir

The densities p(y,d) and q(y,d) will be used in our subsequent theorems and
proofs. We first set up some notations that will simplify the notations in the
identified LATE expression:

Vo= {y: (=D%q(.d) —p(.d) =0}, de{01},

which is the set of y such that when D; = d, the testable implication (2.10), in the
density form, is not violated.

Assumption 2.3. There exists a constant ¢ > 0 such that: (i) Prp(Z; = 1) €

(¢, 1=0); (i) Q. 0) — PN, 0) > c and P(V1, 1) — Q1. 1) > c.

Assumption 2.3 is a regularity assumption. For the identification result, we only
need Assumption 2.3 to hold with ¢ = 0 so that LATE is well-defined. For inference
purposes, we will further require ¢ > 0 to avoid the weak instrument issue.

THEOREM 1. Suppose Assumption 2.3 holds. The minimal defiers probability is
identified as:

m™™ 4 (F) = (Q(V}, 1) — P, 1)Pr(Z; = 0) + (P(V5,0) — Q(V5, 0) Pr(Z; = 1),
and the minimal marginal dependence distance is identified as:

My — /max{q(y, 1) —p(, 1),0}* + max{p(y,0) — g(,0),0}*dr (y).

The identified LATE%D and LATE/IX’? satisfy

LATE'? (F) = LATEY) (F) (2.14)
~ [y ye0 D =g D)dur®) [y, v(@(n0) —pGy 0)dpr (y)
B P, D=0, 1) 0(,0) — P(),0)

There are several notable implications from Theorem 1: first, whether we use
A or A’ as the relaxed assumption, we have the same identified LATE quantity
for all F; second, the identified LATE coincide with the Wald ratio expression
(2.8) whenever the testable implication (2.10) holds. When (2.10) is violated,
the expression (2.14) is the LATE for compliers under the model that selects the
minimal amount of defiers or minimal marginal dependence; and third, the LATE
quantity is always point-identified for all F.
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The equality of LATES (F) and LATEX’(F) is not a coincidence. For each F,
the s; and s, that achieve the minimal deviations in Proposition 2.1 have the same
conditional distribution of Y;(z,z)|Z; = z for compliers. Also, both assumptions
require the conditional type independence condition for compliers. As a result, the
identified LATE is the same.

The second implication is due to the feature of our construction of m?(s).
When F satisfies the testable implication (2.10), the minimal defier amount
m™"4(F) = 0. Note that m?(s) = 0 is an equivalent characterization of the A"
assumption, and Lemma 2.2 implies that m?(s) = 0 will deliver the original IA-M
assumption. As a result, LATE%D (F) and the Wald ratio coincide for F that satisfies
(2.10).

The point identification result comes from the relationship of the minimal defiers
amount and the marginal distribution of Y;(z,z)|Z; = z for compliers. Whenever F
violates (2.10), we must add defiers to the model. Since we want to minimize the
probability of defiers, the priority is to deal with the values of y that (—1)?(g(y,d) —
p(,d)) <0, i.e., the values of y where (2.10) is violated locally. Moreover, there
is a unique way to make such an adjustment. Since the densities of Y for compliers
and defiers are related through the potential outcome equation (2.1),'” adjusting
the density of Y for defiers in a minimal way leads to the unique adjustment in
the density of Y for compliers. Since the LATE is a function of the conditional
densities of Y for compliers, LATE is point-identified. Similar logic holds for the
A’ assumption.

The identified quantity LATE'”(F) coincides with the LATE quantity in Dahl
et al. (2023). However, our rationale leading to the LATE%D (F) is quite different
from that in Dahl et al. (2023). In our setting, the econometrician wants to
minimize the deviation from the IA-M assumption because she believes defiers
are irregular. In contrast, Dahl et al. (2023) directly assume that given a value of
potential outcomes, compliers and defiers cannot coexist, which is called the local
monotonicity assumption. This assumption lacks a clear rationale to justify why
the compliers and defiers cannot co-exist.

We also want to stress the importance of the conditional type independence
assumption A”, while Dahl et al. (2023) maintain the A’V assumption. Our iden-
tification theorem also illustrates why conditional type independence assumption
is crucial. In (2.14), the denominator of the first term, P(),1) — Q(V, 1), is the
probability of compliers given Z; = 1, and Q(), 0) — P(), 0) is the probability of
compliers given Z; = 0. These two quantities are not guaranteed to coincide, and
the independent IV assumption fails. The conditional type independence assump-
tion echoes the result in Kitagawa (2021), where he shows that the independent
instrument assumption is testable.

'OSuppose we set a density for defiers h4(y) = g(Yi(1,0) =y, D;(1) = 0,D;(0) = 1|Z; = 0), then the potential outcome
equation implies that the always-takers will have a density g(Y;(1,0) =y, D;(1) = D;(0) = 1|Z; =0) = g(,0) — ha(y).
Since we impose AT NAFM=NTAT '\ye can change the instrument value for always-takers, which leads to g(¥;(1,0) =
».Di(1) =D;(0) = 1|Z; = 1) = q(y,0) — ha(y). Again, we use the potential outcome to derive that the compliers
should have a density of p(y,1) — (g, 1) — ha(y)).

https://doi.org/10.1017/50266466625100108 Published online by Cambridge University Press


https://doi.org/10.1017/S0266466625100108

14 MOYU LIAO

2.5. Estimation and Inference

The estimator in Dahl et al. (2023) is based on numerical integration of estimated
density, which can be hard to implement. In this section, we propose an estimator
of LATE/’XD (F) that only requires a sample average with appropriate trimming and
the computation is easier.

The identification results in Theorem 1 rely on the sets ), Y. Throughout this
section, we focus on the estimation and inference problem when Y; is continuously
distributed on R, and pr is the Lebesgue measure.

Assumption 2.4. Y; is continuously distributed with unbounded support and
the measure P(B,d), Q(B,d) is absolutely continuous with respect to the Lebesgue
measure.

To estimate ), ), we first estimate the density p(y,d) and q(y,d) using kernel
density estimators with a bandwidth sequence #,,:

i L 1K(Y’ ’)H(D =1z=1 hﬂZ, IK(Y’ ~)1(D =1,Z=0)

1) = ,
Jle )= STz =1) ST 1Z=0)

iZf’le( -—)’)H(D =0,Z=0) W ZLIK( '—y)]l(D =07z =1)
h 70 = .
J10:0) ST 1Z=0) STz =1)

(2.15)

Assumption 2.5. There exist constants M; and M,, such that for d = 0, 1 such
that Y, N [M,,00) € {@,[M,,00)} and V, N (—o0, M;] € {D, (—o0, M,]}. Moreover,
we know Y,; N [M,,o0) and V,; N (—oo, M|].

Assumption 2.5 requires that the sign of p(y,d) — ¢(y,d) is known and fixed for
large values of y. As a result, we only need to estimate the set J; N M, M,].M By
controlling the tail behavior of the densities, we can avoid the ill behaviors in the
density estimation and maintain a good property for the LATE estimator. Define
the upper tail set V' = Y, N [M,, 00), the lower tail set Vi =Y,;N(—00,M], and
we estimate ), Yy by

Valby) =y € (M, M,) : fy(y,d) = b,} UYVS UYL,

where b, is a sequence of positive constants that converge to zero. The estimated set
above only uses density f, (v, d) to distinguish whether y € ), in the range (M;, M,,)
and uses the known tail sign for large value of Y; in Assumption 2.5 directly. For
the A or the A’ relaxed assumptions in Theorem I, we use the sample analog to
construct an estimator of (2.14) as:

HEor example, suppose p(y,d) and ¢(y,d) have Gaussian tails: p(y,d) = C,e’yz/"l’(d>Z and ¢(y,d) = C, e /0@’
P q

for |y| > C" > 0, where C@! defines the tail regions. If ap(1) > a4(1), then Y1 N [Cil 00) = [C™!, 00) and Y; N

(700 _ Cmil] — (700 _ Cm[[]'
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1 n | _1Di=1,Z=1)  1(D;=1,Z;=0) : 9
— nZizm[mle:D izj,_,lﬂ(zjzo)]ﬂ(Yleymbn))

1y [ LD=12=1) _ 1(D=1.2=0) ] 1(Y; € Y1 (by))

Lsn 1@z=1 137 1z=0)
n =1 n =1
s s (2.16)

1 n 1(D;=0,Z;=0) 1(D;=0,7Z;=1) A
Ly v | fpL=04=0  I0=0Z=D gy, e Yy (b
n Z::l i [rllz;l:l 1(Z=0) %Z};l ]L(ijl)] ( i yO( n))

1N 10;=0,2=0) _ 1(D;=0,Zi=1) 1(Y: € $ b
nZt:l |:r|1 _7=11(Zj=0) 3127=|1<Zj=1>] ( i y()( n))

Limit Distribution of LATE. We present the limit distribution of LATE defined
in (2.16). The following assumptions are sufficient to guarantee the LATE in (2.16)
will converge to a normal distribution.

Assumption 2.6. The kernel function K satisfies: (i) K(u) is continuous
and supported on [—Ci, Cy] and [ K(u)du = 1; (i) [ uK(u)du = 0; and (iii)
[uPK (u)du < oo.

Assumption 2.7. The conditional distributions F(y|D; = d,Z; = z) have den-
sities f(y|d, z) for all d,z € {0,1}, and f” (y|d, z) exist and are uniformly bounded
above by a constant c; (iii) E(YiZH) < oo for some § > 0.

The above two assumptions are standard in the nonparametric density estimation
literature and guarantee that the density difference estimators f, (y, d) will converge
uniformly in probability to its limit (—1)'~(p(y,d) — g(y,d)) at a polynomial rate.

Assumption 2.8. Let f(y,1) = p(y,1) — g(y,1) and f(y,0) = ¢(y,0) — p(y,0).
The following condition holds for any sequence b,, — 0.: AZZ “If 0, d)|1(=b, <

f.d) < by)dy = 0(by).

Assumption 2.8 controls the bias from trimming {y € [M;,M,]: 0 <f(y,d) < b,}
and removes the asymptotic bias and sampling variation in the kernel estimator
fr(y,d). Assumption 2.8 can be replaced by a sufficient primitive condition.

Assumption 2.9. Let My, < oo be a positive integer. For d = 0,1, the set
Ca={y:f,d =0,y e [M;,M,]} has at most M, points. Let B(Cy4,5) =
Uyec,B(y,8) be the §-neighborhood of C; for d = 0,1. For both d = 0,1, we
have sup,cgc, ) |d(f%d))| > 1/C for some C,§ > 0.

LEMMA 2.3. Assumption 2.9 implies Assumption 2.8.

Essentially, in Assumption 2.9, we rule out all data distributions whose {y :
f(,d) = 0} have a positive measure, or whose density difference slops near the
zero points of f(y,d) = 0 are too flat.

THEOREM 2. Let LATE be defined in (2.16) and LATE'(F) be defined in (2.14).
Suppose Assumption 2.3 holds for ¢ > 0 and Assumptions 2.4-2.8 hold. Let b, =<
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n=14/logn and hy, = n='3, then /n(LATE — LATE%D(F)) —4 N, TI'TZIVID),

where
1(Z;=0)
1Z,=1)
Yi1(D;=1,Z,=1)1(Y; € V1)
Y, 1(D; =1,Z;=0)1(Y; € V)
5 — var | YLD =0.Z; = 0)1(Y; € D)

Y 1(D; =0,Z; = 1)1(Y; € Jo)
1(D;=1,Z;=DH1(Y; € V)
1D;=1,Z=0)1(Y; € V)
1(D; =0,Z; = 0)1(Y; € o)
1(D; =0,Z; = DH1(Y; € Do)

and matrices Il and T are specified as by

a A\ [y Y PO D — a0 D)dy

ne | 7w Lo || 2 [ /200 —p0.00dy
=l 3 Jy, e D —gqG )y |
=2 4 3, @(,0) = p(y,0))dy

1 Iy T3 04
I' = s
Pr(Zi=1D)Pr(Z;=0) \I'2 024 I3
where

I — EY;,1(D;=1,Z;=D1(Y; € Y1)] —EY;1(D;=1,Z;=0)1(Y; € V1]
YT\ —EYIDi =0, = D1, € )] EIVLD; =0,Z=0)1(Y; € V)] )’

o — E[1D;=1,Z,=1D)1(Y; e Y1)] —EILD;=1,Z=0)1(Y; € V)]
2T\ CELDi=0Z=D1(Y; e V)l E[LD;=0,Z=0)1(Y; € V)l |’

s Pr(Zi=0) —-Pr(Z;=1) 0 0

T 0 0 Pr(Zi=1) —Pr(Zi=0))

COROLLARY 2.1. Let (I, 11, %) —, (0,ILX), and let 6 = TSIV Then

the set

aTE- 2 ®(a/2), LATE + d Ol —af2) 2.17)

——®(a/2), — -« .
Jn Jn

is a valid a-confidence interval for LATEI%D (F), where ® is the standard normal
CDF function.

Theorem 2 shows that the LATE in (2.14) is 4/n consistent. Once the matrices
I1, T, and X are estimated by consistent estimators, we can test hypotheses such
as Hy : LATE%D (F) = 0. However, Assumption 2.5 requires the econometrician to
know the sign of tail behavior of p(y,1) — g(y,1) and g(y,0) — p(y,0). In some
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empirical applications, we may want to be agnostic about tail signs or only impose
less restrictive conditions on tail signs. In this case, we can calculate the confidence
interval for each possible tail condition, and then take the union, but this confidence
interval will be conservative.

2.6. An Empirical lllustration

In this section, we apply our results in Theorems 1 and 2 to Card (1993), who
studies the causal effect of college attendance on earnings. In this application, the
outcome variable Y; is an individual i’s log wage in 1976, D; = 1 means individual
i attended a four-year college, and Z; = 1 means the individual was born near
a four-year college. This data set has been used by both Kitagawa (2015) and
Mourifié and Wan (2017) to test the IA-M assumption, and they both reject the
IA-M assumption. If a child grows up near a college, he or she may hear more
stories of heavy tuition burdens, which may discourage him or her from attending
college. On the other hand, if this child grew up far away from a college, he or
she may instead choose to attend college. Therefore, we would expect defiers to
exist in this empirical setting. Moreover, it is unclear why this instrument is fully
independent of the potential income, since the choice of residence may depend on
parents’ potential income, which may be correlated with their children’s income.

We conditioned (Y;, D;,Z;) on three characteristics: living in the south (S/NS),
living in a metropolitan area (M/NM), and being an African-American ethnic
group (B/NB). We follow Mourifié and Wan (2017) to exclude the subgroup
NS/NM/B due to the small sample size. We also exclude subgroup NS/M/B due to
the high frequency of Z = 1. We conduct estimation and inference on each of the
remaining six subgroups and the pooled African-American group. The choices of
trimming sequence b,, kernel bandwidth A, upper and lower bands M,, M;, and
tail set ym yj; are available on request.

Estimation results are reported in Table 1. We also report the LATE estimates
when we directly use the IA-M assumption as the Wald statistics. The estimated
measure of compliers under A or A’ conditioned on Z; =1 and Z; = 0 are, respec-
tively, reported as P(Y1, 1) — Q()1, 1) and Q(D, 0) — P(D), 0), while the estimated
measure of compliers under IA-M assumption is E[D;|Z; = 1] — E[D;|Z; = 0]. The
estimates of LATEY and LATE™ differ the most for three groups: S/NM/NB,
S/M/NB, and S/M/B. It should be noted that for all these three groups, estimated
E[D;|Z; = 1] — E[D;|Z; = 0] differs from P(Y;,1) — Q())1,1) and Q(D),0) —
P(),0). If we blindly use the identification result under the IA-M assumption
and use the standard LATEW#? estimator, the “identified” LATE can be negative
(subgroups S/NM/NB and S/M/NB), or be unrealistically large (subgroup S/M/B).
Once we use A or A’, the estimated LATE for each of the six subgroups is positive,
and the values of LATE are all between zero and one. When we look at the African-
American group only, while LATE™# is large, it fails to reject the hypothesis that
education is harmful to their earnings, while our method will reject the hypothesis
that LATE for the African-American is negative at a significance level of 0.025.
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TABLE 1. Estimation result under extensions Assumption 2.1

Group NS,NM,NB NS,M,NB S,NM,NB S,NM,B S,.M,NB S.M,B B-Group only
Pr(Z;=1) 0.464 0.879 0.349 0.322 0.608 0.802 0.6188
Observations 429 1191 307 314 380 246 703
LATE/%D (F) 0.5599 0.1546 0.2524 0.4773 0.5276 0.4358 1.0993

CI for MTE%D(F) [0.01, 1.11] [—0.51,0.82] [—1.22,1.73]  [-0.09,1.04]  [—2.54,3.59] [—5.15, 6.02] [0.58, 1.62]
PO, D=0, 1) 0.1120 0.1084 0.0265 0.0739 0.0164 0.0338 0.0375
Q(V,0) —P(D,0) 0.1148 0.0960 0.0684 0.1495 0.0922 0.0308 0.1583
LATEWeld (| 0.5976 0.0761 —6.4251 1.1873 —1.5412 17.9620 5.0499

CI for LATEW®d (F [—0.20 1.39] [—1.24,1.39] [—105,92] [—0.53,2.90] [—5.09,2.01] [—1.7e4,1.7e4] [—6.16,16.26]
E[D;|Z; = 1] 0.1080 0.1084 —0.0070 0.0692 —0.0697 0.0002 0.0317

—E[Di|Z; =0]

8L
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3. A GENERAL THEORY

In the previous section, the construction of relaxed assumptions via minimal defiers
or minimal marginal dependence demonstrates several advantages: the relaxed
assumptions are non-refutable, and the identified LATE coincides with the Wald
ratio whenever the original IA-M assumption is not rejected. We aim to develop
a general theory for extending refutable assumptions using the insights from the
LATE application. In the discussion, we shall explore the general conditions to
ensure we have a well-behaved relaxed assumption, and we also discuss some
subtle issues when constructing a relaxed assumption.

Besides the LATE example in Section 2, we also consider an additional moment
inequality model that contributes to the illustration of the general theory.

Example 1. Suppose the econometrician has access to the outcome Y;, a binary
treatment D;, and control variables Z; as data. Each individual i also bears an
unobserved heterogeneity 7;. The outcome Y; is related to (Z;, D;,n;) via ¥; =
f*(Z;,D;,n;) for some unknown function f*. The econometrician imposes two
assumptions that facilitate the discussion.

1. A;: The model is additively separable, Y; = f(Z;, D;; k) + n; for some known
integrable function f and unknown finite dimensional parameter «.

2. Ay: The unobserved heterogeneity has a negative conditional mean —oo <
Eni|D;] < 0.

Two moment inequalities E[Y; —f(Z;, 1;«)|D; = 1] <0 and E[Y; —f(Z;,0;«)|D; =
1] <0 can be derived from A = A NA,.

3.1. Definitions

In economic models, there are typically two types of variables: the variables that
are observed, denoted by X;, which will be used for estimation, and the primitive
variables, denoted by ¢;, that are used to generate the observed variables. In the
moment inequality examples, X; = (¥;,D;, Z;), and €; = (D;, Z;, n;). The primitive
variables are either determined outside the model, or their determinants are not the
focus of the model.'”

Before collecting data, the econometrician first has an idea about the spaces of X
and € that she will work with, and denote the spaces as X and T, respectively. We
correspondingly define the observation space and the primitive distribution space.

DEFINITION 3.1. The data distribution space F is the collection of all possible

distributions F(X) whose support is a subset of X. The primitive distribution space
G is the collection of all possible distributions G(€) whose support is a subset of Y.

12For example, in the moment inequality model, D; may be determined by Z;, but we don’t focus on the study of how
D; is related to Z;.
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Note that we do not specify X as the support of X; because the econometrician
does not know F before data are collected. For example, if Y; is an employee’s
income from an unknown firm, then a reasonable space for Y; is the [0, 00), but
the collected data distribution F may be supported on some bounded interval.
However, since D; is a known binary treatment, we only need to consider its
space as {0, 1}. For both the definitions of F and G, econometricians can impose
additional regularity conditions on F and G: the regularity conditions may be
relevant for the existence of moments of ¢; and X;, or the existence of densities of
the distributions. In the two-moment-inequality example, we may only consider
a G such that Egs[|n;||D;] < co. Thinking of F and G in a general way rather
than specifying ex-ante support would help the econometrician to lay out the data-
dependent construction of relaxed assumptions later.

However, the observed data distribution F is not the ultimate goal for an econo-
metric interpretation. Instead, we are interested in the features of the distribution of
the primitive variables, and/or the mechanism of how ¢; determines X;. Therefore,
we follow the languages in Koopmans and Reiersol (1950) and Jovanovic (1989)
to call a pair of a distribution of primitive variables and a mechanism as an
econometric structure.

DEFINITION 3.2. An econometric structure s = (G*, M*) consists of a distribu-
tion G* of €, and an outcome mapping M* : G — F.

Since M* is a function, we also slightly abuse the notation to use M*®(G)
to denote the singleton set {F}."> In the LATE example, the mapping M* is
characterized by (2.1) which is the same across all structures, and we are mainly
interested in G*, the distribution of the potential outcomes. In contrast, the mapping
M’ in the two-moment-inequality example can be summarized by the « parameter,
and we are more interested in «.'* The econometrician also specifies a paradigm
for studying the model, which we call the structure universe.

DEFINITION 3.3. A structure universe S is a collection of structures such that
UsesM*(G*) = F, and an assumption A is a subset of S.

Here, we explicitly distinguish the structure universe S and an assumption A,
though either is a collection of structures. The structure universe S is the paradigm
that can span different empirical contexts. On the other hand, an assumption A
places constraints that are suitable for a particular empirical context, or convenient
for empirical analysis. In the moment inequalities example, the structure universe
considers a general class of functions without imposing any constraints on the
functional form or the distributional relationship between D; and n;. Then A,
imposes the functional form restriction and A, imposes distributional restrictions.

13We use such a notation in the LATE application, equation (2.4).
'4Suppose s = (G*,k), then M*(G*) = {F € ]-"F is the push-forward measure of G* under Y; =f(Z;, D;, ni; k)}.
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The condition UgesM* (G*) = F ensures that the structure universe S is neither too
small nor too large for the analysis of possible data distributions. We conclude this
section with the definition of refutable assumptions.

DEFINITION 3.4 (Breusch, 1986). An assumption A is called refutable if there
exists an F' € F such that F ¢ UgeaM*(G*).

In other words, if we can find an F that cannot be generated by any econometric
structures in A, then this F refutes A as a proper assumption. In the two-moment-
inequality example, if we cannot find an « such that both inequalities hold
simultaneously under F, then F refutes A} NA;.

3.2. The Identification Problem

In many empirical studies, we want to find the value of a parameter of interest
rather than a class of structures that are consistent with data. This parameter can
be a moment of unobserved primitive variables or a counterfactual prediction of
the structure.'> We therefore present a formal definition of the identification of the
parameter of interest.

DEFINITION 3.5. A parameter of interest 6 is a function 6 : S — ©, where ®
is the parameter space. The identified set for 0 is a correspondence @f F=20
such that

OP(F)={0(s):s€A and F e M (G")). 3.1

Here, we define the identified set as a correspondence of F rather than the usual
definition of a subset of the parameter space. Once we have access to the data
distribution, we can derive the usual sense of the identified set as @f‘D (F). There
are two advantages when we think of the identified set as a correspondence rather
than as a realized set.

First, we can connect the assumption refutation issue to the image of the
identified set correspondence. Whenever an assumption is refuted by an observed
data distribution F, Definition 3.5 leads to an empty set under F. The converse also
holds: in the two-moment-inequality example, if for some F' we cannot find a x that
simultaneously satisfies the two-moment inequalities, then the assumption A NA;
is refuted by F. This also warns us that the identification result under a refutable
assumption cannot be naively used. For example, the identified set for LATE should
be ¢ rather than the Wald ratio whenever F' violates the testable implication. In
contrast, whenever we use a non-refutable assumption A, the identified set will be

151n the two-moment-inequality model, suppose k = (x1, ..., K4, ), we may be interested in the counterfactual mean
of ¥; when « is set to zero. The parameter of interest can be written as 6(s) = Eg:[f(X;, Dj; k) +1;], where k; = k;
forallj> 1 and k1 =0.
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non-empty for any F, because we can find an s € A that rationalizes F, and 6 (s)
will be in the identified set.

Second, viewing the identified set as a correspondence allows us to evaluate the
appropriateness of the imposed assumption A. Let us equip F and ® with metrics
dr and dy, respectively. We may question the appropriateness of an assumption A
if the identified set @f,D (F) is not continuous. On one hand, it is hard to rationalize
why the identified set will change abruptly when we perturb the data distribution
slightly. On the other hand, because of the sampling error, estimation and inference
can incur extra complications when the true data distribution Fj is close to the
discontinuity point. For example, when the parameter is point identified, then the
discontinuity of the identified quantity and the consequential non-differentiability
implies the impossibility of finding locally asymptotic unbiased estimators or
regular estimators (Hirano and Porter, 2012).

3.3. Minimal Deviation Relaxed Assumption

While an assumption A may be refutable, we impose A in the first place because
it reflects the economic theory suitable for the empirical context. Therefore, we
would consider a departure from A as abnormal and against the economic intuition
behind A. We relax our assumption to allow for a minimal departure from the
baseline assumption A, which is called the minimal deviation method. Formally,
suppose the refutable assumption A can be written as an intersection of several
assumptions: A = ﬂleAj. This representation allows us to consider a departure
from a particular A;.

DEFINITION 3.6. Fix an index j € {1,2,...J}. Suppose Mi4jA; is not refutable. A
relaxation measure of departure from A; with respect to {Aj}14 is a function m; :
S — Ry U {400} such that m;(s) = 0 for all s € Aj. We say m; is well-behaved if
forany F € F, there exists a structure s* € MjA; such that

m;(s*) = 1inf{m;(s) : F € M*(G*) and s NA}= m}”"’(F),

where m}’”” (F) is the minimal deviation for the observed data distribution F.

In Definition 3.6, we require M;x;A; to be non-refutable so that it is possible to
construct a non-refutable relaxed assumption out of M;x;A;. When the relaxation
is well-behaved, then for any F € F, we should be able to find an econometric
structure s* with finite deviation amount such that F € M* (G*"). This is essential
for the construction of an extension using m;.'®

In the two-moment-inequality example, A; alone is not refutable because we
do not put any restriction on the error 1;. For the second assumption A,, we can

16An example of an ill-behaved relaxation measure is available upon request. Roughly speaking, it can happen when
S is an infinite dimensional space. We can find a sequence of underlying distributions G,, where each of G,, € G, but
the pointwise limit of G, is not in G.
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consider a deviation measure from the A, condition as m,(s) = Egs[n;|D; = 1]+ +
Egs[n;|D; = 0], where x, = max{0, x}. This deviation measure can be shown to be
well-behaved if k lies in a compact set and f(X;, D;; k) is continuous and dominated
by some integrable functions.!”

Now we construct the minimal deviation relaxed assumption A which gener-
alizes the minimal defiers and minimal marginal dependent instrument relaxed
assumptions in the LATE application.

DEerINITION 3.7. Fix an index j € {1,2,...,J} and a well-behaved relaxation
measure mj. We call A = Uper {s € NixiA; - mi(s) = m]’.”i”(F), Fe MS(GS)} the
minimal deviation relaxed assumption of A under m;.

Similar to the relaxed assumptions in the LATE application, A is constructed
via a data-dependent method. In our parallel paper (Liao, 2024), we show that
the minimal deviation method is equivalent to a robust Bayesian method which
specifies a certain class of priors. We now link the properties of the relaxation
measure m; to the properties of the identified set @gD under A.

PrOPOSITION 3.1. Suppose m; is a well-behaved relaxation measure with respect
to {A[}l#/‘.

L. If m; is a sharp characterization of A; under Ni4A;, i.e.,
N Aj = (NigAr) N {s = my(s) = 0},

then for any parameter of interest, A preserves the identified set whenever F
does not reject A, i.e.,
O (F) = O (F), if F € U;caM*(G’).

2. If mj(s) = 0 does not induce a partition on the predictions of A; under M4jA;,
ie.,

(Uesea M) N (Ui oM (G)) #
then there exists an F and a parameter of interest 6 such that (:)%D (F) # (:)QD (F).
Moreover, there always exists a well-behaved m; that sharply characterizes A;

under Ni4jA.

In the LATE example, m?(s) is a sharp characterization of the “No Defiers”
assumption while mM!(s) is not a sharp characterization of the independent IV

17For any 6° in the parameter space, construct G* as the distribution of (D;,Z;,Y; — f(Z;, Dj; k)). This construction
ensures that s = («*,G*) generates F. Let s, be a sequence of structures such that my (s,) — m’z"i” (F). Because « lies
in a compact space, let k(n) be a subsequence such that x*# converges to some k. Then the dominated convergence
theorem ensures the deviation measure at & is exactly mg’i" (F).
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assumption. Non-sharp characterization often arises when we fail to consider all
features imposed by the assumption.'®

The benefits of using an m; that sharply characterizes A; are remarkable: we
get the preservation property for any parameter of interest. In different empirical
settings, researchers’ parameters of interest can differ. If an m; that sharply
characterizes A; is found, researchers can use this m; and the corresponding
minimal deviation relaxed assumption A across different empirical contexts to
consider different parameters of interest. In the LATE application, it means that
the minimal defiers relaxed assumption not only preserves the identified set for
LATE but also for other parameters of interest such as ATE.

When we can find some econometric structure s” outside A but m;(s") =0 and s’
can also make predictions as structures in A, then we fail to preserve the identified
set when F does not refute A. An example is the m" in the LATE example: the
mM!(s) does not induce a partition of predictions of A’ under AN? NAER so we can
find non-preserved parameters of interest,'’ because the m™/(s) is more narrowly
focused on the properties of the LATE quantity.

3.4. Discussions

3.4.1. Choosing Among Relaxed Assumptions. The way to construct a relaxed
assumption is not unique, and the econometrician has to decide which relaxed
assumption to accommodate the empirical contexts. In this section, we dis-
cuss several subtle issues that result in multiple relaxed assumptions. Along
the way, we also give some criteria for econometricians to choose the relaxed
assumption.

The multiplicity issue arises when the econometrician starts to think about
which of assumptions Ay, ...,A; to relax. We recommend that the econometrician
considers the empirical appropriateness of each assumption and decides the choice
of j. For the LATE example, if we are confident that the instrument is randomized
and satisfies certain independence properties, we should seek to relax the “No
Defiers” assumption in the first place.

After deciding the j, the econometrician needs to choose a relaxation measure
m;. We recommend that the econometrician considers an m; that has an economic
interpretation. We can then interpret the minimal deviation relaxed assumption
as a model that has the least departure from the economic intuition behind A;.
For the LATE example, the measure m“(s) can be interpreted as the probability of

1810 the moment inequalities example, m (s) is a sharp characterization of A,. However, we can also construct a
non-sharp characterization 7 (s) = Egs[n;|D; = 1]+. In this case, ima(s) only considers relaxing the first moment
inequality.

19Consider the indirect effect of instrument on ATE: 6(s) = E[Y;(1) — Y;(0)|Z; = 1] — E[Y;(1) — Y;(0)|Z; = 0].
Whenever the IA-M assumption A is not rejected by F, the identified set for 6 is C:)QD (F) = {0} because we maintain
the independent IV assumption. However, if we use the extension A’ in Assumption 2.2, the identified set is not a
singleton under F because mM! (s) = 0 does not imply an independent instrument.
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defiers in the structure s. After constructing A using mj, we also recommend that
the econometrician checks whether the identified set is continuous in the observed
data distribution F. In Appendix B, we further discuss the high-level conditions to
ensure the continuity of the identified set constructed in Definition 3.7.

The multiplicity of the relaxed assumption can also arise from the multiplicity
of the representation of the original assumption. Suppose we have two ways to
represent the original assumption: A = A; N (N;4;) = Aj N (N;A)). Fix a j, even
if we use the same measure m;, since the minimal deviation is defined with respect
to {A;},, the relaxed assumption can differ when using a different representation.
In our LATE example, we can either use the A’ or the AT/ N AEM=NTAT When
we deviate from the “No Defiers” assumption, the meaning of m?(s) > 0 under
AV N AER ig different from its meaning under A” N AEM=NTAT 0 AER 'Tn the LATE
application, we choose the alternative representation because A’ NAER can be
refutable. When it is necessary to change the representation of the A assumption
as in the LATE example, we recommend that the econometrician maintains the
economic interpretation of the alternative representation.

3.4.2. Using Non-Refutable Assumptions. Popper’s falsification criterion
(Popper, 2005) requires that a scientific theory should be empirically testable and
falsifiable. The minimal deviation relaxed assumption A is non-refutable and one
may worry that using an A may fail Popper’s falsification criterion. We now clarify
the difference between using a non-refutable assumption and the requirement of
falsifiability of a scientific theory.

A non-refutable assumption A can be viewed as a collection of scientific
theories with different model parameters, and each economic structure in Ais still
empirically falsifiable because each s € A only predicts a unique data distribution.
When the econometrician obtains a data distribution F, she picks out a subset
of falsifiable economic structures that predicts F, and the rest of the economic
structures in A are refuted.

Moreover, non-refutable assumptions are widely imposed in econometrics to
best utilize the available data. For example, in a nonparametric regression Y; =
h(X;) + €;, the conditional mean zero assumption E[¢;|X;] = 0 is not refutable; In
a simple potential outcome framework (Rubin, 1974) with Y;(1),Y;(0) and Y¥; =
Y:(1)D; + Y;(0)(1 — D;), the independent IV assumption D; L Y;(1), Y;(0) cannot
be refuted by any data distribution, if we only observe (Y}, D;).

3.4.3. Incomplete Models. In both the LATE and the moment inequalities
model, the image of mapping M° for any s is a singleton, and there is no
ambiguity in the predicted observed data distribution. However, many economic
models feature multiplicity and indeterminacy in the outcome variables: for a
discrete game with multiple equilibria, there is ambiguity in the choice of the
observed equilibrium (Bresnahan and Reiss, 1991; Tamer, 2003; Aradillas-Lopez
and Tamer, 2008); For a binary discrete choice model, utilities of two choices may
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have a tie. If we do not specify how such a tie can be broken, and such a tie happens
with a positive probability, the model is incomplete.”’

In the incomplete model context, the mapping M* is usually a multi-valued
correspondence. Except for the necessity of a general definition of M*® and
refutability, the analyses of the structure universe and identification problem
remain unchanged. We can still follow the minimal deviation relaxed assumption
approach to solve the refutable assumption issue.

However, one issue in incomplete models is quite different from that in complete
models: in view of Proposition 3.1, in incomplete models, there may not exist any
well-behaved m; that sharply characterize A;. As aresult, we may not be able to find
a non-refutable relaxed assumption A that preserves the identified set whenever A
is not refuted by F. To illustrate this issue, let us consider a binary choice model.

Example 2. There are two choices j € {0, 1}, and the utility of j = 0 is normalized
to zero, Uy = 0. For choice j = 1, we assume a decision maker i has a utility U; =
1 +¢€;, where ¢; is supported on {—1,0}. The econometrician has access to a sample
of individual choices X; € {0, 1}. The ¢, is the primitive variable.

We assume that decision makers choose j = 1 if U; > Uy, choose j = 0 if Uy >
U,. We do not specify the decision makers’ behavior when there is a tie U; = Uj.
The decision makers’ behavioral assumption implies a correspondence M from the
distribution of ¢; to a set of distributions of X;: for each G* of ¢;, we have

M(G*) = {F : Pre(X; = 1) > Prgs(¢; = 0)}.

Similar to the LATE example, we focus on the distribution of G* since the
mapping M is the same for all structures. Suppose the econometrician imposes
an assumption: A = {G* : Prgs(¢; = 0) > 1/2}. This is an economic assumption
imposing that the shock is more likely to realize a zero value. It is easy to see that
any F such that Prp(X; = 1) < 1/2 can refute A.

We now find a non-refutable relaxed assumption A. This A must contain the
distribution G° where Prgi(e; = 0) = 0. This is because, the observed data
distribution F such that Pry(X; =0) = 1 can only be generated by the G.

Consider a parameter of interest 6(G*) = Prgs(¢; = 0), and consider an F such
that Prp(X; = 1) =2/3. This F does not refute the original assumption A, and the
identified set under the original assumption is ®£‘D (F) =[1/2,2/3]. However, for
any non-refutable assumption A, we must have [1,/2,2/3]U{0} € @gD (F) because

G® € A, and G° also predicts F. We lost the preservation property of the identified
set when F does not refute A.

Example 2 shows that an incomplete model can have undesirable properties
when we try to find a non-refutable relaxed assumption. A solution to incomplete
models is to add a model completion which selects a unique outcome when there

2OSpecifying a tie-breaking rule, such as a random decision, is a way to complete the model.
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is ambiguous multiplicity. In the context of Example 2, we need to specify the way
to select an outcome when a tie of utilities of two choices happens.

4. CONCLUSION

This article proposes a minimal deviation relaxation method for the identification
of complete models with refutable assumptions. The relaxed assumption is con-
structed via a data-dependent method, which selects the econometric structures
that minimize the deviation from the original assumption for each possible data
distribution. We also discuss the properties of the identified set under the relaxed
assumption and the criteria for choosing among different minimal deviation
relaxed assumptions.

As a leading application of the minimal deviation relaxation method, we study
the LATE model, where the “No Defiers” assumption, independent IV assumption,
and exclusion restriction are jointly testable. We provide two minimal deviation
relaxed assumptions: one focuses on relaxing the “No Defiers” assumption, while
the other focuses on relaxing the independent IV assumption. We also emphasize
the importance of using the conditional type independence assumption in these
two relaxed assumptions.

We briefly discuss the issues that arise when extending the theory to incomplete
models. For incomplete models, multiple distributions can be predicted by one
econometric structure. Such a feature calls for more general definitions of identifi-
cation, assumption testability, and more general methods to find a relaxed assump-
tion. Constructing a relaxed assumption using the minimal deviation method is
more challenging, and the properties of such constructions are left for future
research.

APPENDICES
A. PROOFS

A.1. Proofs of Lemma 2.2

Proof. To avoid notation confusion, let A’ = AER N ATI N AEM=NTAT  AND pe the
alternative representation in Lemma 2.2, and let A = AER N AV N AND be the original
representation of the IA-M assumption in (2.6).

We first note that ATV C ATI A AEM=NTAT Aq o result, we have A C A’.

It remains to show that A’ C A. Let s € A’ be any econometric structure. It suffices to show
the condition {Y;(d, ), Dj(2)}4,ze{0, 1} L Z; holds for s. For any By, By set, by the exclusion
restriction of s, we have Y;(d, 1) = Y;(d.,0), so

Per(Yi(],O) = Yi(l, ]) € Bl, Yi(0,0) = Y,‘(O, 1) € Bo,D,‘(l) = ],D,‘(O) = 0|Zi = 1)
=) Pres (Yi(1,0) = Y;(1,1) € By, ¥;(0,0) = Y;(0,1) € By|Di(1) =1,D;(0) =0,Z; = 1)
x Prgs(D;i(1) = 1,D;(0) =01Z; = 1)
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=) Pres(Yi(1,0) = Yi(1,1) € By, ¥;(0,0) = Y;(0, 1) € Bo|D;(1) = 1,D;(0) = 0,Z; = 1)
x (1= Prgs(Di(1) = 1,D;(0) = 1|Z; = 1) — Prgs (Di(1) = 0,D;(0) = 0|Z; = 1))
=@3) Pres (¥;(1,0) = Yi(1, 1) € By, ¥;(0,0) = ¥;(0, 1) € Bo|D;(1) = 1, D;(0) = 0,Z; = 0)
x (1= Pres(D;(1) = 1,D;(0) = 11Z; = 1) — Prgs (D;(1) = 0.D;(0) = 0|Z; = 1)
=@) Prgs(Y;(1,0) =Y;(1,1) € By, Y;(0,0) = Y;(0,1) € Bg|D;(1) =1,D;(0) =0,Z; = 0)
x (1 = Pres(D;(1) = 1,D;(0) = 11Z; = 0) — Prgs(D;(1) = 0, D;(0) = 0|Z; = 0))
=) Pro=(Yi(1,0) = Yi(1,1) € By, ¥;(0,0) = ¥;(0,1) € By, D;(1) = 1,D;(0) = 0[Z; = 0),
(A1)

where (1) and (5) follow by the formula of conditional probability, (2) follows because
D;(1) > D;(0) almost surely under s € A’, (3) follows due to the conditional type inde-
pendence instrument assumption, and (4) follows due to the probabilities of always-takers
and never-takers are independent of Z;, i.e., the assumption AEM—=NTAT Tpe equality (A.1)
shows the independence condition for the compliers type, since we start with D;(1) = 1 and
D;(0) = 0. For the always-takers and never-takes, we use the same trick to show that for

d=0,1, ATl N AEM=NTAT jpplies:

Prg:(Yi(1,0) = Yi(1, 1) € By, Yi(0,0) = Yi(0, 1) € Bo, Di(1) = Di(0) =d|Z; = 1)
= Prgs(Y;(1,0) = Y;i(1,1) € B1,Y;(0,0) = Y;i(0,1) € By|D;(1) = D;i(0) = d,Z; = 1)
Pr(Di(1) = Di(0) =d|Z; = 1)
= Prgs(Y;(1,0) = Y;(1,1) € B, Y;(0,0) = Y;(0,1) € By, D;(1) = D;(0) = d|Z; = 0).
(A2)

We then use (A.1) and (A.2) to conclude the independent IV condition {Y;(d,z),
Di(2)}d,z¢{0,1} L Z; holds when there are no defiers. So s € A holds and A CA. 0

A.2. Proof of Proposition 2.1

To prove Proposition 2.1, we explicitly construct the econometric structures that achieve
the minimal defiers and minimal marginal dependence respectively. Lemma A.1 below
constructs the structure that achieves the minimal defiers, and Lemma A.2 below constructs
the structure that achieves the minimal marginal dependence distance.

LEMMA A.l. Let F be any distribution of outcome, and let p(y,d),q(y,d) be the
Radon—Nikodym derivatives in (2.13). Consider the following G* for all d,z € {0,1}: let
Prgs(Zi =z) = Prp(Z; =z2), and for all d,z € {0,1}:

Prgs(Yi(d,z) € BdZ,D[(l) =1,D0;(0)=1|Z; =1)=Prgs(Yi(d,2) € de,D,'(l) =1,D;(0)=1|Z; =0)
= GU(¥,(0.0) € Boo N Bop) x / (min{p(y, 1, g0 DDdpr (),

B11NBjo

(A.3)
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where G% is any probability measure, and Y;(d, z) in (A.3) holds for all d, z € {0, 1}. Similarly,
let

Prgs (Yi(d,2) € Bg;, Di(1) = 0,D;(0) = 01Z; = 1) = Prgs (Y;(d, z) € By, Dj(1) = 0,D;(0) = 0|Z; = 0)

= GM(¥,(1.1) € By NByg) x / (min{p(y.0).q(. O N y). (Ad)
BooNBo

where G" is any probability measure. Let

Prgs(Di(1) = 1,D;(0) = 0|Z; = 1) = P(V1, 1) = Q(V1, D),
Prgs(Di(1) = 1,D;(0) = 0|Z; = 0) = (3, 0) = P(3), 0),
Prgs(D;(1) = 0,D;(0) = 1|Z; = 0) = Q(V]. 1) = P(}, 1),
Prgs(D;(1) = 0,D;(0) = 1|1Z; = 1) = P();,0) — 05, 0),

(A.5)

be the Z;-conditional probabilities of the compliers and defiers, and construct

Prgs(Yi(d,2) € Bg;|Di(1) = 1,D;(0) = 0,Z; = 1) = Prgs (Yi(d.2) € Bg;|D;(1) = 1,D;(0) =0,Z; =0)

_ IBgynBo1 Max{g(3,0) —p(1.0).0}dur () x [ g, max{p(y.1) —q(v.1),0}dur(y)
B P11 =01, D) x (21, 0) = P, 0)) '

(A.6)
and

Prgs (Yi(d,z) € Bg;|Di(1) = 0,D;(0) = 1,Z; = 1) = Prgs (Y;(d,z) € B4;|D;(1) =0,D;(0) = 1,Z; = 0)
 JBoonsor max{p(,0) —¢(3,0),0dpr () % [, g, max{g(, 1) —p(v, 1), 0}dir (v)

C C C C (A'7)
Q. 1) — PV, 1) x (P(VS.0) — (V5. 0))

Then the constructed G* satisfies: (1) G® is a probability measure; (2) G* € ATTNAER N
AEM—AINT . (3) F ¢ M(G®); and (4) m9(s) = m™™4(F), with m™"4(F) defined in
Assumption 2.1.

Proof. We first check that G is a probability measure. Since the marginal distribution of
Z; under G® coincides with the distribution of outcome F, it suffices to check the measure of
Yi(d,z),D;(1),D;(0) is a probability measure conditional on Z; = 1 and Z; = 0. To do this,
we have

> Pres(Yg € Y,Di(1) =dy,Dy(0) = do|Z; = 1)
dy,dpef0,1}

=) /ymin{l’(y,1),q(y,1)}d//«F(y)+fymin{p(}’,o),q(y,o)}dMF(y)

+ (PO D — 01 D)+ (POVS.0) — 0(V5.0)
=) (PO D+ QM1 D)+ (P0.0) + Q5.0 + V1. 1) — Q1. 1) + (PG, 0) — Q5. 0))
=PY.)+PY.0) =1,

where equality (1) holds by construction of G¥, and equality (2) holds by the definition of
Y1 and ). Similarly, for the measure conditional on Z; = 0, we have
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Z Prgs(Yg, € Y,Di(1) = dy,D;(0) = dy|Z; = 0)
dy,dpef{0,1}

= /y min{p(y,1), gy, D}dur ) + /y min{p(y,0),¢(,0)}dur ()

+(Q(V,0) = P(Vo,0) +(QV}, 1) = 0, D)
=0W.0+00,H=1

This checks that G* is a probability measure.

The conditional type independence condition s € follows directly by the construction
of G¥ in (A.3)—(A.7). The property that the probabilities of always-takers and never-takers
are independent of Z also follows directly from the construction of G* in (A.3) and (A.4).

To show that exclusion restriction (¥;(1,1) = ¥;(0,1) and Y;(0,1) = Y;(0,0) a.s.), we
check the conditions in Lemma E.1 in the Supplementary Material. By construction,

ATI

Prgs(Yi(1,1) € By1,Y;(1,0) € B1plZ; = 1) = Prgs (Y;(1, 1) € B1,Y;(1,0) € B19|Z; = 0)

=/ (min{p(y, 1),q(y, DDdpp(y) + Prgn (Yi(1,1) € Bj1 NB1g)
B11NBjo

+/ maX{p(y,1)—(1@,1),0}dw(y)+/ max{g(y,1) —p(y,1),0}dur (),
B11NB1o B11NBjo
(A.8)

where the right-hand side of (A.8) depends only on the set B1| N Bjg. Therefore, by Lemma
E.1 in the Supplementary Material, Y;(1,1) = Y;(1,0) almost surely. Similarly, we can use
Lemma E.1 in the Supplementary Material to check Y;(0, 1) = ¥;(0,0) almost surely. As a
result, the exclusion restriction holds.

Then we check G® can generate the data distribution F, i.e., F € M(G®). To do this, we
check that the model-predicted observable distribution coincides with the observed data
distribution.

1
Pryycs)(Yi € B,Dj =11Z=1) =) »_ Prgs(Y;(1,1) € B,Y;(0,1) € ¥, Di(1) = 1,D;(0) =j|Z; = 1)
j=0

Model Predicted Outcome Distribution
=@ [QBNY, D+PBNY], DI+ [PBNYL, D) - 0BV, D]
=P(B,1)
=@ Pre(Y;€B,Dj=11Z;=1),

Observed Outcome Distribution

(A9)

where equality (3) holds by the potential outcome framework (2.1), (4) holds by the
construction of G*, and (5) holds by the definition of P(B, 1). Similarly,

1
Pry(Yi€B,D;=0|Z;=1) = ZPrGY(Yi(()# 1) eB,Y;(1,1) € Y,D;i(1) =0,D;(0) =j|Z; = 1)
j=0

Model Predicted Outcome Distribution

=[P(BNY),0) + QBN Y5, 0]+ [P(BNY;,0) — (BN Y5, 0)]
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= P(B,0)
=Prr(Y;eB,D;=0|Z;=1).
Observed Outcome Distribution
Similar relations between G and Pr also hold when Z; = 0. This checks F € M(G®).

In the last step, we check that G* achieves the minimal probability of defiers. We first
find a lower bound for m/™" d(F ), and show that md (s) achieves this lower bound.

Consider any s* € AER N AT! NAEM—AINT and F e M(Gs*). We have

Prge (Yi(1,0) = Yi(1,1) € By, ¥;(0,0) = ¥(0,1) € ¥, D;(1) = 1,Di(0) = 1]Z; = 1)

= Pros (Yi(1,0) = ¥;(1, 1) € By, ¥;(0,0) = ¥;(0, 1) € V|D;(1) = 1, D;(0) = 1,Z; = DPr(D;(1) = 1,D;(0) = 1|Z; = 1)
=) Prge (Yi(1,0) = Yi(1, 1) € By, ¥;(0,0) = ¥;(0, 1) € Y|Di(1) = 1,D;(0) = 1,Z; = 0)Pr(Di(1) = 1,D;(0) = 1|Z; = 0)
= Prge (Y;(1,0) = Y;(1,1) € B1, Y;(0,0) = Y;(0, 1) € Y, D;(1) = 1,D;(0) = 1Z; = 0), (A.10)

where equality (6) holds by Bayes’ rule, (7) holds by s* € AERNATI n AEM —AINT Now
we consider the following decompositions:

P(B, 1) = Prae (Y;(1,0) = Y;(1,1) € By, ¥;(0,0) = ¥;(0,1) € ¥, Di(1) = 1,D;(0) = 11Z; = 1)
+Prge (Y;(1,0) = Yi(1,1) € B1, Yi(0,0) = ¥;(0, 1) € ¥, D;(1) = 1,D;(0) = 0|Z; = 1),
O(B1, 1) = Pree(Y;(1,0) = Yi(1, 1) € By, ¥;(0,0) = ¥;(0, 1) € ¥, Di(1) = 1,D;(0) = 11Z; = 0)

+Proee (Yi(1,0) = Y;(1,1) € By, Y;(0,0) = ¥;(0,1) € Y, Di(1) = 0,D;(0) = 11Z; = 0),
(A.11)

and use (A.10) to get:
P(B1,1) = Q(B1,1) = Prg (Yi(1,0) = Yi(1,1) € By, ¥i(0,0) = ¥i(0,1) € ¥,Di(1) = 1,D;(0) =01Z; = 1)

— Prge (Y;(1,0) = Y;(1,1) € B, Y;(0,0) = ¥;(0, 1) € ¥, D;(1) = 0,D;(0) = 11Z; = 0).
(A.12)

Take By = )}, we have

Pr(Di(1) =0,D;(0) =1|Z; =0)

> Prge (Y;(1,0) = Yi(1,1) € 5, ¥;(0,0) = ¥;(0, 1) € ¥, D;(1) = 0,D;(0) = 1]Z; = 0)

= Prge (Yi(1,0) = ¥i(1,1) € V%, ¥i(0,0) = Yi(0, 1) € ¥, Dy(1) = 1,D;(0) = 0/Z = )+ 0§, 1) = P(§, 1)
> 05, 1) — PO§, 1), (A13)

and similarly, we can show Pr(D;(1) = 0,D;(0) = 1|1Z; = 1) > P(Y;,0) — Q()/;,0). So the
total measure of defiers satisfies

m?(s%) = [Q. 1) = POV, DIPF(Z; = 0) + [P(V§,0) — Q(V§, 01Pr(Z; = 1).

Therefore, we get a lower bound m™™4(F) > [Q()¢,1) — POQY,DIPr(Z; = 0) +
[PV, 0) — V5, O1Pr(Z; = 1).

On the other hand, by the construction of G¥, the measure of defiers under G* is
md(s) = [}, 1) = PV}, DIPr(Z; = 0) + [PV, 0) — Q5. O1Pr(Z; = 1).

So the constructed s achieves the minimal measure of defiers. O
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LEMMA A.2. Let F be any distribution of outcome, and let p(y,d),q(y,d) be the Radon—
Nikodym derivatives with respect to jup. Consider the following G°:

Prgs(Yi(d,z) € Bg; Vd,ze{0,1},D;(1) =1,D;(0) =1|Z; =2)

[ G40¥i(0.0) € Boo N Bor) x [, s, mintp(. D.q(. DIdp©) i z=1,
G“(¥;(0.0) € Boo NBoy) % [ gy, 40 Ddp() if =0,
(A.14)
where G% is any probability measure, and

Prgs(Yi(d,z) € Bg;  Vd,z €{0,1},D;(1) = 0,D;(0) = 0|Z; ==z)

_ 6" (0.0 € Boo N Bou) x [, minp(2.0).900)dpir () if  z=0,
G"(Yi(0,0) € Boo NBo1) X [g,np,, PO-0)dpp () if z=1,
(A.15)

where G" is any probability measure. Let

Pr(Di(1) =1,D;(0) =0|Z; = 1) = P(V1, 1) — 001, 1) (A.16)
Pr(Di(1) =1,D;(0) = 0|Z; = 0) = @), 0) — P, 0),

and let:

Prgs(Yi(d,z) € By, Vd,ze({0,1}|D;(1) =1,D;(0) =0,Z; = 2),

Sy, Minta0,0) = p(,0),0ldip ) % [, g, min{p(, D — g D, 0)dpap ()

(PQ1, D) =001, 1)) x (@, 0) — P(Vp, 0)) '
(A.17)
Prgs(Yi(d,2) € By, Vd.z€{0,1},D;(1) =0,D;(0) = 1|Z; =) = 0. (A.18)

Then the following results hold: (1) G* is a probability measure; (2) G € AERNAND
ATI=CP.(3) F € M(G®); and (4) mMP (s) = m™n-MI(F) where m™"-MI(FY is defined in
Assumption 2.2.

Proof. We first check that G* is a probability measure.

Y. Pres(Yi(d,1) € Y,Di(1) = dy, D;(0) = dol|Z; = 1)
di,doef0, 1)

=fyminLD()h1),!]()),1)}duF(y)+/yp(y,0)dﬂF(y)+(P(yl,l)—Q(y1,1))
=P D+00VL 1) +PY,0)+ (P, D) =0V, 1)
=P, 1)+P,0) =1.

We can check that the quantities also sum up to one for Z; = 0, which checks that G is a
probability measure.

Checking F € M*(G®) is similar to the proofs in Lemma A.l. The conditional type
independence for compliers, “No Defiers” assumptions hold for G* by construction.
Exclusion restriction holds by Lemma E.1 in the Supplementary Material.”!

2lSee Lemma A. 1 for the procedures for proof of this statement.
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We now show a lower bound for the m™"-4(F). Let s* be any structure in AER 0 AND
ATI=CP and FeM (GS*). We use the following decomposition:
P(B1,1) = Prge (Yi(1,1) € B1,Di(1) = 1,D;(0) = 1|Z; = 1)
+Proe (Yi(1,1) € B, Di(1) = 1,D;(0) = 0|Z; = 1),
O(B1,1) = Prge (Y;(1,0) € By, D;(1) = 1,D;(0) = 1|Z; = 0) (A.19)
+ Prge (Y;(1,0) € By, D;(1) = 0,D;(0) = 1|1Z; = 0)
=) Prgs (Yi(1,0) € By, D;i(1) = 1,D;(0) = 11Z; = 0),

where equality (1) follows due to the “No Defiers” condition. Take the Radon—-Nikodym
derivatives with respect to i on both sides to get

PO =5 0 L 1IZi = 1) +8}, (01,012 = )
q0.1) = g0 1,11Z; = 0).

Take the difference between p(y, 1) and ¢g(y, 1) to get
0.1 11Zi= D =gl L11Z=0) =p(y, ) —q(», D =g} (» 1,0IZi =1).  (A.20)
Since g;’; (4,1,0/Z; = 1) > 0, we have??
* * 2
(8510411120 = D) = gl 1112 = 0)| = max(=(p(. 1) = g 1).01.
Similarly, using the decomposition of Q(B,0) and P(B,0), we have

* * 2
[£500-0.012 = 0) = g (:0,0Z = 1) = max(—(q(.0) — p(x: 0)).0}.

So the measure of deviation from marginal independence equals:
* * 2
(5% = [ 851001112 = D = 39001112 =0)]
* * 2
+[£500:0.01Z = 0) =}, :0.0Z = 1] dur ()

> fmax{—(l’(ys 1) = gy, 1)),01 + max{—(g(y.0) — p(».0)). 0¥ dpr ()
=m"!(5),
where the last equality holds by the construction of G*, which shows that s achieves
mmi”’MI(F). 0
A.3. Proof of Theorem 1

Proof. The expressions for the identified minimal defiers amount and the minimal
marginal dependence distance are proved in Lemmas A.1 and A.2, respectively.

Since Theorem 1 involves both the minimal defiers relaxed assumption and the minimal
marginal dependent instrument relaxed assumption, we separate the proof into two major

22Note that (x— )% > (max{—x,0})2 when 7 > 0 holds.
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parts. Because P(B,d) and Q(B,d) are absolutely continuous with respect to some dom-
inating measure pup, equation (2.4) implies that Prgs(Y;(d,z) € B,Dj(z) =d,D;(1 —z) =
d'|Z; = 7) are also absolutely continuous with respect to pr for all d,z,d’ € {0,1}. So we
will use the Radon—-Nikodym density of G° with respect to ug throughout this proof: we
use g;Z(y, d,d'|Z;) to denote the density of Prgs(Y;(d,z) € By, Di(1) = d,D;(0) = d'|Z;).

For both A and A’, our goal is to show that the point identification of the conditional
density of Y;(1,1) given D;(1) =1, D;(0) =0 and Z; = 1:

8y1 00 1,01Z; = Ddprp(y)
Jy&51051,01Z = Ddprp ()’
and the identification of the conditional density of Y;(0,0) given D;(1) =1, D;(0) =0, and
Zi=0:
2500 1,01Z; = 0)dp (»)
Jy8500:1.01Z; = 0)dprp ()’

Using the above expressions, for any structure s such that F € M(G*), from the definition
of LATE, we can derive:

Jyyey 00 1.01Zi = Ddup(y)  [3)y85 (- 1.01Z; = 0)dpp(y)
Jy & 0.1.01Zi = Ddurp()  [3830.1.01Zi = 0)dur ()’

LATE(s) = (A.21)

where the denominator |- Y g;z (7, 1,01Z; = 2)d i (y) represents the probability of compliers
conditioned on Z; = z. Therefore, the point identification of g; | and g;O implies the point

identification of LATE(s). Both A and A’, we will show the identification results:
8y1 (07 1,01Z; = 1) = max{p(y, 1) —q(». 1,0},
and g;O(y, 1,0Z; = 0) = max{q(y,0) — p(y,0),0}.

Plug (A.22) into (A.21) we get the expression (2.14).

(A.22)

For the minimal defiers relaxed assumption A. First, A satisfies Assumption 2.1, and the
construction of G in Lemma A.1 implies the minimal measure of defiers:

™" 4(F) = [Qf. 1) = POV} DIPrZ; = 0) + [P(V§.0) - Q5. O1Pr(Z; = 1).

We now show that the quantity mmind(p ) can only be achieved when we specify the gf, 1
and g;o as in (A.22). To start, we look at the probability of defiers given Z; = 1:

Pr(Di(1) =0,D;(0) = 1|Z; = 0)

= Prgs(Y;(1,0) € Y1, Y:(0,0) € ¥,D;(1) = 0,D;(0) = 1|Z; = 0)

+Prgs(Yi(1,0) € V1,Y;(0,0) € ¥, Di(1) = 0,D;(0) = 1|Z; = 0)

>(1) Pros(Yi(1,0) € Y1, Y;(0,0) € Y, D;(1) = 0,D;(0) = 1|Z; = 0)

=@ Pres(Y;(1,1) € V1, Y;(0,1) € ¥,D;(1) = 1,D;(0) = 01Z; = ) + Q(V, ) = PQV}, 1)
>@3) 0, D =P, D),

where the first inequality (1) holds with equality if and only if g;O »,0,11Z=0) =0 for all
y € Y1, equality (2) holds by (A.11)—(A.13) in the proof of Lemma A.1, where we use the
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ATl and AEM=NTAT ‘Tnequality (3) holds with equality if and only if g}, (v, 1,01Z; = 1) =0
forally € ,')/f. ’
Similarly, we can write the condition for Z; = 1:

Pr(D;(1) =0,D;(0) =1|Z; = 1)

= Prgs(Y;(0,1) € V5, Y;(1,1) € ¥, D;(1) = 0,D;(0) = 11Z; = 1)

+Prgs(Y;(0,1) € Yo, Y;(1,1) € ¥,D;(1) = 0,D;(0) = 1|Z; = 1)

> Prgs(Y;(0,1) € Y5, Yi(1,1) € Y, D;(1) = 0,D;(0) = 1|Z; = 1)

= Prgs(Y;(0,1) € V5, Y;(1,1) € ¥,D;(1) = 1,D;(0) = 0|Z; = 0) + P()§, 0) — 05, 0)
> P(V5,0) — 05,0,

where the first inequality with equality holds if and only if gj',l (»,0,11Z=1) =0 for all
¥y € V) and the last inequality holds with equality if and only if g; 0 1,0/Z; = 0) = 0 for
almost all y € yg . Therefore, m? (s) = m™"-4(F) if and only if the density conditions hold:
8o0h0.11Z;=0)=0 Vyel;, g,;(n1.01Z;=1)=0 Vye)y, (A23)
§10:0.1Z;=1)=0 Vyedp go0n101Zi=0)=0 Vye)j '
Now, take Radon—-Nikodym derivatives of (A.12) with respect to ;f, we have

PO =g, 1) =gy, (0 1.01Z; = 1) — g14(»,0.11Z = 0). (A.24)

Combine the expression (A.24), the definition of ),)) and e(iuation (A.23), we have
gil »,1,0|1Z=1) =max{p(,1) — q(y,1),0} must hold for all s € A. We can symmetrically

get 2,03, 0, 11Z = 0) = max{q(y,0) — p(y,0),0} must hold for all s € A.

For the minimal defiers relaxed assumption A’. Suppose A’ satisfies Assumption 2.2. By
Lemma A.2, the m™nMI(F) ig:

" M(F) = / (max{(p0: 1) = g0 1)%,0} +max{(@(,0) = (.02 0}) dpefe ).

For any s* € A and F e M* (GS*), by (A.20), we have

@ 0.1 11Z = 1) = gl 1,11Zi = 0)% = [p(y, 1) — g3, 1) — €5 0 1,01Z = DI
> () max{—p(y. 1) +q(y. 1),0}%,

where the inequality (x) holds with equality if and only if

25101,01Z = 1) = max{p(y, 1) — g(y, 1), 0}.

Similarly,

(€5, 0+0,01Z; = 1) = g3 (30,01 = 0))* = (4(,0) = p(3,0) — g} (. 1,0]Z; = 0))?
> (1) Max{—g(3,0) +p(y.0),0},

where the inequality (%) holds with equality if and only if g;:)(y,l,0|Zi =0 =

max{g(y,0) — p(y,0),0}. Since s* € A" achieves the m™"MI(F), (x) and (x*) hold with
equality, and (A.22) must hold. (]
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A.4. Proof of Lemma 2.3

Proof. By the bounded density condition, the Lebesgue measure of set {y : 1(—b, <
f,d) < bp)} is less than CMb,,. Therefore

My
/M G, D)L (=bn <f(v.d) < ba)dy < CMoby.
I
So Assumption 2.9 implies Assumption 2.8. (]

A.5. Proofs in Section 2.5

A.5.1. Lemmas for Theorem 2. We first define the following objects:

ZK( )]l(D—lZ_m)

"”"()=1E1<<Y >]l(D LZ;=m)|.
n )’—hn I = =m

(A.25)

LEMMA A.3. Let hy = n~Y for some y € (0,1), such that thl — 00. Define a, =
min . ”};l”_ T hy } Suppose Assumptions 2.6 and 2.7 hold, then there exists a constant
0g

C such that for all d, z € {0, 1}, we have

lim sup ay sup ZK <

n—0o0

)]1(1) =d,Zi=2)—py,DPr(Z;=2)|<C a.s.

(A.26)

LEMMA A4. Let hy = n~Y for some y € (0,1), such that Mo hz = o0 and let ap =

min { | . "Z”_] Jhy } If there exists a constant ¢ > 0 such that Pr(Z; = 1) € [¢,1 —c], and
og
supy[max(p(y, d),q(y,d)] < 00, then for any € > 0 such that

n_EanSIiplfh(ys D—=@OD—q0. 1)) =0p(D)

(A.27)
n~apsup |f(5,0) — (q(3,0) — p(,0))| = 0p(1).
y

LEMMA A.5. (Limit Distribution of Infeasible Components) Recall f(y,1) = p(y,1) —
q, 1) and f(,0) = q(,0) — p(y,0). Suppose E[IIY,-||2+5] < oo for some § > 0. Define
the infeasible trimming set

infsb

Vi) =y e Vi fOnd) = by ye [MLMJYUYSUYY.
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Let X;(by) and X be

1(Z;=0) 1(Z;=0)
1z =1 1z =1
YLD = 1,2 = )1(Y; € Y (b)) YD =12 =D1¥ eV
Yi1(D; = 1.2, = 0)1(¥; € VI (b)) YD =1.Z;=0)1(Y; € V)
Xy — Yi]l(D,-:O,Z,-:O)R(Yieyé:zZ(bn)) ot 5| FE@I=0Z= 000 €Y [
Yi1(D; = 0.2, = D1(Y; € Vo™ (b)) Y1(D;=0.2;=1)1(¥; € V)
L(D; = 1.2 = D1(Y; € V"™ bn) L(D; = 1.Z; = D1(Y; € V)
LD =1,2=0)1(%; € V"™ (b)) L(D;=1.Z;=0)1(Y; € V)
L(D; =0.2; = 0)1(¥; € V" (by)) 1(D; =0.2; = 0)1(¥; € Vo)
L(D; =0,Z; = D1(Y; € VI (b)) L(D; =0.Z; = )1(¥; € Vo)
(A.28)

Then for any by — 0, ﬁ S (Xi(bn) — EIX;(bw)]) =4 N(O,%).

LEMMA A.6. Let hy, = n~ S and by = n_1/4/log n, and Assumptions 2.3-2.8 hold, then
ford,k € {0,1}:
12":Y. 1D;=d,Zi=d) 1D;j=d,Z=1-d)
ne="'l Przi=d Pr(Zi=1-d)

] (L(Y; € Di(b) —1(Y; € yi’"-f”(bn»‘

= Term 1 zop(l/ﬁ),
12”: 1(Di=d,Zi=d) 1(Di=d,Zi=1-4d)
n i=1

eV _ : infsb
Pr(Z; = d) PrZi=1—d) ] (L(Y; € Y1 (by) —1(Y; € yl (bn))‘

=Term 2 = 0,(1//n),

% Y Yil(D; =d.Zi = b)(L(Y; € D1 (bn) — 1(¥; € yi"fs”(bn»’ =Term 3 = 0p(1),
i=1

% S 1Wi=d.Zi =AY € V(b)) — 1(Y; € y{”"‘”(bn))‘ = Term 4 = 0p(1).
i=1

(A.29)

Proof. We prove the case for d = k = 1, the rest holds similarly. We look at v/n x (Term
1) first. For any € > 0,

Pr(‘\/ﬁiy'[ﬂ(Dizl,Z,':l)_]1(D,~=1,Z,~=0)]
n o "L Przi=1 Pr(Z;=0)

x (1(Y; € Dy (b)) — L(Y; € y;’"ﬁb(bn»‘ > e)

< Pr(sup|fy(» 1) —f(, | = en=2/3+€)
y

https://doi.org/10.1017/50266466625100108 Published online by Cambridge University Press


https://doi.org/10.1017/S0266466625100108

38 MOYU LIAO

Vi, [1Di=1.Z=1) 1D;=1,2=0)
+P’<n§|n[ o e

X L(f(Yi, 1)| < by +cn~ 23, v, e (M, M)

> e), (A.30)
where the inequality holds because on the event supy, [f5 (v, 1) —f (v, D| < cn~2/5F€,

~ infsh _
| LY € D1 = 10 € VPP bu))| < 1 (Vi DI < b+ en™2/54, ¥, € M, M1).

Note that

of
d

N~ (iwi=1Z=1) 1D;=12=0) : ste v
7§n[ G =D~ FG=0 ]<1<lf(n,1)|<bn+cn - Y € (M1 M))

N~ [10i=1,Z=1) 1(D;=12=0) ' Y N
7§Y,[ =~ Pz =0) ]<1<1f(¥l,1)|<bn+m Vi € [My. M)

IA

1D =1.Z=1) 1Di=12=07 .
<E Y.2 — 1 Yi, 1 b /5+é’ Y € [Mi.M
- [ [ Prizi=1) PrZ =0) }“V(f )| <butcn i € [M1. M)
Term A
1Di=1Z=1) 1D;=172=0) s 2
—DE||Y: _ 1 Yi 1 b N /+e’ Y; € [My, M, )
to=h I:‘ ll‘ Pr(Z;=1) Pr(Z; =0) ' (¥ DI < bu+cn i € [M;,M,]
Term B

Term A = o(1) by the dominated convergence theorem since
L(f (Y, D] < by +cn™ 3% v, € (M1, M,]) — 0,

and the second moment of Y; is bounded by assumption. For term B, by Assumption 2.8,

1Di=1,Z=1) 1(D;i=1,2=0) s
EY; — 1 Yi1 b /+e7 Yi € MM
H PrZ;=1) PrZ; = 0) ‘ (¥ D] < by - i € (M, M, )

1D;=1,Z=1) 1(D;=1,7Z=0) s
- L(f(Yi, )| < by +cn 2%, Y € My, M,
PG =T) A ‘ (F (Y. DI < by +cn i € [M1.M,])

< max{|M], IMuI}E[

= O((by +cn™¥>7)2) = 0(1/(v/nlog? n)),

therefore B = (n — 1)0(@) = o(1). Therefore, the last term in (A.30) is o(1) by

mean squared error convergence. Since Pr(supy fp», D) = fO. DI = en=2/5t€y 5 0 by
Lemma A.4, /nxTerm I is 0p(1). The proof of Term 2 is similar to that of Term 1.
Then we look at Term 3:
~c)

g

< Pr(sup [fiy(, 1) —f(, D] = en2/3+€)
it

1 z N infs.
= YD = 1.Z;= V(LY € D1 bw) — 1Y € V"™ (bu)
i=1

1 n
+Pr<;z

i=1

Yil(D; = 1,Z; = DI(f(Y;, D] < by+en 234 v, e [MZ,MM]))‘ > e>.
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Note that
Var ’ ZY 1(D; =1,Z; = DI(f (Y, D] < by +cn 21 y; e[Ml,Mu]))‘
i=1

<E ’ ZYJI(D =1,Z; = D1(f(Y;, )| < by+cn %€y, e[Ml,Mu]))‘

i=1
1
<-E
“n
n—l( )2
+ E .
n

Teom C — 0 and Term D — O by dominated convergence theorem, since
by + cn~2/5T€ 5 0. The result for Term 3 in the lemma holds by mean squared error
convergence. The result for Term 4 holds by similar argument. 0

Y2L(f (Vi D] < by +en™ 3% y; € [Mz,Mu])D

C

Y;1(D; = 1,Z; = DL(f (Y;, 1| < by +cn~23T€, ¥; € [M}, My,])

D

LEMMA A.7. (Asymptotic Linear Expansion of Numerators and Denominators of (2.16))
Let hy <n~ 13, b, < n_1/4/logn, cn=n2teand0 < e < 2/5—1/4 as in Lemma A.6,
and Assumptions 2.3-2.8 hold, then for d,z € {0,1}, and Y? =Y; for all i, or Y:# =1 for
all i:

{EZ [1(0 =dZ=z 1Dj=dZ=1-2)
n

1(Y; € V(b
anﬂ(Z—z) ;Z}l_lﬂ-(zj=1—2)i| (1€yd( )

- / Yp(y.d) —q(y,d»dy}

E[Y#]I(D =d,Zi =2)1(Y; € V)]
PrZi = Pr(Z; = 0) [ ZW =l-a-brig =1 _Z)}

E[Yl#]l(Dl :d,Zi:] Z)]l(Y Eyd)]
Pr(zlzl)Pr(Zl:O) |: Z]I(Z —Z)*Pr(Z —Z):|

> (v =d.zi =10 € V" )
i=1

(A.31)
1
T nPr(Z;=2)

mfrh

—EYf 10y =d.Zi =1, € V™ (b))

n

: — A . mfsb
+m;(ﬁﬂ(D,—d,Z,_1 21(Y; € Y7 (by))

—EV (D =d Z=1-21(%; € ’"be(bn))]) ’

=o0p(1/v/n).
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Remark A.1. For Yi# =Y, (resp., Yl.# = 1), (A.31) is the term for the numerator (resp.,
denominator) of the estimator of (2.14).

Proof. We prove the first statement (A.31) ford =z =1 and Yf = Y. The rest of the
statements hold similarly by changing the value of d, z, and Y?.

We look at the expansion

u |:]l(D,- —1,Zi=1) 1(D;j=1,7=0)

1 .
AR m - (Y, ey (bn))*/ YO, D) —q@, 1))dy
",;: P X 1Z=0 _,»=111(Z,-=0)} l »

1 & [1oi=1z=1) 10i=1z=1) .
= i Txwn - PrZ —1 1(Y; € V1 (bn))
o La2i=m 1@ =1 r(Zj=1)
Ay
1 [1pi=1,2z=00 1D;=1,Z=0 .
—- .Y 1('” =0 MD=LZ=0 1y iy ¢ 5y
i Laz=11E =0 Pr(Z; =0)
Az
I [1Di=1,Z=1) 1(D;=12=0) N infsb
-) Y - 1(Y; by) — 1(Y; by +c
Ta N T hz= PrZ,=0) ]( (¥; € D1(bw) = 1Y € " (b +cn)))
B
1< [1Di=1,Z=1 1D;i=1,2Z=0) infib
- Y; — 1(Y: ,
2 e el R

Ci

- / Yo, D) = g0, N1y € Y (b, + c,))dy

G

+ /y Yo, 1) =g, DY € Y (by+ ) — Ly € V1)dy.

D

(A.32)

The expansion above holds by adding and subtracting the same terms repeatedly. For term
A1, we can write it as

A an:Y]l(D 1.Z 1)]1(Ye)>(b))|: ! ! }
1=- il(Di=1,Z; = i € V1(bn -
" P i lg=1 PrZ=1
1< infsb
=) | = D ¥il(D;=1.Z;= D1 € )" b+ cn) +0p(1)
i=1
_ 1 _—
| Ty TPz =1
L arm 1Z=1  Prizi=1) |

— [0 = 1.2 = DL € W™ (bu+-en) +0p(D) |

1 1
[ #Xjm1@=1  PrZi=1

X
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EIY;1(D; = 1,2 = D1(Y; € VI (by +cn)) 1+ 0p(1)

—® Pr(Z; = 1)Pr(Z; = 0)

1 n
x ;Zﬂ(zj =0)—Pr(z;=0)
j=1
5 Pr(Z; = 1)Pr(Z; = 0)
Y 1Z =1L Y 1(Zi =0)

EIY;1(D; = 1,2 = D1(Y; € VI (by +cn)) 1+ 0p(1)

—® Pr(Z; = HPr(Z; = 0)

1 n
x ;;1(21-=0)—Pr(zj=0) x (1+0p(1))
B0, = 1,Z;= DL(Y; € YD1 +0p(1)
—® Pr(Z; = )Pr(Z; = 0)

1 n
x ;;1(2]-:0)—1%(2]»:0) x (1+0p(1))

E[Y;1(D; = 1,Z; = 1)1(Y; € Y1)]
Pr(Z;=1)Pr(Z; =0)

1 n
=) =) LZ=0)=Pr(Z;=0) | +op(1/5/n)
j=1

(A.33)

where equality (1) holds by Term 1 of Lemma A.6 with d = 1 and ¢, = o(by); equality
(2) holds by the Glivenko—Cantalli theorem for changing class of sets; equality (3) holds
because we multiply and divide the same term; equality (4) holds by the continuous mapping

theorem; equality (5) holds by dominated convergence theorem since 1(y € yi"f Sb(bn +

cn)) — L(y € V1); equality (6) holds by observing that % Z?:l ]l(Zj =0)— Pr(Zj =0) =
0p(1/4/n) and then we apply Slutsky’s theorem to get the equality.
Similarly, apply Lemma A.6 Term 3 with d = 1,k = 0, we have

_EYID;=1,Z=0)1(; eV | 1 ¢ o B
B Pr(Z; =1)Pr(Z; =0) n];:l(zj—l) Pr(Zi=1) | +op(1/v/n).

(A.34)
By Lemma A.6, B= op(l/ﬁ) x Term 1. By Assumption 2.8 and the choices of by, ¢,
D < max{|Myl, IMj}O((bn + cn)?) = Op(n™ %3 /10g? n) = 0p(1/4/n).

The result follows since A1 in (A.33), Ao in (A.34), and C| — C; terms correspond to the
terms in (A.31).

The rest of the equalities in Lemma A.7 hold by applying different values of d,k in
Lemma A.6. ]
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A.5.2. Proof of Theorem 2.

Proof. Let X;(b;) be the vector in Lemma A.5. Now let

1Ny | 1D=12Z=1) _ 1(Di=1,Z=0) e
n2l=1Yl|:%Z§V:lﬂ(Zj:1) %Zjl-vzlll(zj-:O)]]l(Yleyl(bn))
1y | LDi=0,Z;=0) _ 1(D;=0,Zi=1) eV
PO It Tynie=0 Ton 11(2,:1)] 1%; € X))

IV | 10=12=1) _ 1(D;=1.2;=0) 5 ’
n £ui=1 %VZ;V:IH(Z/_:]) %Z;V:|1(Z_;‘=0)i|ﬂ(Yl€yl(bn))
1 n l(D,‘:O,Z,’:O) _ Il(D,-:O,Z,-:l) 1(Y; € ' b
i=1 %er}:l 1(Z=0) %Z‘;l:l 1(2j=1)j| (¥; yO( n))
Sy, Y0 D) =gl D)dy
2 — | /@0 =p.0)dy
Sy, PO, 1) —q(, D)dy

J3,@(,0) = p(,0))dy

By Lemma A.7,

V(@ —1) = 0p(1) + T/n(X;(bn) — E[X; (b)),

where I" matrix is specified in Theorem 2. Moreover, we notice that Lﬁ = % — %, and

——ID . . . . .
LATE = % — %, and the IT in Theorem 2 is the Jacobian matrix of function f(7) =
T _m

T The result follows due to the delta method. O

A.6. Proofs of Proposition 3.1
Proof. Let F € Ugea M*(G®) hold. By definition of the identified set
o () = {e(s) :FeMS(Gs),seA}. (A.35)

Since F does not refute the original assumption A, there is an 5o € A such that F' € M*0(G*)
and m;(sp) = 0 hold by Definition 3.6. As a result, m;’”” (F) = 0 must hold. We can then
rewrite (A.35): ‘

OP(F) ={0(s): F e M*(G"). s € A, mi(s) =0} (A.36)

Since m; is a sharp characterization of the predictions of A;, AN{s:m i(s) = 0} = A. We can
then write (A.36) as

() ={0(5): Fe M (G"), s e A} = O (F),

where the last equality holds by the definition of the identified set under assumption A. This
proves the first statement of the proposition.

Suppose m; does not induce a partition on the predictions of A; under M;x;A;, then by
definition, we can find an F’ such that

F e (umeA MX(GS)) N (ume B A’mj(y)zoMs(GS)) .
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Since NyjA; is non-refutable, we must have an s’ ¢ A such that F' € MS,(GS,). Let 6 be
the econometric structure itself, i.e., 6 (s) = s. Then we have s’ € C:)gD (F)buts' ¢ C:)I{‘D (F).

This proves the second statement.
It remains to show that a well-behaved sharp characterization always exists. Consider the
following set:

HL @) = {s M5 (G5N (UsreAMS/(GS/)) " @},

SO ’H”Sf(A) collects all econometric structures that are observationally equivalent to some
structures in A. We consider the relaxed assumption

Ames = (AUHL 1) N (Nigg)

Correspondingly, we define a relaxation measure m; such that: (1) m;(s) = 0 for all s € A;
(2) mj(s) = 1forall s AMaX\ A: and (3) mj(s) = +oo forall s € S\A™MX  This m; sharply
characterizes A .

We want to show that m; is well-behaved. Consider any F: if F' does not refute A, then
there is some s € A such that F € M5(G®) and m;(s) = 0 achieves the minimal deviation;

if F refutes A, then no structures in ”Hgf(A) can predict F because all structures in Hgf A)

are observationally equivalent to A. To predict F, we must find s € [H"Sf AN (ﬂ 1£7A 1) 23
Such an s must have m;(s) = 1 and achieves the minimal deviation m]'.'”" (F)=1. O

B. Continuity of an Identified Set

As we discussed in the main text, we recommend that the econometrician checks the
continuity of the identified set. In this section, we fix a parameter of interest 0 and further
discuss some high-level conditions that ensure the continuity property of the identified set.
We endow the observed data distribution space F with a metric d 7. We briefly recall the
definition of a continuous correspondence.

Property 1 (Identified Set Continuity). The identified set ®2D (F) : F = O is called
upper hemincontinuous at a point Fy if for any open neighborhood V of ®£‘D (Fp), there
exists a neighborhood U of F such that for all F' € U, @iD (F') is a subset of V. The
identified set is called lower hemicontinuous at a point F{) if for any open set V intersecting
G')QD (Fp), there exists a neighborhood U of F( such that @114[) (F') intersects V forall F/ € U.
A continuous identified set is both upper and lower hemicontinuous.

If the identified set is an interval, then it is continuous if and only if both the upper and
lower bounds are continuous functions of F. Without the continuity property, a consistent
estimator of the identified set may not exist, and the identified set can be spuriously
informative due to sampling error. Examples of discontinuous and continuous identified set
correspondences can be found in Proposition B.3. The following is a sufficient condition to
check Property 1 for the minimal deviation relaxed assumption in Definition 3.7.

23 Finding such an s is possible, otherwise, (ﬁ[ﬁA,) is refutable.
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PROPOSITION B.1. Let (F,dF) and (©,dg) be metric spaces, and let S be a structure
universe. Let T be the topology on F induced by dp. Let A = A; N (Ny£jA)), let Aj be
the assumption that we want to relax, and let m; be the well-behaved relaxation measure
in Definition 3.7. We equip the Ni£jA| space with the weak topology TA; induced by the

mapping h(s) = M5 (G%)%:
ta_, ={0 S NjAr: 0= h~"(P)N(NyjA)) for some P € T},

Suppose: (1) 0(s) : Ni£jA; — © is a continuous function and (2) the function m}”m (F) in
Definition 3.6 is continuous. If mj_1 1R = Ny£jAp is an upper (resp., lower) hemicontinuous

correspondence, then @%D (F) is an upper (resp., lower) hemicontinuous correspondence
from (F.,dF) to (©,dp).

Here is the rationale behind Property 1: we may want a continuous relation between
the structure universe S and the observation space F. When the true structure s changes
a little, the predicted observation distribution should not change drastically. Similarly, the

parameter of interest 6 should also be continuous with respect to change in the true structure.

MS GS 0
The relation can be represented as F # S & ®. Unfortunately, there may not

exist a natural topology embedded in S. The weak topology defined in Proposition B.1 is

the smallest topology such that the mapping M*(G®) is continuous. The construction of

TA in Proposition B.1 uses the inverse of M*(G*) to induce a topology on the structure
S5y —1 ¢

universe S. With this construction, the relations become: F LG S 40 ®. The

identified set can then be viewed as the composite mapping of (M*(G* ))_1 and 6, defined

on the relaxed assumption A C S.If 6(s) is continuous, and the relaxation that we make

is continuous, i.e., m s continuous, then the composite map should also be continuous.
Therefore, Property 1 can be viewed as a consequence of the continuity of 7 — S, the
continuity of S — ©, and a continuous relaxation of the original assumption A via m;.

An Example of a Failure of Property 1

We now consider an alternative relaxed assumption in the LATE application where the
corresponding identified set is not continuous. We focus on the case where ) is a bounded
subset of R. Let us consider the case that AZR and ANP hold but we relax the independent
IV assumption. Instead of using the m™/ as the relaxation measure, we construct the relaxed
assumption in another way.

First, we consider the set of econometric structures whose prediction intersects with the
predictions of the IA-M assumption:

ML (A) = {s M (G5 (UX/EAMS,(G‘Y,)) " Q)} .

In other words, ng (A) collects all econometric structures that are observationally equiv-
alent to some structures in the original assumption A. We consider a relaxed assumption

24This is a slight abuse of the notation since 4(s) is a single-valued correspondence and its image space is 27. We
abuse the notation and use /(s) to denote the M*(G®) as a function since M*(G*) is a singleton in the complete model
setting.
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Amax — (A u [Hflsf(A)]”> NAER N AND This A™4% is the construction used in the proof of
Proposition 3.1.

PROPOSITION B.2. The closure of the identified set for LATE under A" is

E[Yi|Zi=1]—E[Y;|Zi=0]
E[D;i|Zi=11-E[D;|2;=0]

Vo1~ Vo0 Vrw, 1~ Yoo otherwise

if F does not refute A,
LATEP (F) =

AmllX

where for V € {P, 0}, XV(B 0) is the lower bound of the support of Y; under measure V (B, 0),
and )7‘/(3, 1) is the upper bound of the support of Y; under measure V(B, 1).

The intuition of the identified set is clear: when F does not refute A, we maintain the
original IA-M assumption, and when F refutes A, we simply give up the independent IV
assumption fully. As a result, the identified set for LATE is very unstable when F satisfies
p(, 1) —q(y,1) = 0 for some positively measured set of y. Whenever we perturb F slightly
such that p(y, 1) —q(y, 1) < 0 and F refutes A, the identified set for LATE explodes. Second,
the identification set LATEII:@ . (F) is not any better than the LATEXV“I‘I (F) in equation (2.8).

In terms of interpretation, an uninformative identified set2’ for LATE is not different from
an empty identified set.

We now compare the identified set for LATE under the maximal extension in Proposi-
tion B.2 and the identified set for LATE in Theorem 1 in terms of Property 1. We equip
F with the Sobolev norm: ||F||{, 50 = max;—, [1FD||s0, where F® is the i-th Radon—
Nikodym density of F with respect to .

PROPOSITION B.3. Let A| be the relaxed assumption in Proposition B.2 and let
LATEE\D (F) be the corresponding identified set. Let Ay be the minimal defiers relaxed
1

assumption defined in Assumption 2.1 and LATEII:‘D (F) be the corresponding identified set
2

defined in (2.14). Suppose VF € F, the support of Y; is bounded above by M¥ and bounded
below by M é then LATE%D (F) is not upper hemicontinuous with respect to the Sobolev
1

norm || - |1, 00, and LATEIAD (F) is continuous with respect to || - |1, co-
2
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