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Abstract

This paper develops a nonparametric test of endogeneity without the need of in-
strumental variables. The test ensues from the novel observation that the potentially
endogenous variable x is often of a nature such that the distribution of the unobserv-
able g conditional on x and covariates z is discontinuous in x at a known value in its
range. This relationship arises, for example, when z is subject to corner solutions,
default contracts, social norms or law imposed restrictions, and may be argued using
both economic theory and empirical evidence. If also x has a continuous effect on the
dependent variable y, any discontinuity of y that is not accounted by the discontinu-
ities in the covariates z is evidence that ¢ and y are dependent conditional on z, i.e.
it is evidence of the endogeneity of x. The analysis develops the test statistics and
derives the asymptotic distribution for three versions of the test: linear, partially lin-
ear (nonparametric only on x but not on covariates) and non-parametric. Finally, the
partially linear version of the test is applied to the estimation of the effect of maternal
smoking on birth weight and on the probability of low birth weight (LBW). For the
most detailed specification in the literature (Almond, Chay, and Lee (2005)), the test
finds strong evidence of endogeneity in the case of birth weight, and very weak evidence
in the case of the probability of LBW.
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1 Introduction

A test of endogeneity is in general a test of a condition satisfied by the data generating
process under the assumption of exogeneity. A rejection in such test can only be
interpreted within the assumptions made for the data generating process. A typical
concern is when the data is modeled in a parametric framework and the test statistic
derived in that context. In that case, the problem of endogeneity is indistinguishable
from the problem generated by the wrong choice of model. Though the test perceives
both issues in the same way, the solutions are entirely different. Endogeneity requires
that a specific effort be made either to account for such unobservables with proxy
variables, fixed effects in panel data sets, etc., or to eliminate their influence by the use
of instrumental variables (IV). Wrong choice of model is solved by searching and testing
different specifications. Nonparametric tests of endogeneity allow the interpretation of
the rejection to mean exclusively the problem of endogeneity, and from that follows
their importance.

Nonparametric tests of endogeneity are not abundant in the literature. This is in
part due to the recency of the research on nonparametric IV estimators. Blundell and
Powell (2003) and Hall and Horowitz (2005) discuss the difficulties involved in such
undertaking, due to the fact that the identifying condition is an “ill-posed inverse prob-
lem.” Nonparametric IV estimators of the structural function have been proposed in
Darolles, Florens, and Renault (2003), Blundell, Chen, and Kristensen (2007), Newey
and Powell (2003), and Hall and Horowitz (2005). The available tests of endogeneity
suppose either that the potentially omitted variables are observed (see Fan and Li
(1996), Chen and Fan (1999) and Li and Racine (2007)), or that an instrumental vari-
able exists and is observed (see Blundell and Horowitz (2007) and Horowitz (2009)).
In both cases, the effects are identified and can be consistently estimated, and the test
is useful in the decision of which estimation strategy to pursue. This is no small con-
cern in nonparametric estimation, because the rates of convergence of the estimators
decrease considerably if irrelevant covariates are included, and even more if an instru-
mental variable approach is used where unrequited. The potential efficiency losses are
therefore much more substantial than in the parametric cases. The test presented in
this paper does not require that the omitted variables be observable, nor that an instru-
mental variable exist. Since most omitted variables are so because of being unobserved
and since good instrumental variables are often not readily available, a test of endo-
geneity with no such requirements is of considerable interest. Its usefulness is twofold:
first, the researcher can use the test for guidance in choosing an appropriate model,
even with a selection on observables assumption. Second, in case the research finds
evidence of endogeneity for any model with the selection on observables assumption,
the researcher is alerted that another measure needs to be taken (search for IVs, search
for another data set with more observable variables, etc.). To the author’s knowledge,
the discontinuity test is the first nonparametric test of endogeneity in the structural
function without instrumental variables and where the omitted variables may be truly

unobservable.



The discontinuity test ensues from the new observation that the presence of endoge-
nous variables often generates discontinuities in the data generating process. Such is the
case when the distribution of the unobservable variable conditional on the potentially
endogenous variable (referred hereafter as the “running variable”) is discontinuous at
a certain value of the latter. This relationship between the running variable and other
variables arises naturally, for example, when a selected part of the population concen-
trates at a point of the running variable. Examples of such phenomena include when
the running variable is censored, in the sense that it cannot be chosen at a value above
or below a certain threshold. The group that chose exactly the threshold point may be
discontinuously different from the groups that chose immediately above the threshold.
This is commonly observed when the running variable is a consumption good, which
cannot be chosen in negative amounts. The argument in this case is that the observa-
tions at zero are discontinuously different from the observations at positive amounts.
The discontinuity may exist because among everyone who chose zero there are not only
those who would have optimally chosen zero in an unconstrained problem (who could
indeed be similar to those who chose immediately positive amounts), but also those
whose would have chosen negative amounts if they could (which can presumably be
very different from those who chose immediately positive amounts). Other examples
can be found in law imposed restrictions, such as minimum age required to drop out of
school when the running variable is years of education, or minimum salary when the
running variable is hourly wage.

Censored running variables are just one example where selected concentration hap-
pens. Another example is when the running variable is a choice variable for which
default values are specified. For example, if the running variable is a level of insurance
coverage and there exists a standard contract which can be tailored, the observations
at the standard level may be discontinuously different from the observations at the
tailored levels near the standard level. A very different example of the same nature
is when the default value is not a result of the existence of a standard contract, but
rather of a social norm. If the running variable is a continuous measure of inequality in
the distribution of inheritance among the progeny, the observations where the division
was perfectly equal may be discontinuously different from the observations at small
levels of inequality.

There are other running variables for which selected concentration at a given point
is present which are not of the types described above. An example is the running
variable “weekly hours worked.” The group that reports exactly forty hours may be
discontinuously more likely to contain individuals in professions or positions with a
fixed workload, such as the typical “9 to 5” worker. This phenomenon may generate a
discontinuity in the distribution of many variables related to the choice of profession,
industry or position conditional on the number of weekly hours worked at the exact
level of forty hours.!

The discontinuity of the distribution of the unobservable variable at a given value

'Evidence of this can be found using Current Population Survey (CPS) data and is available from the
author by request.



of the running variable cannot be proved, but it can be argued by showing that the
observable covariates are discontinuous at the same value.? In the application section,
the running variable “average cigarettes smoked per day” among pregnant women is
studied, and it can be shown that the levels of education, marriage status, race distri-
bution, prenatal visits, age, etc. are all discontinuous at zero cigarettes. Such discon-
tinuities may be assumed to also hold for at least one unobserved variable. Examples
of unobservable variables that may be discontinuous at zero cigarettes are whether the
pregnancy was planned (or desired), how responsible or talented is the mother, etc.

For the applicability of the test, two conditions are necessary (and, given other
regularity conditions, sufficient): that the distribution of the unobservable variables
conditional on the running variable be discontinuous at a given point, and that the
true structural function be continuous on the running variable. Take the example
of maternal smoking, and suppose that the child’s birth weight is explained by the
average daily cigarettes and other observed and unobserved variables. The requirement
is that cigarettes alone cannot explain a discontinuous change in birth weight. If this
is accepted, then if the expected birth weight conditional on smoking and covariates
is discontinuous in cigarettes at zero, it cannot be due to the effect of cigarettes on
birth weight. The discontinuity is then attributed to the discontinuous change in the
unobservable variables when comparing positive and zero cigarettes.

In principle, such a test could be performed by a nonparametric regression of the
dependent variable on the running variables and covariates, and testing whether the
resulting relationship is discontinuous at a given point for a given value of the covariates.
The rate of convergence of such regressions is typically very slow, and hence such
test would have little power. A much higher rate of convergence can be achieved
through aggregation, i.e. by estimating, for example, the average discontinuity, or the
correlation between the discontinuities and a function of the covariates, etc. For a
wide variety of such tests, this paper shows that the rate of convergence is the same
as that of a univariate nonparametric regression. Therefore, the aggregation allows
for controlling the influence of the observable covariates without loss of power due to
slower rates of convergence. This is a property observed in the literature of partial
means (see Newey (1994)), or marginal integration (see Linton and Nielsen (1995)).

The discontinuities will be estimated in a similar fashion to what is done in the
regression discontinuity literature, by estimating the one sided limits of the conditional
expectation at a point. This entails nonparametric estimation at the boundary, which
must be considered carefully due to the high boundary bias of the most commonly used
estimators, such as Nadaraya-Watson, or series estimators using orthogonal bases like
B-splines. Specifically, the bias at the boundary of the Nadaraya-Watson estimator
is of the order of the bandwidth h, which is very large compared to the order h? of
the bias at interior points (see Fan and Gijbels (1996) for a discussion). The results
in this paper use local polynomial regression instead, which has bias of order at most

hP+1 where p is the degree of the polynomial, irrespective of the position of the point

2An analogous argument is made in the Regression Discontinuity Design literature. See Lee (2008).



in the support. Moreover, the local polynomial estimator adapts automatically to the
estimation at the boundary, and therefore requires no more discretion from the applied
researcher than for the estimation at an interior point. Local polynomial estimators
are the preferred nonparametric approach in the regression discontinuity literature, as
can be seen in Imbens and Lemieux (2008) and Porter (2003).

Following up on the parallel with regression discontinuity, it can be argued that
the discontinuity test arises from an inversion of the identification assumptions in the
regression discontinuity design. In the latter, the distribution of the unobservables
conditional on the running variable has to be continuous at the threshold point, but
the treatment has to be discontinuous at that point. In the discontinuity test setup,
it is the treatment that has to be continuous at the threshold while the distribution of
the unobservables is discontinuous at that point.

This paper is divided in the following way. It begins by detailing the test strategy
and essential requirements somewhat informally in the context of a regression with no
covariates in section 2.1. The intention is to provide a restrictive framework where the
test is intuitively understood, so that no reader is lost on the details of the general case.
To better illustrate the point, this section is written explicitly within the example of the
effects of maternal smoking in birth weight. The following section (section 2.2) formally
defines endogeneity and develops conditions for the identification of a parameter which
equals zero if the running variable is exogenous. This parameter aggregates over some
measure of the covariates the potential discontinuities of the conditional expectation
of the dependent variable for each value of the covariates.

Section 2.3 focuses on the estimation of the parameter which identifies the endo-
geneity. If the researcher is willing to make assumptions about the functional form
of the expectation of the dependent variable conditional on the running variable and
covariates, more accurate test statistics can be developed. In the interest of applied
research, section 2.3.1 provides the test statistic and asymptotic distribution when the
conditional expectation is linear in both the running variable and the covariates, and
section 2.3.2 does the same when the conditional expectation is partially linear, i.e.
separably linear in the covariates and nonparametric in the running variable. These
tests are naturally sensitive to the wrong choice of model, but they are easy to im-
plement. The partially linear case is particularly flexible, because it allows for the
inclusion of a very large number of covariates, which in practice is not always possible
in fully nonparametric specifications. Section 2.3.3 presents the fully nonparametric
test, which has the same rates of convergence as the partially linear case.

The assumptions are all expressed in terms of conditional expectations and probabil-
ity distributions. However, inside of a specific model it is possible to propose primitive
conditions that may be more interesting from the applied researcher’s point of view.
Throughout all the theory sections, an example is carried out of a model where the
discontinuity in the distribution of the unobservable variable is created by censoring in
the running variable. For example, the identification section has a subsection (2.2.1)
where the identification strategy is explicitly shown in a model with censoring. Ex-

amples 1, 2 and 3 propose specific shapes of the functions in the censored model that



imply that the conditional expectation is linear, partially linear or nonparametric re-
spectively. Finally, the application section 3 presents a practical example of a problem
that can be modeled within the censoring framework. It is an implementation of the
test in the partially linear case to the effects of maternal smoking in both birth weight
and in the probability of low birth weight (LBW), defined as birth weight lower than
2500 grams.

The test is not hard to implement. The linear case is trivial, and for the partially
linear and fully nonparametric cases, all that is required for the estimation of the test
statistic and its variance is the computation of some local polynomial regressions at
the threshold point and some sample averages. The discretion requirements are only
the choice of bandwidth, kernel type and the degree of the polynomial.

Section 3 discusses the difficulties involved in experimentation in the study of the
effects of maternal smoking in birth weight, which justifies the need of careful studies
using non-experimental data, even with the assumption of selection on observables.
In this context, an IV-free test of endogeneity is of particular interest. Almond et al.
(2005) is to the author’s knowledge the most exhaustive of these studies, and in section
3 the partially linear version of the discontinuity test is applied to the most complete
specification of that paper.® For all bandwidths, the discontinuity test shows strong
evidence of endogeneity in the birth weight equation at the 95% confidence level. In
the equation of the probability of LBW, Almond et al. (2005)’s specification is weakly
rejected at the 95% confidence level when the optimal bandwidth according to the
cross-validation method is used, and not rejected at the 99% confidence level. For all
the other bandwidths, their specification is not rejected at the 95% confidence level. If
this is taken as evidence of none or low endogeneity in the probability of LBW equation,
Almond et al. (2005)’s specification can be used to estimate how the probability of low
birth weight is affected by smoking each additional daily cigarette, that is, the effect

of smoking one cigarette versus none, two versus one, and so on.?

2 The modeling framework and the test statistic

Notation 1. Throughout the paper, P refers to the probability function defined for
events in a probability space. For example, P(u < ¢) is the probability of u < ¢. F(c) =
P(u < ¢) refers to the cumulative distribution function, and dF = F(x + dz) — F(z),
which is the probability density function when F is differentiable. If u = (x,2) is
multivariate, define Z, as the closure of the set {z; dF(xz,z) > 0} (i.e. Z, is the
support of dF(z | x)), F(z) = f'_Toode(x,z) the marginal distribution of x, and

31t should be noted that the specification used in this paper is the same as in Almond et al. (2005)
with respect to the covariates. A crucial difference in the approaches is that Almond et al. (2005)’s main
explanatory variable is a binary variable for whether the mother smoked during pregnancy, while in the
application in this paper the main explanatory variable is the daily number of cigarettes smoked, which is
allowed to enter non parametrically in the structural equation.

4See Cattaneco (2009) for a study of the effects on birth weight of smoking 1-5 cigarettes versus none,
6-10 cigarettes versus 1-5 and so on, using the same specification as Almond et al. (2005) under the selection
on observables assumption.



X is the closure of the set {x; dF(x) > 0} (i.e. it is the support of dF(x)). If

w = (ur,...,w), |[ul] = \JuZ+---+u2, and u” is the transpose of u. E denotes
the expectation operator, Cov(u,u’) = E(uu'T) — E(u)E(u)T, and Var(u) = Cov(u,u)

when these expectations exist. For derivatives, g™ (u) means the r*"-derivative of the
ar
du”

the deriwative of the vector is the vector of the derivatives. The notation u T ¢ implies

function g with respect to u, which can also be expressed as (u). If g is a vector,
that u converges to ¢ and u > ¢, and v T ¢ means the same when u > c. The notation
w ~ N (p,v) means that the random variable u is distributed as a gaussian with mean
wand variance v. If v = 0, then u = u with probability one. Where omitted, assume

all written moments exist.

2.1 A simple model

This section presents an (informal) account of the main identification idea in a model
with no covariates. The formal exposition in the next section will of course account for
covariates and a more complex model structure. To help make the exposition clearer,
an example where birthweight is modeled as a function of maternal smoking is carried
over in this section as the motivation for the model.

Let birth weight be represented by the random variable y, and maternal smoking
by the continuous random variable x. Smoking and birth weight have a structural

relationship expressed in the model

y=f(z,q) +e,

where ¢ and e are unobservable, ¢ is independent of both = and ¢, and f is continuous
in . The interest is to determine whether birth weight is also affected by a variable
q that is dependent of z. To keep this preliminary section on an intuitive level, g
will be referred to as the mother’s “type.” The mother type can be related to the
level of smoking and the birth weight of her offspring, but assume that the relation
between smoking and the type is of a discontinuous nature, more specifically that the
distribution of the type conditional on the level of smoking be discontinuous at zero
and continuous for positive levels of smoking. In more mundane words, assume that
the mothers that didn’t smoke are of discontinuously different types from the mothers
that smoke positive amounts, even if small. This condition can be understood within
the context of censored variables: suppose there are types of mothers that would choose
negative amounts of smoking, but the restriction to non negative values would force this
group to smoke only zero. This way of understanding why the unobservables would be
discontinuously different at zero cigarettes may be helpful, but it is not necessary. Many
justifications can be offered for this phenomenon, and in the application section (3) it
is shown that the discontinuity at zero cigarettes in fact exists for several observable
covariates. What remains of this section will model smoking as a real-valued censored
variable, and its relation to the mother type, ¢, as continuous and invertible (and

therefore monotonic), which will make all the equations explicit.



Suppose that mothers could choose how much to smoke in positive and negative
levels. This latent variable is expressed by z*, so that x = max{0,2*}, and it is related
to the mother type, ¢, through the function g, which is continuous and invertible (and

therefore monotonic), hence

which is to say that there is a one-to-one relation between the mother type and how
much she would smoke in case she could choose any amount in the real line. Assume
that a mother who would choose to smoke zero or a positive amount will actually do so,
and a mother who would chose to smoke negative amounts will smoke zero. Suppose
g is decreasing, so higher types smoke less. Then, mothers who smoked a positive
amount x are in fact of the type g~!(z), and the mothers that did not smoke are of the
types Q(0) = {q; ¢ = g~ 1(0)}. If the set of mothers who would choose to smoke strictly
negative amounts has positive probability, then the expected type of the mothers that
did not smoke is higher than g=1(0), and therefore, there is a discontinuity in the
distribution of the types conditional on the smoking level at zero cigarettes.

This discontinuity can be used to gauge whether birth weight is affected by the
mother type. The expected birth weight conditional on the smoking level is given by

fle,g7Y(x)), ifz>0

E(“x):{ E(f(0,g7'(2*)) | 2* <0), ife=0

If the mother’s type does not affect birth weight (i.e. ¢ is independent of y), then f
is constant in ¢ with probability one, and therefore E(y | ) = f(z,¢g7%(0)). Hence,
since f is continuous in x, E(y | ) will be continuous in = at £ = 0. In other words,
if birth weight is a continuous function of smoking, a discontinuity at zero is reflecting
the presence of something else that affects birth weight and is discontinuous at zero, an
unobservable variable correlated with smoking which here is called the mother’s type.

In that case, = is endogenous. Moreover, the test derives its power from the fact that

" eE(yla* <0)

Figure 1: Here, f varies in ¢, and hence E(y | z) = E(y | *) = f(z*, g7 (z*)) when 2 > 0, but
E(y | z =0) =E(f(0,2* | z* < 0) < £(0,¢9~*(0)), and hence E(y | ) is discontinuous at = = 0.



the more birth weight is affected by the mother’s type, the larger the discontinuity of
E(y | ) at © = 0 (see figure 1).

The discontinuity test of endogeneity consists of estimating the discontinuity of
E(y | ) at zero and testing whether it is significant. If covariates are added to the
model, the discontinuity in figure 1 would exist for the expected birth weight conditional
on cigarette number for each value of the covariates. The discontinuity test in this more
complex context requires that these discontinuities be aggregated somehow, which is
done in the following section.

The fundamental assumption for identification of the test is that birthweight is a
continuous function of smoking (f is continuous in z). For the test to have power,
the two fundamental assumptions are that there are mothers of the highest types
(P(g > g~1(0)) > 0, or P(z* < 0) > 0) and that the mothers that did not smoke are of
discontinuously different types than the mothers that smoked (E(q | z) is discontinuous
at = 0). The driving assumptions in the general case with covariates are similar to
these.

2.2 Identification

Assumption 2.1. Let x be a continuous observable random variable X C R such that
T € X. Let z be a vector of observable random variables, and q be a scalar unobservable

variable. Then
1. E(y|z, z,q) is continuous in x at x = T for all the values of z and q.
2. limg )z dF(q|x,2) and limg1z dF (q |z, z) exist for all the values of z.

3. There exists a neighborhood N of T such that N C X. Also, the sets Z, are
identical, Vx € N.

Define the quantity
AG) =Elylz =7,2) - (almBly]2,2) + (1 - ) ImEy|2,2))

where if Z is a lower boundary point in X (as in the maternal smoking example),
a =1, and if Z is at the upper boundary, & = 0. A(z) is the weighted right and left
discontinuity of E(y |z, z) at z = . Let 6 be the aggregation of the A(z) defined as

0= /G(A(z),z)du(z) (1)

for a known function G and a measure v on the range of the z.

Definition 1. Let y be the dependent variable, and x and z be observable explanatory

variables. Then x is said to be exogenous if

P(E(y|z,z,q) = E(y|z,2)) = 1.



for any variable q such that q and x are not independent conditional on z. Otherwise,

T 1s endogenous.

This paper presents a test of the null hypothesis Hy, that = is exogenous, against
the alternative hypothesis, Hi, that x is endogenous. The test will depend on the
estimation of the parameter . The following result states that x exogenous implies
0 = 0. This is a fundamental result in establishing that a test based on 6 is well defined,

in the sense that it has the correct asymptotic size under Hy.

Theorem 1. If v is identified, G(0,z) = 0, Vz and assumptions 2.1 and A.1 (see

remark 2.2.2) are satisfied, then 0 is identified and is equal to zero if x is exogenous.

The proof is in appendix A.1.1. Section 2.3 shows that 6 is in fact estimable
(pending more conditions), and its estimator is the discontinuity test statistic. An
example of an identified v is the distribution of z, which yields § = E(A(z), z)). Another
possibility would be to measure the average square of the discontinuities, 6 = E(A(2)?),
using G(a,b) = a*.

Of particular interest is the case when G(a,b) = ag(b), for a given real valued

function g in the domain of z, and v(z) = F(z |z = Z). In this case,

0 =E(A(=)g(2) | = 7)

=E(yg(2) [z =7) - (2)
- {aE (ilflgE(y |z, 2) g(z) ’x = 5c> +(1-a)E chgle(y |z, 2) g(z) ' = f) )

because of the law of iterated expectations. This parameter is useful because its esti-
mation does not require the estimation of E(y |z = Z, z), and because E(y g(2) |z = Z)
can be estimated at the rate /n if P(x =) > 0.

The following assumption determines in which cases the discontinuity has power.

Assumption 2.2. Let limg ; dF(q|x,z) exist if T is an interior point or the left
boundary point in X, and limgz dF(q |z, z) exist if T is an interior point or the right
boundary point in X. If t <z, Ve e X, leta=1, and if T > =, Vx € X, then a = 0.
Define

C(q,z) := dF(q|x:i’,z)f(ozlifr}dF(qm,z) +(1 fa)li%r}dF(qm,z)) , for a€]0,1].

Then, P(((q,2) # 0]x) > 0, for all the values of x in a neighborhood of T.

Assumption 2.2 implies that dF(q|z, z) discontinuous at Z. The discontinuity may
be different from the right or left hand side, or even exist in only one of the sides. The
assumption also stipulates that the discontinuity is one sided if Z is at the boundary
of X. If x is an interior point, previous knowledge of the process can be used to choose
a more effectively. If the right and left limits of dF (¢ |z, z) are the same, the choice of
a is irrelevant, and ((q, z) := dF(q|x = &, 2) — lim,_z dF(q |z, 2).

Assumption 2.2 defines & implicitly. In other words, the situations where the dis-

continuity test has power are those where a value Z in X can be found such that

10



assumption 2.2 is believed to hold. The following result will be useful in proving that

the asymptotic power of the test converges to one under H; as the sample size increases.

Result 1. If assumptions 2.1, 2.2 and A.1 hold, then in general, if x is endogenous,
0 #0.

It will be said that the result is true whenever x endogenous implies § # 0. To

understand this result, observe that by assumption A.1,

9:/G([/]E(y|x::f,z,q)dF(q|x:f,z)—
—a/IE(y|:c:f,z,q)gng(qm,z)
~(1-a) /E(y|x = ,2,q) E%dF(qm,z)],z)du(z)
:/G(/E(y\x:z,z,q)g(q,z),z)dy(z) (3)

Assumption 2.2 guarantees that ((q,z) # 0 with positive probability. However, it
cannot be guaranteed that # # 0 unless stronger requirements are made in all G, v,
E(y | x,z) and even the shape of (g, z). Such requirements can easily be made, and
section 2.2.1 presents an example where primitive conditions are derived such that
result 1 holds always instead of only in general. This paper refrains from presenting
such conditions in the general case because they would be unnecessarily restrictive. In
other words, the cases where 6 = 0 even though z is endogenous have zero measure in
the functional spaces where the estimators will be defined, and are of no concern. If
such a possibility is feared, different choices of G and v should be attempted. Hence,

the results concerning the power of the test will hold if result 1 holds.

Remark 2.2.1. The discontinuity test could simply consist on the estimation of A(z)
for some value of z and then testing whether it is equal to zero. However, such a test
may have little power because A(z) can in general be estimated only at very low rates of
convergence. In the interest of the accuracy of the estimation, and to avoid the problem
that a wrong choice of z could occasion, it is preferable to aggregate the discontinuities

somehow, and from this derives the interest of the parameter 6.

Remark 2.2.2. Condition A.1 in appendix A.1.1 requires the interchangeability of
the integral and the limits in the following non-trivial specification. Let a sequence
T, | T, define fu(q) = E(y|zn, 2,9), fla) = E(y|Z,2,9), pn(q) = F(q|zn,2) and
w(q) = dlim, o F(q|xn,2). By assumption 2.1 (1), f,, — f pointwise on q. Observe
that by the definition of the Riemann-Stieltjes integral,

lim [ f,dp, = lim AléIEOan(qc)un(Aq),

n—oo n—oo

where ¢° is any point in the intervals of size Aq. Then, assumption A.1 can be ex-

pressed as limy, oo [ fndpn = [ fdu. Though primitive conditions for this are not

11



specified here, they can be established with measure theory convergence theorems, and

by changing the order of the limits and requiring that the support of dF(q) be compact.

Remark 2.2.3. The parameter used in the case with no covariates z cannot be used in
the case where the z are present. In that case, E(y|x = &) is compared with the limit
lim, .z E(y|x). Observe that the parameter 6 controls the distribution of z, because
it uses the fized measure v to weight the different z. In the simple comparison of
lim, .z E(y|x) and E(y |z = &), the distribution of z, which is often discontinuous at
x =T can be responsible for a difference even when x is exogenous. To see this, notice
that if © is exogenous, E(y |z, z,q) = E(y|x,2), and provided the limit can exchange

places with the integral sign,

lim E(y | ) = lim | E(y|x,2)dF(z ]| x)

r—T r—T

- [B17.2) 1w ar (s | 2

and
Byl =) = [ E(y]2,2)dF(: |2 =)

Since lim, .z dF (z | ) and dF(z |z = Z) can be and often are different, E(y|x) can be
discontinuous at T even when x is exogenous, and therefore this comparison is useless

for the detection of endogeneity.

Remark 2.2.4. Generalization for multivariate q is straightforward. It is enough
to understand dF(q|x,z) as a multivariate probability distribution, and the limits
lim, |z dF(q |, z) and limg1z dF(q |z, z) as multivariate limits. All conditions and the-

orems remain the same.

Remark 2.2.5. Theorem 1 allows for random wvariables to enter the model in very
flexible ways. Suppose
y=f(z,24q5¢)

where € is independent of x, z and q. Provided f is continuous in x at T, it is easy to

show that E(y | x, z, q) will also be continuous at T. See proof of this in appendiz A.1.2.

2.2.1 An example in censoring

Primitive conditions for assumptions 2.1 and 2.2 can be established in a more intuitive
setup inside a model where x is censored. Such situations could naturally develop, for
example, when x is the result of a cornered optimization problem. This is the case
in the smoking example, where smoking is a choice variable that cannot be chosen in
negative values. This model and the suggested assumptions are not the weakest for
identification of 0; they just illustrate the point in an intuitive way.

Suppose an unobservable variable x* is only observed in its censored form x =

max{z*, 0}, € is independent of the variables x, z and ¢, and the variables y, x, 2*, z,
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q and ¢ are related in the structural equations

y=fi(z,z,q9) +e and 2" = fo(z,q).
Then

fim, z, 3 s 2)), if >0,

E -1 *, * . _ (4)
(f1(0, z, f5 " (z*; 2)) |z* < 0, 2), if x =0.

= E(ylfﬂ,Z):{

In this model, instead of assumptions 2.1 and 2.2, consider the following assumption:

Assumption 2.3.

1. f1 is continuous in x at 0, and if fi1 varies on q, it is continuous and increasing
m q.
2. fo is strictly decreasing in x*, and fo(+;2) "t is continuous in x*, Vz.

3. F(z*|z) >0, for some value x* < 0, Vz.

Given the model and assumption 2.3,
A(z) = E(f1(0, 2, fy 1 (z*52)) |2 < 0,2) — £1(0, zi, f5 (0, 2;)) >0

if and only if f; varies in ¢. Hence, if G(A(z), z) = A(z)g(z), for a strictly positive
function g, and suppose v is not zero everywhere, then § = [ A(z)g(z) dv(z) > 0 if and
only if x is endogenous.

In the smoking example, if birthweight is y, smoking is z, z* is “intended” smoking,
and the z are a set of covariates, assumption 2.3 implies that even if the covariates
are held constant, the average birthweight of babies born to nonsmoker mothers will
be discontinuously higher than the birthweight of babies born to mothers that smoked

positive amounts if and only if smoking is endogenous.

2.3 The discontinuity test of endogeneity

The discontinuity test consists of the estimation of § and testing whether it is equal to

zero. A natural approach would be to adopt
6= /G(A(z), z)dp(z),

where A(z) = E(y|z = &,2) — (osz(yM‘,z)l +(1- a)E(y\f,z)T), E(y|z,z)! is an
estimator of lim,; E(y |z, z) and E(y|Z, 2)! is an estimator of lim,z E(y |, 2).

As explained in section 2.2, the tests where G(A(z), z) = A(z) g(z) and p(z) = F(z |
x = ) are of particular interest, because they eliminate one step in the estimation of
0. The rest of this section will develop the discontinuity test for such choices of G and
u. Let the data satisfy

13



Assumption 2.4.
1. The observations (yi,xi,2;), i =1,..,n are ii.d., z; = (z},...,28)T. Define
& =yi —E(yi | @i, 2).
2.0<P(x; =7) < 1.
3. E(|A(z) g(z:) 91 1(z; = 7)) < oo for some & > 0. Va = Var(A(z) g(z) |

Define p; = = "1, 1(z; = Z), the estimator of P(z; = Z). The suggested estimator

of 6 is, from equation (2),

11

2> [ aB (1720 — (1 - 0B |72 9(z) 1w = 7). ()

n
i—1

?

Define E(y; | 7, 2;)* := lim, 1z E(y; | 7 = ,2:), B(yi | Z,2:)" = limg1z E(y; | 2; =
x,z), and also define I'(2)* := E(y |z, 2)} — E(y|z,2)*, and ['(2)~ := E(y|z,2)" —
E(y |z, 2)". then it is possible to write

where
An = 30 A1 = )~ B(A )y ) |2 = 2 (6)
=1
By = -2 Y lal (e + (1= ) (e) lg(ei)1 (e = 2) (7)
x 1

Under the null hypothesis that x; is exogenous, A(z;) = 0, and therefore A,, = 0,
though results are shown when A, # 0 for power consideriations. The asymptotic
distribution of A4,, does not depend on the choice of estimators. Assumption 2.4 item (1)
and the LLN imply that p; 2 P(z; = Z), and items (1) and (3) and the CLT imply that
Vi (A S00 A(2i)g(2i)1(ws = &) — E(A(2:)g(2i)1(z; = 2)) is asymptotically normally
distributed. Finally, item (2), the Continuous Mapping theorem and Slutsky’s theorem
imply that

VA, 5 N(0,Va) (8)

The asymptotic behavior of B,,, and hence of é, depends on the assumptions one is
willing to make on the nature of E(y; | 7, z;)! and E(y; | Z, 2;)T, and the related choice of
estimators. The following sections propose increasingly complex models of E(y;|x;, 2;)
and corresponding estimators, and derive the asymptotic distributions of the test under
appropriate assumptions. Section 2.3.1 presents the linear case, the partially linear case
is developed in section 2.3.2, and finally section 2.3.3 presents the fully non-parametric
case. The three sections are written so they stand alone. No assumption or result is

shared across the sections, and therefore they can be read and consulted independently.
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2.3.1 The linear case

Suppose that for z > Z, the conditional expectation satisfies

E(y|z,z) = pz+ 219", (9)
and for x < Z, the conditional expectation satisfies

E(y|z,z) =z +2"y".

If Z is the left boundary of X', then 8~ =0 and v~ = 0. If Z is the right boundary of
X, then 8+ =0 and vy = 0.

Example 1. (Censoring) Equation (9) can be derived inside the censoring model pre-

sented in section 2.2.1. Suppose

fz,2z,q9) = azz + Ta, + Qqq
9(z,q) =2"m. 4+ ¢q

then, substituting into equation (4) for x > 0,
E(y|z,2) = (az + ag) x + 27 (, — a,7),

which translates into equation (9) if B = a, + oy and v+ := a, — a,7,.

In the linear case, E(y; | %, 2)! = Yz + 2I'y", and E(y; |7, 2:)! = 877 + 21 y~.
B% and y* can be estimated by simply regressing 3; on x; and z; using only the
observations for which x; > Z, so that E(yl |Z,2)} = Btz + zI'4%, and analogously for
E(y; | T, 2)".

Let X; = (z4,21)T, 67 = (BT, 1)T and 6~ = (87,y~T)T, then if Z is an interior

point,

n -1 5
=1

=1

n -1 5
5 = (Z XiX;rl(a?i < SL’)) ZXz Yi 1($i < 5?)
=1

i=1

If Z is the left boundary of the X, then 6= =0. If Z is the right boundary of the X,
then 6+ = 0. Let K(g(z) | 2 = &) := L1 5" 1(z; = 2)g(z) and E(g(zi)z | 2 =

Z) = p%% 1 1(x; = %)g(2;)z, then fif)r?l equation (7),
B — { E(g(z) |z =2) 2 r (a6t =) + (1 —a)(6~ = 07))
! E(g(zi)zi | zi = Z)
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Assumption 2.5.
1. E(lg(z)| | xi = %) < 00 and E(||g(2:)zi]| | z; = T) < o0.
2. Var(e; | w4,2;) = 0% < 0o. (See below remark 2.5.1 about relaxing this condition.)
3. E(X; XI1(z; > 7)) < oo is positive definite, and E(X; X 1(z; < 7)) < oo is
positive definite.
4. If T is the left boundary of X, then then o =1, and if T is the right boundary of
X, then aa = 0.

Theorem 2. If assumptions 2.1, 2./ and 2.5 hold, then

V(6 —6) L N0, Vi + Vi) (10)

T

o[ E(g(z) |zi=1)z [QPE(X, X 1(x; > 7))+

+ (1= a)’E(Xi X[ (s < 7)) E(g(z) | 2i =2) 2

The proof is similar to the classical proofs of the asymptotic properties of the OLS
estimator. The absence of a term to account for the correlation of A,, and B,, follows
because (a(g‘“ — )+ (1 —a)(6 — 6‘)) is independent of A, and of E(g(z;)z; | z; =
Z), since the two latter only use observations for which z; = Z, while the former has
zero mean and only uses observations for which x; # Z. The absence of a cross term in
VB happens because 6t and 6% are built using different parts of the sample, and are

therefore independent. See the proof in detail in the appendix A.2.1.

Theorem 3. Under Hy: x; is exogenous, 8 = 0 and \/ﬁé 4, N(0,Vp). If assumptions
2.1, 2.4 and 2.5 hold, Vg can be consistently estimated by

Vs = 62 : [aQIE(XiXiTl(xi > 7))+
(9(zi) |zi =2)Z
(9(zi)zi | @i = )

& &

+(1-a)’B(X; X[ 1(z; < 7)) 7]
where

. 1 &
E(X; X 1(z; >7)=—-> X;XI'1(z; > 1),
(XiX; 1(z; > 2)) nz i V(i > T)

i=1

. 1 &

EX X 1(z; <)== X;X[1(x; <z
(XX < 2) = 03 XX Ui < 7),

67 = — |o— E (yi — XFAT)21(z; > ) + (1 — @) g (yi — XFA47)21(z; < T)

i=1 i=1

S|
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The convergence in probability of 52 to o2 is established by noticing that 62 is sim-
ply a weighted average of two standard estimators of the variance of €; using weighted
least squares. The convergence of Vg follows from the LLN applied to E(g(zl) | x; = ),
E(g(z)z | ¢ = 2), B(X;XT1(z; > z)) and BE(X; X 1(2; < z)) (given assumptions
2.4 (1) and 2.5 (1) and (3)) and Slutsky’s theorem. The following theorem gives the
discontinuity test properties in the linear case.

Theorem 4. Let 0 < A < 1, ® be the standard normal cumulative distribution func-

tion, and cyx = ®~1()\). Then if theorems 1, 2 and 3 hold, under Hy: x is evogenous,

0
Pl Vn——<ecn | =X as n— oo.

vV VB
moreover, if result 1 is true, then under Hy: x is endogenous,

Pl vn

>cy | —1 as n— oo,

|%:]

0

and under the local alternatives —=,
vn

é C)\\/V -0
P( vn <ey | =0 222 as m — o0o.
N (WA+VB>

See proof in appendix A.2.2.

Remark 2.3.1. Homoskedasticity can easily be relaxed. Let X be the matriz whose
rows are the XTI, Xt be the matriz whose rows are the 1(z; > )X}, and X~ be the

[

matriz whose rows are the 1(x; < )X} Suppose Var(e | X) =X, then

T
E(g(z) |z =7) %

E(g(zi)zi | xi = )

E(g(zi) | zi =7) %

VB = _ ’
E(Q(Zi)zi | 2; = 2)

[a2V1 +(1- 04)2‘/2] {

where

X+TEX+
Vi = E(X; X 1(z; > 7)) 'E (plimi)

n—oo

E(X; X 1(x; > 7)1,

-T —
ﬂ) E(X; X[ 1(x; < 7))},

Vo =E(X; X 1(z; < 7)) 'E (plim

n—oo

and plim denotes the limit in probability, supposing the limits exist. V1 can be estimated
n—oo

using the Ficker-White covariance matriz of an OLS regression of the y; onto x; and
z; using only observations such that x; > &, and Va can be estimated analogously, using

only observations such that v; < .
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2.3.2 The partially linear case

Suppose that for z > Z, the conditional expectation satisfies

E(yi | @i, 2:) = 7 (2:) + 2] 7™, (11)
and for x < Z, the conditional expectation satisfies

E(yi | s, 21) = 77 (x:) + 2077,

where 7+ (Z)! := lim, z 77 (z) and 77(2)" := lim,1z 7~ (2) exist. If 7 is the left bound-
ary of X, then 77 (z;) = 0 for all z; and v~ = 0. If Z is the right boundary of X, then
7F(x;) = 0 for all z; and v = 0.

Example 2. (Censoring) Equation (11) can be derived inside the censoring model

presented in section 2.2.1. Suppose

f(@,2,q) = ¥1(x) + 2. + aqq,
9(z,q) = a(2'm. + q),

where Py is invertible. Then, substituting into equation (4) for x >0,

E(y|z,2) = ($1(2) + gy ' () 2 + 27 (az — ags).

which translates into equation (11) if 74 (z) = 1(2) + by *(z) Yo, and v+ =
Q, — QT
In the partially linear case, E(y; |Z,z)! = 77(2)! + 27+, and E(y; |7, 2:)! =
(@) + 2y, Hence, E(y; |2, 2,)" = #+(2)" + 2l4*, and E(yi | 2,2)" = 77 (2)" +
274~ Define E(g(z)|z; = &) = L%Z ' g(z)1(z; = z) and B(g(z)z |2 = &) =
pi% S 1(z = 7)g(2i) 2, then

B, =E(g(zi) |z = 2) [a(FT (@) =77 (@) ) + (1 - )7~ (@) = 7 (2)")]
E(g(zi)zi | = 7)7 a3t =)+ (1 —a)(3™ —77)]

+

(12)

The following discussion refers to the estimation of 77 (z)! and y+. 77(#)" and v~
are estimated analogously. The estimation of the parametric component in the partially
linear regression has been widely discussed in the literature. In the later papers, the
generally adopted technique is that of subtracting the conditional expectation of y;

given x; so as to eliminate the nonparametric part. The resulting equation is
yi —E(yi |2:) = (2 — B(zi | %))t + &, for a; >z (13)

The coefficient of the constant term among the covariates is not identified and is elim-
inated in the subtraction, so z; in this equation does not include a constant term.

Robinson (1988) first suggested this approach. He estimated the conditional ex-
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pectations using kernel regression, and peformed an OLS regression of y; — E(y; | ;)
on z — E(z; | z;), to obtain 4. Robinson showed that the estimated 4% converges to
~T at the rate \/n, even though the regression includes nonparametric plugins. The
following literature established the same /n rate of convergence and the asymptotic
distribution of v* for an array of different nonparametric plugins. See for example
Linton (1995) when the nonparametric component is estimated using local polynomial
regression, and Li (2000) when the nonparametric component is estimated using series
or spline orthogonal bases.

The basic technique for the estimation of the nonparametric component is rather
intuitive. It consists of a nonparametric regression of y; — 27 4+ on x;, and the varia-
tions depend on the nature of 47 and the regression technique chosen. Since the rates
of convergence of this component are slower than /n, the asymptotic behavior of the
estimated nonparametric component is a simple extension of the results for regular
nonparametric regression, because the estimated parametric component is estimated
at the faster rate /n. The case of interest in this paper is more delicate, because
the value of interest is 7+ (9?:)17 which is the limit of the nonparametric component at
a boundary point. There are two difficulties, the first is that nonparametric estima-
tion at boundary points requires especial attention in the choice of the estimator and
in the asymptotic treatment. For this reason 77 (Z)! is estimated using local poly-
nomial regression, since this technique has been shown to possess excellent boundary
properties. Though other techniques could also be used, such as for example a simple
kernel regression using boundary kernels, the local polynomial regression is also desir-
able in that it requires no especial tailoring for the boundaries. Hence, the researcher
needs to apply no extra discretion than for a regular nonparametric regression. Porter
(2003) developed the asymptotic theory for the local polynomial estimator of the dis-
continuity in the regression discontinuity design. His method is to estimate the right
and left limits of the discontinuous function at the point of discontinuity using local
polynomial regression, and he derives results for arbitrary choice of the polynomial
degree. This paper provides the extension of his results to the partially linear case, in
which the dependent variable in the local polynomial regression, y; — 2J'4", contains
a plugin estimator of the parametric component. Though from an asymptotic point
of view the extension is very simple, this paper explicits the variance terms up to the
O(h) magnitude, which requires the careful consideration of the covariances between
the parametric and nonparametric parts of the estimation. Moreover, the results are
presented for a generic nonparametric plugin for E(y; | #;) and E(y; | z;), so that
the plugins can be estimated with other, sometimes more practical techniques, such as
series estimators.

The second difficulty is that Z is a point with positive probability in X. The avail-
able theory on local polynomial estimators relies on the existence of a density function
in a neighborhood of Z. However, when using local polynomial estimators to estimate
the limit of a function at a point, the observations at the point itself are not used. In
fact, although Porter (2003) requires the existence of a density function, the proofs

do not use the entire support of dF'(x) at once, but rather separate the observations
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to the right and to the left of . This paper adapts Porter’s result using distribution
functions conditional on x; # Z, which have a density function by assumption, though
with possibly different right and left limits at Z. As a consequence the same results
as in Porter (2003) can be derived in terms of limits, therefore generalizing Porter’s
results to allow both for the positive probability of x; = Z, and also for the density
function of F(z; | ; = x) to have different right and left limits at . It is important
to notice that because the limits may be different, the variance estimator suggested by
Porter in theorem 4 cannot be used in this case. Theorem 6 below proposes a different
estimator which allows for the different right and left limits of the density at z.

If Z is an interior point, or is at the left boundary of the X, the estimator 71 (z)!

is defined in the following way. Given the kernel function k, the smoothing parameter

h, the polynomial degree p, and let ag, d1,...,a, be the solution the problem
min likz (mj _j> 1(x; >2) [y, — 24T —ag —ar(x; — ) — ... — ap(x; — )F)?
A0y T = h J J 7 0 1Ly p\+g )

the local polynomial estimator of 7+ (z)! is given by
@) = = S (XTWTX) T IXTWH(Y — 257), (14)

where e; = (1,0,...,0)7 has dimension 1 x (p + 1), X has rows equal to (1, (x; —
z),...,(z;—xz)P), for j =1,...,n, W+ is a n xn diagonal matrix with diagonal {1(x1 >
o)k (2E) A(an > D)k (2E) 1Y = (y1, ..yt and Z = [21 ... z,]7.
If 7 is at the right boundary of X, the estimator #%(z)! = 0.

The next conditions make it possible to obtain the asymptotic distribution of B,
given in equation (12). The essence of the proof can be understood by observing that
when 77 (z)! is defined as in (14),

@) = e (XTWHE)TIXTWH(Y - 2597 (15)
= J(XTWHR)TIXTWH(Y - 29 - S (XTWHR) T XTW (T o),

The first term is a simple local polynomial estimator of a boundary point seen, as
discussed, in Porter (2003), but also examined in Fan and Gijbels (1996). Deriving
its asymptotic distribution in this case needs only a small modification to account for
the fact that = does not have a density function, since P(x; = Z) > 0. It converges
to a normally distributed random variable at the rate v/nh. The second term can be
considered jointly with the second term in equation (12), which converges at the rate
\/n. For testing in smaller samples, the results consider the effect of the estimation of
4t and 4. However both the bias and variance of 77 (z)! and 77 (Z)! dominate the

asymptotic behavior of 0.
Assumption 2.6.

1. E(lg(z:)|**% | 2; = %) < 00 and E(||g(2:)2]|>T%2 | 2; = T) < oo, for some & > 0.
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2. If T is an interior point in X, then the estimators 4T and 4~ are defined as

G = (212, 20T, = (717

Jir = (yi — I:E(yi | 2:)")1(z; > ), e = (g = Eys | )~ ) (w; < Z)
Zie = (2 — E(z | @) ) 1(z; > T), Zimo= (2 — B(z | ) )1 (2 < T)
H?(yi |zt =30 x> ) T,y Hfj(yi | zi)™ =371 Lz < 2) T, 5,
E(z | z)T = Yo Lz > x)T 2 E(zi | z:)” = > 72 Lz < )T, 2,

for some Ti"'j and T, ; which are a function exclusively of the observations such

that x; > T and x; < T respectively. Also, sup, HZ?:l 1(z; > ) Tfjuj —E(u; | ;)
OP( ) fOT’ Ui = 2:“6 E(Zz | .131) ZiE(E? | xi) and E(Zz | xl)E(G? I xi)' fAY+ and 'AY_
satisfy

(0]
A N P,

and there exist V+ and V;, ms Junctions exclusively of data for which x; > T
and x; < I respectively, and such that an 2, V,Y*n and V’m 2, V.- Moreover,
E(||[vr(A+ —H)12+4) and E(|[v/n(3~ —77)||27%2) are uniformly bounded for all
n and some &3 > 0. If T is the left boundary of X, all is true except that ¥~ =0,
V, =0, and V; = O; If x is the right boundary of X, all is true except that
At =0,V =0, and V; = 0.

3. There exist ~,x" € R, with x= < T < % such that F(z) is twice continuously
differentiable in [x_ , T) U (T, ™| with first derivative bounded away from zero

and second derivative uniformly bounded in [x_ , Z) U (Z, 2T]. Define

o(z )l —hmxlaﬁd F(z), ¢(£)T —hmxTxd F(z),
¢’ () = lim, 5 4 2F( ), ¢'(2)! = limy5 f5 2F( ),

then all of these quantities exist. Moreover, there exist QZT)(IE)J' and qg(i:)l, consis-

tent estimators of ¢(%)* and ¢(Z)! respectively (see remark 2.3.2).

4. The function 7+ (x) is at least p + 2 times continuously differentiable in (Z,z7],
and the function 7~ (x) is at least p+2 times continuously differentiable in [z, T).
Define

m

rHm)(z)l .= limg, |z %T‘*‘(m), r=m)(z)T .= lim, )z %7_((1}),

then these quantities exist form=1,... ,p+ 2.

5. The variances 02 (x) := E(€? | x; = x) are at least p+2 continuously differentiable
in [x7,%) U (Z,2T]. The errors 652 = e? — 02(x;) have moments E(\e§2|2+54 | z;)
uniformly bounded for some &5 > 0. Define

o?(z)! = limy,|; 02(x), o?(z)1 := limg1z 02(x),
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then these quantities exist.

6. The kernel k is symmetric and has bounded support. For all j odd integers,
Jk*(u)widu = 0. Define v; = [~ k(u)u/du and w; = [~ k*(u)u? du, then

e N e N

TF{ : |Aj=[ : s |Qj={ s JQ:[ s : |
Uj+p Yj+p -+ Ujt2p+l Witp Witp - Wit2ptl

7. lim, oo h = 0, lim,, oo nh = 00, and lim,, .o, h?*1\/n < co.

8. The functions E(z¢ | z; = z) and E(2z8 | »; = x) are at least p + 2 times
continuously differentiable in [v~,z) U (Z,2%]. The € := z; — E(z; | x;) have

moments E(||eZ||>T%5 | x;) uniformly bounded for some &5 > 0. Define

E(z | z; = z)} :=1imE(2 | 2; = 2), E(z |z = 2)! :=1limE(z | 2; = x),

x|ZT z T

E(ZZZZT | z; = i)l = EgE(zlzzT | z; = x), E(zzle | x; = E)T = B%E(zzz? | x; = x),

E(ZZEZQ | z; = g’c)l = lziﬁlE(zif(aci,zi) | z; = x),

E(z€ |z =7)" := E%E(ziaz(xi,zi) | z; = x),

then all of these quantities exist. Finally, define the notation

Y.(2) = E(zz! |2 =2) —E(z | 2 = T)VE(z; | 2 = 2)'T
Y.(2) = E(zz! |2 =7)" —E(z | 2 = 3) ' E(z; | 2 = )17
Coe (T = EB(z€? | 2y = 7)Y —E(2 | 2 = 7)1 o (2)!
e (D) = E(zi€] | 2 = 7)1 = E(zi | 2 = 7) 0% (2)]

9. If & is the left boundary of X, then o = 1, and if T is the right boundary of X,
then a = 0.

Theorem 5. If assumptions 2.1, 2./ and 2.5 hold, then

VRV Y20 — 0 — B,) % N(0,1),

where
B, =E(g(z) |z = @) [aB} + (1 - a)B,],
T ( ) 7 lim _ ) )
hPH%e?AO "Ypi1 + o(hPTY), if p s odd,
B,j; = P42 T+(P+1)(i)lim (i)l(f)i TA—1
h [ ) é(a)! } e1 Ay (Tpra — A1AoTpi1)

+(p+2) (2 lim
+ {%} el AG i1 + o(hPH2) if p is even,
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n s

and analogously for B, , substituting the “+” by “—” in the notation.

Vo =a? [V +2VhCTCl + hCTVICL ] + (1 - a)? [Vy + 2VhCT e+ hCTV O]
+ hV4 + o(h),

where if T is an interior point or is at the left boundary of X,

and if T is an interior point or is at the right boundary of the support of the x;, V-,

V_, C_ and C_, are defined analogously, substituting the “+” by “=” and | by T in
the notation.

The proof is in section A.3.1 in the appendix. The following definitions concern the

estimation of the variance V,,. Define the operator
P =el(XTWHX) 1 XTWwH.

Then, observe that 7(z)! = P;F(Y — Z4T). Whenever 7 is an interior point or is
the left boundary of X, the quantities Cy, 3, (Z)}, c,e2(Z)! and 62(z)! are defined in
equations (16)-(18) below:

E(z |z =2)' = (P 2)",

Cy = aB(g(zi)zi v = 2) — E(g(z) |2 = 1) B(z | 25 = 7)". (16)
228 PfU, ... PlUL
Let Uy = |, Bl | =1) = ; : , then
222 PfUsn ... Pl Uy
S.(2) = Bzl | a = 3) —B(z | 2y = 2) BT | 2y = 2) (17)

Cpe2 (i‘)l = IAE(ZZ(yZ — Zi’s/+)2 | T, = i‘)l — IAE(Zl ‘ €T, = .’i‘)le((yZ — ZZ"?+)2 | X, = i‘)i.
(18)

23



(=219 |
Let Rt = : , then
(Yn — ZZ'?+)2

(@) =E((ys — 2 77)% |2 = 2)! = (7(2)"™ )2, (19)

Finally, if Z is an interior point or is the right boundary of X, then C_, 3,(z)T,
c.e2(Z)!T and 6%(z)" are defined analogously, substituting “+” by “” and “|” by “1”
in the notation.

Theorem 6. Under Hy: x; is exogenous, 0 =0 and Va4 = 0. If assumptions 2.1, 2.4
and 2.6 hold, then if

V=02V +2VhCTCH, + hCTVS Oy + (1— o) [V7 + 2VRCTCL + hCTV O]

where A . A . . A
T =E(g(z) |z = 2)?VT, V; =E(g(z) | = 2)*V7,

s 5% (2)t - - Yo 2@ - -
t= A A e, Vo= 2l A QA e,

. - -1 A R
C;’:Y = ( Z(f)l> Eze2(2)t Cry = EZ(:ZZ)T> e (2)T,

then Vi, — Vi = 0,(1).

The proof is in section A.3.2. The following theorem gives the discontinuity test

properties in the partially linear case.

Theorem 7. Let 0 < A < 1, ® be the standard normal cumulative distribution func-
tion, and cy = ®~LY(\). If theorems 1, 5 and 6 hold and vVnhh?*! — 0 as n — oo,

then under Hy: x is exogenous,
0
Pl Vnh——<cey | = A as n— oco.

moreover, if result 1 is true, under Hi: x is endogenous,

P vVnh

>cy | =1 as n— oo,

VTL

: 0
and under the local alternatives T

P vm}ga —® [ e\ — o as m — oo.
12

\/0421}#' + (1 —a)?Vr

See proof in section A.3.3. Observe that the variance of the estimation of the

nonparametric terms 7+ and 77 is the only variance that affects the local power of
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the test in large samples. This occurs because the other components in V,, are o(nh),

more specifically, O(nh?/?).

Remark 2.3.2. The estimation of ¢(z)' and ¢(z)" is not a trivial application of
the literature of density estimation. When estimating limits of densities at boundary
points, the same concerns as with the estimation of conditional expectations at boundary
points arise, so (Z)* and ¢(z)! must be chosen mindful of their boundary properties.
Although local polynomial estimators have excellent boundary properties, they cannot
be naturally transformed for density estimation, as it can be done with kernels. One
solution is to estimate ¢(z)" with boundary kernels, as in Jones (1993). The application
section uses a different approach, based on the estimator proposed in Lejeune and Sarda
(1992), which consists on the local polynomial regression of the empirical distribution
function ﬁ‘(xz) on x; using only observations such that x; > 0. The coefficient of the
constant term is an estimator of lim, |z F(x), but the coefficient of the linear term is

actually an estimator of limy| z %F(m), which is exactly ¢(T)t. Hence, in this case
o(z) = el (XTWHX) ' XTW+EF = P F,

where F = (Fy,...,F,)T, Fj = 27 1(2; < ). Analogously for ¢(z)1.

T n

2.3.3 The nonparametric case

Let the conditional expectation be represented by the function f, so that
f(@iszi) = E(yi |23, 2), (20)

and define f(,2;)! = lim, |z f(,2), f(%,2)" := limgz f(2, 2;), and suppose that

these limits exist for all z;.

Example 3. (Censoring) Equation (20) can be parameterized inside the censoring

model presented in section 2.2.1. From equation (4), observe that for x > 0,

f(x,z) = fl(xaz’fgl(x;z))'

Assumption 2.3 can be modified to serve as a primitive of assumption 2.7 (3).

In this case, E(y; | Z, z)' = f(Z, 2)}, and E(y; | &, z)1 = f(z, ). Hence, B(y; | &, z)* =
f(@,z)" and B(y; | 2,2)" = f (%, 2:)". Define E(g(zi) |2 = &) = L S, g(2)1 (i =
z) and K(g(z)zi |2 = ) = p%% 71 1(z; = T)g(z;)zi, then equation (7) cannot be
simplified as in the previous cases. The present case will assume that the z; are random
variables which can take a finite number of values. Similar results could be derived
when the z; can take a countable number of values, and also when the z; are continuous
or mixed random variables. The decision to present results in the finite case has the
advantage of the simplicity, but is also done for practical reasons, as is explained in
remark 2.3.4 below. The following exposition refers to the estimation of f(z, z;)!, and

f(Z,2)" is estimated analogously.
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Let the z; € {z,...,2M}, and define the estimator of f(z,z™)! in the following
way. Given the kernel function k, the smoothing parameter h, the polynomial degree

p, and let ao, ...,a, be the solution to the problem

R T;—T _ _ _
aomlrbpn;k( Jh )1(mj >7) [y; —ao — ar1(zj — T) — ... — ap(x; — TP

If Z is an interior point or is the left boundary of X, the local polynomial estimator of
f(z, 2™} is given by

f@ 2 =ao = e (XTWX) T XTWEY, (21)

where e; = (1,0,...,0)” has dimension 1 x (p + 1), X has rows equal to (1, (x; —
z),...,(x; —2)P), j = 1,...,n, W} is a n x n diagonal matrix with diagonal elements
{1(z1 = 2™)L(z1 > @)k (B7E),..., L(zn = zm)lA(xn > )k (2=2)}, and YV =
(y1,---,yn)T. If Z is the right boundary of X, then f(z, ™)} = 0.

Let p == (S0, 1z = 2)) ' 0, 1(z = 2™)1(2; = &) be an estimator of p7* :=

P(z; = 2™ | x; = &), hence
M M
By=a) ppT(") g™+ (1 —a) Y pf ™) "g(=").
m=1 m=1

The next assumption provides conditions that allow the derivation of the asymptotic
distribution of B,,.

Assumption 2.7.

1. dF(z,2™) >0, for allm and x € (z~,z7)NX (see remark 2.5./ below for when
this condition fails).

2. There exist = ,2% € R, with x= < T < x% such that P(x; < x, z; = 2™) is
twice continuously differentiable in x with first derivative bounded away from zero
and second derivative uniformly bounded for x in (x_, z) U (Z, 2) and all m.
Define ¢(z,2™)" := lim, |z % Plz; <o, 2z = 2™), ¢(z,2™)! = limgz % P(z; <
T,z = 2™), ¢(z,2m) = limwli%P(wi <w,z = 2™, and ¢ (z,2™) =
limg1z %P(xi <z, z; = 2z™), then all of these quantities exist. Moreover, there
exist $(z, 2™ and ¢(z,2™)1, consistent estimators of ¢(&,z™)' and ¢(z,z™)!

respectively (see remark 2.3.3 below).

3. The function f(x,z™) is at least p+ 2 times continuously differentiable in x in
(a?_,:i)ﬂl(gf,m"’) for allm. Define f(z)! := lim, 5 ;—;lf(x,zm), and fO(z, 2™ =
lim,z %f(z, 2™), then these quantities exist for l=1,...,p+ 2 and all m.

4. The variances o*(z,2™) := E(€? | z; = x,2; = 2™) are continuous in (x_ , T) U
(z, 21), and the limits o*(Z, ™)' := lim |z 02(z, 2™) and 0%(Z, 2™)1 = limg1z 02(z, 2™)
exist for all m. Moreover, the moments E(|€2|?T¢ | z; = x,2; = 2™) are uni-
formly bounded for some &g > 0.
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5. The kernel k is continuous, symmetric and has bounded support. For all j odd
integers, [ k(u)u/du = 0.

6. limy,—oo h =0, limy,_,oe nh = 00, and lim,_,o h?T1V/nh < co.

7. If T is the left boundary of X, then a = 1, and if T is the right boundary of X,
then a = 0.

Theorem 8. If assumptions 2.1, 2./ and 2.7 hold, then

VnhV 20— 0 — B,) % N(0,1)

m=1
+(p+1) (5 ,m)lim B ‘ ‘
th%e{AO Ty + o(hPT), if p is odd,
B’;"T_L n = FHD) (g mylim gz myl 3
s hp+2 |:f (pj'l’)! ) ‘Z((ijzm))l ] QTAO 1(Tp+2 — AlAOTp+1)
+(p+2) (5 ,m\lim . .
+ [%} @?AEIT;}H + o(hP*2), if p is even,

and analogously for B, ., just substitute the “+” by “=" in the notation. Finally, Ao,
Ai, Tpi1 and Yppo are defined in assumption 2.6 (6).

Vo =V + V4 + o(h),

M
V=" ) g(z") [V + (1-a)*V,],

m=1
2(5 ~m\l
+_ 0@ 2") py 1At
Vm_ Qs(i”zm)l €1A0 QAO €1,
and analogously for V., just substitute the “+” by “—” in the notation. Finally, Q) is

defined in assumption 2.6 (6).

The proof is in section A.4.1 in the appendix. Its essence can be understood by ob-
serving that, since M is finite, the asymptotic distribution of B,, as defined in equation
(7) can be trivially derived if the convergence of the I'(z™)* and I'(2™)~ is ascertained.
Since each z™ has positive probability in a neighborhood of Z, the results in Porter
(2003) can be applied with the same modifications as in the partially linear case to
account for the fact that Z is a mass point.

The estimation of the variance depends on the estimation of o%(z, 2™)! and (7, 2™)!.
This step requires the estimation of the residuals. Define the operator

P+

t,m,x

= el (XTW,, Xo) ' XITW, .
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where X, has rows equal to (1, (z; — x),..., (z; — z)P), and W, is a diagonal matrix
with diagonal elements equal to {1(z1 > Z, 21 = 2™) k (B-2) ..., L(xn > T, 2, = 2™) k (E272) }.
Whenever Z is an interior point or is the left boundary of X, f (z,2m)t = Py, ;Y and

62(x,2™)t is defined in equation (22) below. Define

R (22)

and if Z is the right boundary of X, 62(Z,2™)! = 0. Analogously for 6%(z,z™)T,
substituting “+” by “” and “|” by “1” in the notation.

Assumption 2.8.

1. The variances o2(x,z™) are at least p + 2 times continuously differentiable in
(z_, 2)U(z, xt) for allm. Moreover, limy|;d Vo?(z,2™) andlim, z d Vo?(x, 2™)
exist for[=1,...,p+ 2 and all m.

2. The moments E ((ef — o (z;, zz))2 | x; = 2,2, = zm) are continuous and uniformly
bounded in (x_ , z)U (z, x1), and the right and left limits when © — T emist for
all m.

8. hn'/?(logn)=/3 — oo

Theorem 9. Suppose assumptions 2.1, 2.4, 2.7 and 2.8 hold. Under Hy: x; is exoge-
nous, 6 =0 and V4 = 0. Then

VnhV V26 - B,) % N(0,1),

where "
Va=Vi= 3 (1) g™ [0V + (1 - a)?V,)]
m=1
with
R 220~ ,m)l " 52 (7
,;Z _ Me’{Aalg Aalela and V;L _ 0; (LL',Z ) TA619A7161
b(z, zm) o(z,2m)1

The proof is in section A.4.2. It relies on Masry (1996)’s result about the uni-
form convergence of the local polynomial estimator applied to the estimated 2. The

following theorem gives the discontinuity test properties in the partially linear case.

Theorem 10. Let 0 < A < 1, ® be the standard normal cumulative distribution
function, and cy = ®~1(N). If theorems 1, 8 and 9 hold and vnhh?** — 0 as n — oo,

then under Hy: x is exogenous,

P \/nh\/oféo\ — A as mn— oo.
Vn
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moreover, if result 1 is true, under Hi: x is endogenous,

P vVnh

>cyn | —1 as n— oo,

Vn

: 0
and under the local alternatives T

as mn — Q.

0 0
Pl vnh <exn —><I>(c>\——)
V. vy
See proof in section A.4.3. If vnhh?*t — 0, VnhB}, , — 0 and vnhB,, , — 0.

Hence vnhB, — 0. The rest of the theorem is an immediate consequence of the

theorems invoked and Slutsky’s theorem, so no further proof is necessary.

Remark 2.3.3. The estimation of ¢(Z,z™)! can be done as in the partially linear
case (see remark 2.3.2), following the approach proposed in Lejeune and Sarda (1992).
The values Fy,(z) = LS 1w < 2)1(z; = 2™) are consistent estimators of P(x; <
x,z; = 2™). The approach consists on the local polynomial regression of the function
and x; > . The

F’m(xl) on x; at T, using only observations such that z; = 2™

coefficient of the constant term is an estimator of lim, |z P(z; < x,2z; = 2™), but the
coefficient of the linear term is actually an estimator of limy|z %P(mi < x,z =2M),

which is exactly ¢(Z,2™)'. Hence, in this case

é(fa Zm)l = P;m’me,

where Epy = (B (1), ..., Foo(22))T. Analogously for (z)!.

Remark 2.3.4. The measure v in 0 = [ G(A(z), z)dv(z) is chosen by the researcher.
The measure chosen for the derivation of the estimators is F(z | x; = T), and from that
derives the requirement that if P(z; = 2™, x; = &) > 0, then for estimation purposes it
is necessary that dF(x,2™) > 0, for all x in a neighborhood of T. All the results can be
derived in evactly the same way if the measure chosen is F(z | ; = &,z € A), where
A is a finite subset of A:={z; dF(z,2z) >0,V € (x~,2F) N X}, as long as A is not
empty. Hence, A, and B, in equations (6) and (7) are substituted by

n

An= 0 > Azi)g(zi)l(ws = 2,2 € A) — E(A(2i)g(2i) | 2 = T, 2 € A)
B, = ﬁ—lg % Z[al"(zl)"’ + (1 —a)(2) 7 )g(z:)1(2; = T, 2 € A)

7,z € A), and assumptions 2.7 and 2.8 remain the same as long as {z*,...,2M} = A.

The results in theorems 8, 9 and 10 remain unchanged.
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Even when the dF(z;) does not have a finite support, the discontinuity test using
a measure v that integrates over a finite subset of the support of the dF(z;) may be
valid. For example, the same approach as above can be used when the support of dF(z;)
is countable, on when it is continuous but there exists a subset of values z such that
P(z; = z) > 0. Define A={z; dF(z,2) >0,Vz € (z7,2")NX,Pla; =&, 2; = 2) >
0, and P(x; € (x7,27)\{Z}, 2; = 2) > 0}. Define A= {z',...,2m} C A. Aslong as

A+ 0, the procedure and the results hold exactly as in the case above.

3 An application to the effects of maternal smoking
in birth weight

The effects of smoking during the pregnancy, known as “maternal smoking,” on the
birthweight of the child is an important topic of research in the medical literature, both
because birthweight is seen as the primary measure of the newborn’s health and as an
excellent predictor of infant’s survival and development (see Almond et al. (2005) p.
1032), but also because early studies in the effects of smoking in birthweight claimed
impressive effects in the ballpark of 500 grams (see Sexton and Hebel (1984)).

Let the variable C'IG represent the average cigarettes smoked per day by the mother
during pregnancy, BW be the weight of the child at birth, and z represent a set of
d covariates which include detailed information about the mother, the father and the
pregnancy. The interest is to uncover the causal relation between CIG and BW |

which is expressed in the model
BVVZ :m(CIG“Z“qz) +&;. (23)

This relation is identified if m(CIGy,zi,q;) = m(CIG;,z;,0) with probability one.
Otherwise, further measures must be taken to account for the presence of g;, such as
searching for more complete datasets where hopefully ¢; can be observed, searching for
instrumental variables, proxy variables etc.

The effect of maternal smoking in birth weight is an example where experiments
that randomly and directly change the quantities smoked by the mothers cannot be gen-
erated for ethical reasons. Randomized trials in the field try to influence the amounts
smoked indirectly through some kind of propaganda® directed to a randomly selected
part of the sample. A case can be made in favor of the reduced form effect on birth
weight, which consists in that the true parameter of interest is not the effect of smok-
ing on birth weight, but rather the effect of the smoke-related intervention on birth
weight. However, propaganda can be of many different kinds, and may have radically
different effects in different parts of the population depending on its content, way of
transmission and scope. In this case, the effect of one kind of propaganda on birth

weight is not necessarily a good predictor of the effects of other kinds of propaganda,

5The word propaganda will be used here to denote the set of smoke-related interventions that were
randomly provided in such studies, such as informational phone calls, house visits etc.
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and therefore the effects of smoking may constitute a better source of information
to extrapolate between different options of public policy. Additionally, the smoking
rates can be affected not only through public policy, but also through medical rec-
ommendations, which reinforces even further the relevance of knowing the effect of
smoking versus the effect of smoke-related interventions. Moreover, studies that use
propaganda to influence smoking behavior may also affect birthweight through other
means, by providing information or raising health concerns that can make all pregnant
women (including those who did not quit smoking) to change other behaviors. If the
actual direct effect of smoking in birth weight is small although the estimated reduced
form effect is large, then policy and medical attention directed at smoking may have
comparatively less effect than the same resources directed at changing other habits,
such as promoting propaganda for pregnant women to stop drinking, to eat better or
to have more frequent prenatal visits.

According to the Cochrane Review (see Lumley, Chamberlain, Dowswell, Oliver,
Oakley, and Watson (2009)), in randomized trials the smoking cessation interventions
had on average a significant but imprecisely estimated effect on birth weight. On
average 6 out of 100 mothers quit smoking because of the intervention, and the average
reduced-form effect of the intervention is 55 grams, with a 95% confidence interval
between 10 grams and 90 grams, which implies that the effect of smoking cessation on
birth weight is around 915 grams, with a 95% confidence interval between 167 grams
and 1500 grams. Sexton and Hebel (1984), one of the most well-known among such
studies, shows a great effect in smoking cessation (20% people quit smoking because of
the intervention) and a reduced-form effect of 93 grams, with a 95% confidence interval
between 15 and 170 grams, implying an effect of smoking cessation between 77 and 845
grams. These imprecise estimates present an even more ambiguous picture with regard
to the relative importance of smoking cessation and smoke-related interventions.®

Due to the difficulties associated with experimental studies mentioned above, the
literature in the field has focused in non-experimental data sources where large samples
and a wide array of control variables is observed. All these studies rely on an assump-
tion of selection on observables. Therefore, a test of endogeneity without instruments is
more than a convenience, it is a necessity not only because it can help in the detection
of endogeneity, but it can also contribute to validate a certain choice of covariates over
another.

Almond et al. (2005) is, to the author’s knowledge, the most exhaustive analysis

in this question using non-experimental data.” More specifically, they estimate the

5These imprecise estimates seem to be mostly due to small samples. The Cochrane Review (Lumley
et al. (2009)), a systematic review of the field concerning only experimental studies, analyzes 72 trials, which
amount to a total sample size of just over 25,000 observations, with on average around 350 observations

per study.

7Almond et al. (2005) provide a detailed analysis of the costs of LBW using two independent empirical
approaches, each employing a different source of variation on birthweight. The first approach uses variation
of birthweight across twins in order to control for determinants of birthweight that are constant within a
family, such as maternal smoking and gestation period. The second approach, of interest to this application,
uses only singletons and explores variation on birth weight due to maternal smoking, which vary across

31



difference in the birthweight and probability of LBW between women who smoked and
women who did not smoke during pregnancy, using the population of births of single-
tons from Pennsylvania from 1989 to 1991 and controlling for a rich set of covariates.
Almond et al. (2005) directly compare nonsmoking with smoking mothers, disregarding
the actual quantities smoked. They find that the children born of smoking mothers
weigh 200 grams less than those of nonsmoking mothers, with a 95% confidence interval
between 199 and 207 grams. For the case of LBW, they found that children of smoking
mothers are 3.5% more likely to be of LBW than those of nonsmoking mothers, with
a 95% confidence interval between 3.3% and 3.7%.

The remaining of this section will apply the discontinuity test to the full specifica-
tion in Almond et al. (2005), using the same data set as in that paper, which is the
annual, linked birth and infant death micro data produced by the National Center for
Health Statistics (NCHS). This rich data set contains information for every newborn
in Pennsylvania between 1989 and 1991 (488,144 observations, 94,205 smokers) such
as mother’s and father’s demographic characteristics, mother’s behaviors during preg-
nancy, mother’s health history and risk factors, sex of the newborn, birth order of the
newborn and whether the newborn was part of a multiple birth (i.e., whether the new-
born is a singleton). The data also contains relevant information such as mother’s and
father’s age, level of education and race, mother’s marital status, foreign born status,
number of previous live births and number of previous births where the newborn died.
Other information includes maternal risk factors that are believed not to be affected
by pregnancy smoking such as chronic hypertension, cardiac disease, lung disease and
diabetes. Finally, the data has information related to maternal behavior such as num-
ber and timing of prenatal visits, whether the mother drinks and with which frequency,
and number of cigarettes smoked per day.® In the context of the discontinuity test,
CIG =z, BW =y, and the covariates chosen for each specification are denoted z.

The argument for the applicability of the discontinuity test in the case of the effects
of maternal smoking in birthweight depends on two crucial assumptions. The first is
that the effect of smoking in birthweight is continuous. In equation (23), it means that
m is continuous in CIG .

The second crucial assumption is that any unobservable variable correlated with
C1IG conditional on z has a distribution conditional on CIG and z that is discontinuous
in CIG at a certain value of CIG. Since C'IG cannot be negative, a candidate to be
such a threshold is CIG = 0. In more empirical terms, the requirement is that the
mothers that did not smoke during pregnancy have to be discontinuously different with
regard to the unobservable variable from the mothers that smoked, even conditional
on the covariates z.

Though this cannot be confirmed for the unobservable variables ¢, this phenomenon

can be tested for the observable covariates z.” The test would be essentially the same as

families. The authors use both regression adjusted methods and subclassification on the propensity score
to control for potential endogeneity due to family unobservables.

8 For a full list of the variables used, see note 36 of Almond et al. (2005) in p.1064.

9This heuristic evidence is analogous to the evidence provided in the applied Regression Discontinuity
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the discontinuity test, except that it would be performed in a variable z*, s =1,...,d,
instead of in the dependent variable y, and using the rest of the covariates as controls.
No matter which continuous function of z*® is tested in the discontinuity test, if the
distribution of z° conditional on C'IG and the rest of the covariates is continuous, so
should be the function. If some of the z° were found to be discontinuous at C'IG = 0,
this would be understood as evidence that an unobservable correlated with cigarettes
is also discontinuous at CIG = 0.'°

The following figures provide heuristic evidence that the expectation of the observ-
able covariates conditional on CIG is discontinuous at CIG = 0.'' The figures were
cropped at CIG = 40, although the observed CIG goes up to 98. However, CIG = 41
to 98 account for only 0.05% of the full sample, and 0.2% of the mothers that smoked
positive amounts. Table 3 in appendix C shows the number of observations for each
level of CIG . The dots correspond to the averages per C'IG level and the lines show
the 95% confidence interval of the mean per CIG level for low levels of CIG only.'?
Figures 2, 3, 4 and 5 are examples of covariates referring to the mother’s demographic
variables where there is a clear difference in the averages per level of CIG for zero
versus just above zero cigarettes. Figure 2 shows the mother’s education in years, with
fairly constant averages of a little below 12 years for 0 < C'IG < 8 , and increasing
one full year of education for CIG = 0. Figure 3 shows the mother’s age, which av-
erages around 25 years old for low-level smoking mothers, and increases to 27 among
the nonsmoking mothers. The marital status shifts from 50% of unmarried low-level
smoking mothers to only 24% of unmarried nonsmoking mothers. The proportion of
black women among the women surveyed has higher variation, but is constantly above
20%, and often closer to 30% for low-level smokers, and is only 14% for the nonsmokers.

The father’s demographic variables present even higher differences for low-level
smoking mothers relative to nonsmoking mothers. The education level, shown in figure
6, changes from below 11 years among the fathers of

children of low-level smoking mothers to 12.6 years for fathers of children of non-
smoking mothers, increasing more than 1.5 years of education. Figure 7 shows that
the average age of the father is at most 25 years old for 0 < C'IG < 10, but increases

to an average of 28 years of age among the fathers of children of nonsmoking mothers.

literature that covariates are continuous at the threshold, suggesting that unobservables are also continuous
at the threshold. See Lee (2008) for an example.

0This is true unless z° is a proxy for such a variable, in which case there is no identification issue in the
first place.

171t is not possible to guarantee from these figures that any of the variables below would still be discon-
tinuous conditional on the rest of the covariates. However, if the figures below are taken as evidence of
discontinuities in the expectation of some of the z* conditional on C'IG, then at least one of the z° has to
be discontinuous in CIG conditional on the rest of the covariates.

2The confidence intervals are shown only for small levels of cigarettes for exposition reasons. The
confidence intervals become larger for CIG > 20, which correspond to only 1% of the full sample (6% of the
sample of smokers). As suggested by table 3 of appendix C, the confidence intervals increase as a reflection
of the smaller sample sizes per CIG value. For values of CIG between 26 and 29, 31 and 34 and 36 and
39, sample size are extremely small per level of CIG | rarely above 10 and never above 15 observations.
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Mother’s demographic characteristics.

Figure 2: Education (years)

Figure 3: Age
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Figure 7: Age
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Figures 2 to 7: Dots represent average values referring to the pregnant mothers for each level of daily

cigarette consumption. The vertical lines represent the 95% confidence interval of the mean.
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The behavioral characteristics of the mother also seem to change significantly when

comparing low-level smoking mothers to nonsmoking mothers.

Around 10% of the

Mother’s behavior variables.

Figure 8: Consumed alcohol

——
.

Figure 9: Number of prenatal visits

Figures 8 and 9: Dots represent average values among pregnant mothers for each level of daily

cigarette consumption. The vertical lines represent the 95% confidence interval of the mean.

mothers consumed alcohol during pregnancy for all smoking levels until CIG=20, while

only 2% of the nonsmoking mothers did the same.

Low-level smoking mothers on

average visited doctors for prenatal visits around 10 times, which is one less time than

in the case of nonsmoking mothers.

Although the behavior of mothers seem to be discontinuously different at zero

Mother’s behavior covariates.

Figure 10: Gender of Newborn
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Figure 11: Order of Newborn
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Figures 10 and 11: Dots represent average values among pregnant mothers for each level of daily

cigarette consumption. The vertical lines represent the 95% confidence interval of the mean. Order of

Newborn in figure 11 represents the order among live births.
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cigarettes, some contingencies that may have an influence on mother’s behavior during
pregnancy were not found to be discontinuous at zero cigarettes, such as the gender
of the newborn (constant around 50% of males) and the birth order of the newborn
(constant around the average of second birth).

The two outcome variables tested were birthweight and the probability of low birth-
weight (LBW), defined as weight below 2500 grams. However, for simplicity the nota-
tion of the outcome variable in the rest of this section will remain BW. The test was
performed for the dependent variables without the covariates (specification I), and for
the most complete specification provided in Almond et al. (2005).

For the implementation of the test, it is assumed that for CIG; > 0,

E(BW; | CIG;, ) = 7(CIG;) + 2.

This is equivalent to equation (11) with the superscripts “+” omitted, since in this
application Z = 0 is the left boundary point. Though this specification is not as flex-
ible as a fully nonparametric approach, it allows the use of a high number of control
variables, and therefore the immediate comparison with the most complete specifica-
tion of Almond et al. (2005). The test statistic is calculated as in section 2.3.2. The
only step which is not specified in the description is the estimator of E(BW; | CIG;)
and E(z; | CIG;) used in the estimation of 7, though some requirements about this
estimator are made in assumption 2.6 (2). Most kernel based estimators such as the
Nadaraya-Watson or the local polynomial, as well as series estimators satisfy these re-
quirements under roughly the same conditions, but the kernel-based techniques require
one regression per different value of CIG; in the sample, while the series estimators
requires only one regression for the estimation of all the values required in the es-
timation of 7. A series estimator was therefore preferred over the kernel-based for
practical reasons. The basis chosen is that of cubic B-splines, which have better lo-
cal properties than classic global bases such as Fourier or power series. The knots of
the spline basis were chosen to be 0.5,3.5,6.5,9.5,12.5,17.5,27.5,37.5,47.5,...,107.5.
Many other combinations of knots were attempted with virtually identical results. Let
the p;(CIG;) represent the j-th element in the basis evaluated at CIG; , and let p be
the matrix whose rows are (p1 (CIG;)1(CIG; > 0),...,pn(CIG;)1(CIG; > 0)), where
N is the number of elements of the basis used in the regression. Let P;‘ = p(pTp)~1tpT
and It be the n x n diagonal matrix with {1(CIG; > 0),...,1(CIG, > 0)} in the

diagonal. The estimator of the variance matrix of 4 is given by

V,=n"(Z"(I" - PH2)7 Z" (1t - PHS(It - P z(Z" (1T - P Z)7,

where nt = Y7, 1(CIG; > 0). V, is the Eicker-White covariance matrix of an OLS
regression of (It — PF)Y on (I — Pf)Z. This can be useful if the researcher intends
to estimate the standard errors using theorem 6 (see Li (2000) for the asymptotic

behavior of the estimator of the parametric term in the partially linear model using

series plugins). This paper reports standard errors acquired instead by a bootstrap
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approach, which will be described later. An important restriction on the covariate list
is that Z does not contain a constant term, because as can be seen in equation (13),
in the partially linear models the constant term cannot be identified separately from
T(CIG).

For the local polynomial step, as described in equation (15), the choice parameters
are the kernel, the degree of the polynomial, and the bandwidth size. The kernel
used is epanechnikov (rectangular and triangular kernels were also tested) and the
polynomial degree is 3, although degrees 2 and 1 were also tested with very similar
results. The bandwidth was chosen by a cross-validation technique, which consisted
in the estimation of 7(CIG) for CIG = 1,...,20 by a local polynomial regression
of the BW; — zI'4 using only observations for which CIG; > 0, and CIG; # CIG,
for each bandwidth h = 2,3, ..., 20, which yielded the values 7,(CIG), h = 1,...,20,
CIG =1,...,20. The chosen h* is the one that satisfies

.....

The bandwidth that performed the best was h = 2, corresponding to roughly 1.5% of
the observations such that CIC > 0, followed by h = 3, h = 10, h = 11 and h = 6,
corresponding to 5%, 26%, 60% and 19% of the observations such that CIG > 0
respectively.

Tables 1 and 2 show the discontinuity test results for the birth weight and the
probability of LBW equations. As stated previously, the standard errors were estimated
by a bootstrap approach, which consisted in drawing 500 bootstrap samples of the data,
and calculating 6 for each of those independently, exactly in the same way described
above. The resulting standard deviations of the 500 values of 6 are the standard errors
reported in tables 1 and 2.

The results in table 1 present strong evidence of endogeneity for all specifications of
birth weight and for all bandwidths. Table 2 indicates only weak evidence of endogene-
ity for the main specification of the probability of LBW and the preferred bandwidths
(h =2 and h = 3), and no evidence of endogeneity for larger bandwidths. For h = 2
and h = 3, specification II is rejected with 95% confidence but not rejected with 99%
of confidence, and for all other bandwidths specification II is not rejected even with
90% confidence.
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Table 1: Table 2:
Birthweight P(Birthweight<2500g)

C.V. I I | C.V. I I
h=2 7 196*%*  121*%* | h=2 6 -0.043**  -0.016*
(1.5%) (SE(B)) (14) (14) | (1.5%) (SE(8)) (0.007)  (0.007)
h=3 ) 7 194%%  121%*% | h=3 ) 6 -0.043%*%  -0.016*
(5%) (SE(B)) (17)  (17) (5%) (SE()) (0.008)  (0.008)
h=6 . 7 199%*%  145% h=6 . 6 -0.041*  -0.019
(19%) (SE(6)) (52) (62) | (19%) (SE(8)) (0.017)  (0.027)
h=10 5 6 178%*  140** | h=10 5 6 -0.037%%  -0.023
(26%) (SE(0)) (30)  (32) | (26%) (SE(0)) (0.014)  (0.015)
h=11 A 6 176%*  122%* | h=11 A 6 -0.040%*  -0.022
(60%) (SE(6)) (25) (25) | (60%) (SE(6)) (0.012)  (0.013)

Tables 1 and 2: In the first column, A is the bandwidth, and the percentage in parenthesis is the proportion

of the sample of smokers used in the local polynomial regression for each value of the bandwidth. C.V.

shows the position of the bandwidth in the cross-validation results. 6 is the discontinuity test statistic. The

standard errors are the result of a bootstrap of the original sample with 200 repetitions. Specification I has

no covariates and II is the same specification used in Almond et al. (2005) (see footnote 8).

WKk

means

that the discontinuity test rejects at the 99% confidence level, “*” means that the test rejects at the 95%
confidence level, but not at the 99% confidence level.

Figures 12 and 13 depict the main results from tables 1 and 2, respectively. Figure

12 shows the average birth weight for each level of CIG (black dots) and two other

marks at zero cigarettes. The hollow dot and the “x” point represent the predicted

birth weight at zero cigarettes using specification I and II respectively. It can be seen

in figure 12 that the covariates of specification II help reduce the discontinuity of actual

birthweight and predicted birthweight, but not enough for it to vanish.

Figure 13, which depicts the results for the probability of LBW analogously to 12,

shows that the covariates of specification IT help reduce the discontinuity of actual LBW

and predicted LBW to a third of its original value. The results for the probability of

LBW show that the discontinuity is small, so that if there is endogeneity in specification

II, it is of low importance for LBW.
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Figure 12: Birth Weight, Specification II
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Figure 13: Probability of Low BW, Specification 11
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The solid dots in figure 12 represent average birth weights among the pregnant mothers for each level of
daily cigarette consumption. The hollow dot is the local polynomial predictor of the birth weight at zero
cigarettes. The point “x” is the predicted birth weight after the effect of the covariates is removed. The
solid and hollow dots, as well as the “x” point in figure 13 represent the same as in figure 12, but for the
incidence of LBW (birth weight <2500 g) instead of the birth weight itself. In both cases, 6 is the difference
between the x and the solid points at CIG = 0.



4 Conclusion

This paper develops a nonparametric test of endogeneity which does not require in-
strumental variables. The two crucial assumptions for the applicability of the test are
that the distribution of the unobservable conditional on the observable variables be
discontinuous in the running variable at a given threshold, and that the structural
equation relating the dependent variable and the observables be continuous in the run-
ning variable. The test consists in estimating such discontinuities, averaging them over
a given distribution of the covariates, and then testing for whether this average is equal
to zero.

The paper provides test statistics and asymptotic distributions for the average
of the discontinuities interacted with arbitrary functions of the covariates, averaged
over the distribution of the covariates at the threshold. This type of test eliminates
one step in the estimation process. The estimation of the discontinuities is done for
three different specifications of the conditional expectation of the dependent variable
given the covariates when the running variable is different than the threshold. The
first assumes that it is linear, the second that it is partially linear (nonparametric in
the running variable and additively linear in the covariates), and the third that it is
fully nonparametric, although with certain smoothness conditions. The test statistic is
shown to converge at /n rates in the linear case, and at the rate v/nh in the partially
linear and nonparametric cases. This rate is the same as that of a nonparametric
regression with a single right-hand side variable, and this is achieved in spite of the
presence of the covariates due to the aggregation over the measure of the covariates.

The estimation has to be sensible to the boundary nature of the threshold, even
when it is not in fact a boundary point in the domain of the running variable. This
is the case because this paper allows for the functional forms, as well as conditional
distribution functions, variances etc., to be different at the right and left sides of
the threshold. Hence, the threshold is treated as a boundary point in all cases, and
estimation has to be mindful of boundary biases. The nonparametric estimators use the
local polynomial method, known for its automatic boundary carpentry and low bias.
In that regard this paper is in accordance with the regression discontinuity literature,
which uses the same kind of estimator. However that literature also assumes that the
probability densities are continuous across the threshold, while this paper allows for
differences at the different sides of the threshold, which requires different estimators
for the variance of the estimator.

The test was applied to the estimation of the effects of maternal smoking in both
birth weight and the probability of low birthweight, an example where many covariates
are shown to be discontinuous at the threshold of zero cigarettes. The unobservable, if
existent, is assumed to be discontinuous at zero cigarettes conditional on the covariates,
and the effect of smoking on birthweight and on the probability of LBW is assumed to
be continuous. Using the same data set as in Almond et al. (2005), the discontinuity
test was performed on and their most complete specification. For the case of birth

weight, the test shows strong evidence of endogeneity for all bandwidths. For the
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probability of LBW the evidence of endogeneity is weak, only existent at the 95%
confidence level for the optimal bandwidth according to the cross-validation technique,
and not existent for all the other bandwidths or when the confidence level is 99%.
One of the two crucial assumptions of the discontinuity test of endogeneity may not
be valid in the case of maternal smoking: that the effect of smoking on birth weight
or in the probability of LBW is continuous at zero cigarettes. If that is the case, then
one cannot disentangle the part of the discontinuity found in the test that is due to
the discontinuous treatment effect and the part that is due to the endogeneity. In the
results shown in this paper, the discontinuities become smaller when more covariates
are added, which may be an indication that at least part of the discontinuities are due
to endogeneity, hence suggesting the necessity of even better data sets or of the search

for quasi-experimental variations of smoking.
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A  Proof of theorems

A.1 Identification theorems

A.1.1 Theorem 1:
The proof requires the following assumption:

Assumption A.1l.
lim / E(y|z,2 q) dF(q|z,2) = / E(y|7,2 )l dF(g] 7,2), ond

li%r}/E(y\x,z,q) dF(q|z,z) = /]E(y|i,z,q) li%r}dF(q|x,z)‘

Proof. First, observe that assumption 2.1 (3) assures that E(y | © = 7, 2), limy |5 E(y | z, 2)
and lim,;z E(y | x, z) are identified for all z € Zz, unless Z is a boundary point, in which
case either the right or left limit will not be identified. However, item (2) assures A(z)
will be identified, because when one of its parts is not identified, « is such that the
part is null. Identification of 8 follows because G is known and v is identified.

From equation (1),

0:/G([/E(y|x:a‘:,z,q)dF(q\x:;i,z)—

_agfg/E(ym,z,q)dF(qm,z) — (1—a)E%/E(y\x,z,q)dF(q|x,z)],z>du(z)
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If & is exogenous, [ E(y |z, 2 q)dP(q|3,2) = E(y |z, 2) [ dF(q]z,2) = E(y| 2, 2),
hence § = [ G ([E(y|z =z, 2) — alim, | ; E(y |z, 2) — (1 — @) limg15 E(y | 2, 2)], 2) dv(2).
From assumption 2.1 (1), E(y |z, 2) is continuous, and therefore § = [ G (0,z) dv(z) =
0. O

A.1.2 Proof of Remark 2.2.5:

f continuous in z at T implies that Ve > 0, 3§ > 0 such that |zt — Z| < § =
|f(x7ZaQ75) - f(i',ZJ],E)‘ <€ Henceu

|E(y | #,2,q) —E(y | x = Z,2,9)| Z(/f(w,Z»q,E)dF(Elaz,q)
—/f(sE,z,q,s)dF(a|x:£,z7q)‘
-| [t s00) - r@a.enar
/|fmzq, F(Z,2,q.¢)| dF () < €

A.2 Estimation in the linear case

A.2.1 Theorem 2:

First, observe that

va St—ot ] [ Ay, X, XT (x> 2)] 0
Tl | T 0 (LS X XT1(a; < 7))

X € Z‘>:E)
v Z{Xel (x; < T)

Assumptions 2.4 (1), assumption 2.5 (3), the LLN and the continuous mapping theorem
guarantee that [2 S0, X; XT1(z; > )] A E(X; X 1(z; > z))~! and
(L5 XX 1(z; < 7)] A E(X;X!1(z; < 7))~!. Since the ¢; are functions of y;,

x; and z;, they are i.i.d. Moreover,

COU(Xi Eil(l‘i > i‘),X,’ 611( < Zf)) ]E(X'ei l(dfz' > f))E(XZ eil(cci < Q_L'))
— E(X, E(e; | Xi) 1(z: > 2))E(Xi E(e; | Xi) 1(z; < 2)) = 0.

Therefore, assumptions 2.4 (1) and 2.5 (2) and the vector CLT imply that

X; € Z‘>’i’) d
Vo Z{Xe, (x; < T) -

i]\/ 0 9 E(XleTl(xl > i‘)) 0
o7 0 E(X;XT1(z; < 7)) | )
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Finally, Slutsky’s theorem implies that

5t —ot ] 4 0 E(X; XT1(z; > 7)) 0 o
\/ﬁ{ 55 } *Nq 0 }"’2{ 0 E(Xi X[ 1(z; < 7)) } )

By the continuous mapping theorem,

Via, = (ay/n(d* — %) + (1 - a)vn(6~ —57)) S N(0,v),
where
v=0"(E(X; X[ 1(z; > 7)) + (1 — a)?c’E(X; X 1(z; < 2))7').

By assumption 2.4 item (1), assumption 2.5 item (1) and the strong LLN, E(g(z;) |
;=) L E(g(z) | 2 = &) and B(g(zi)z | 2 = 7) 5 E(g(2)zi | @ = %), and since

the limits are scalar, the convergence holds for the vector. By Slutsky’s theorem,
VB, % N0, Vp).

It is easy to establish the joint convergence of A,, and B,, with the same arguments

as above. Observe that since (3% — d%) and (5~ — 67) use only data for which z; # Z,

Cov(dn B) = E (2 (MG = 7) ~ 0)fF g(z)21 (e = 7))

x

E (a6t —0H) +(1—a)(6=07)) =0 (24)

because the weighted least squares estimators 6 and §~ are unbiased. Equation (24)

and the continuous mapping theorem imply that
V(0 —0) = /nA, — vnBn % N(0,Va + Vp).

A.2.2 Theorem 4

The convergence of P (\/ﬁvi < c)\) to A as n — oo under Hj is a trivial consequence
B
of theorem 3. Under Hq,

. \/ﬁé R 0_0 _C)\(\/VB*\/VB)> exv'Va _ 0
Vs VVa+Vs VVa+ Vs VVa+ Vg VVa+Vs

From theorem 3 and the continuous mapping theorem, 4/ Ve — Vg 2 0, and there-
(1)\(\/ VB—VVB) d
“,

fore, by the same theorem and Slutsky’s theorem, /n ( 60 > - AZES T

Va+Vp

N(0,1). Since —\/ﬁ\/ﬁ — —oo0 asn — 00, it is easy to prove that P(\/ﬁ (\/%)—
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CA< - VB>> vV . /m_ 0 —lasn— o0
Va+Vp Va+Vp VVa+Vp ’

Under the alternatives 6/4/n, the same manipulations as above yield

P Vn

i <ecyn | =P \/E(QA_Q/\/ﬁ)_C/\<\/V7B_\/E><CM/V7_(9
N VVa + Vs VVatVe  VVatVs

A ex(VVe—vVs
and since /n (3;21@) - A< V,:—VB B> 2, N(0,1), the result of the theorem follows

immediately.

A.3 Estimation in the partially linear case

A.3.1 Theorem 5:

From equation (15), equation (12) can be rewritten as

B, =B+ B}

By, = E(g(z) | @ = 7) (alFH (@)™ = rF (@)™ + (1 - a)[F~ (2)"™ = 7~ (2)"™))

B2 = a[(Bg(2)z |2 = )T = Blg(z) |2 = 2) ] (XTWHX)IXTWHZ) (47 —91)] +
+(1 = o) [(B(g(z:)2i | @i = 2)T= Eg(z) |2 = 2) ] (XTW-X) ' XTW=2Z) (47 —47)].

It will be shown that B converges at the rate vnh and (A, + B?) converges at
the rate \/n, and therefore Var(vnhB2) = O(h). The consequence of the disparity
between the rates is that only the variance of B} will affect the asymptotic variance
of 6. However, in order to study the influence of B2 in small samples, the results will
consider variance terms that are at least O(h), which is the same to say that any term
which is o(h) will be considered irrelevant in the variance calculations and not taken
into account.

For the distribution of B}, observe that 7+ (z)™ and 7~ (z)"™ are local polynomial
regressions of y; — 2y and y; — 2]y~ on z; using only observations for which x; > =
and z; < T respectively. These are standard local polynomial regressions of the kind
used in Porter (2003) for the estimation of the sides of the discontinuity in the regression
discontinuity design. There is one crucial difference: Porter assumes that the running
variable z; has a density function in a neighborhood of z. Since here P(z; = Z) > 0,
this is no longer possible. However, by assumption 2.6 (3) the distribution function

F(z | x # ) has a density function in [z7,Z) N (Z,zT], and it is equal to

4 Py

Let the random variables Z; be defined in [Z,00) N X with density function ¢(x)* =
o(x) in (z,27] and $(Z)* = lim, |z p(z). Then P(i] = 2;1(x; > z)) = 1. Define
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analogously. Though in theorem 3 Porter assumes that the x; have a density function
in an open set ANV 3 7, all the equations use either z;1(z; > Z) or z;1(z; < ), and
the results only require that x;1(xz; > Z) has a density in [Z,27) and that z;1(z; < Z)
has a density in (z7,z]. Hence, theorem 3 in Porter (2003) can be applied to & and
Z;, and the results will be valid to x;1(z; > Z) and z;1(x; < Z) respectively with
probability one. Assumption 2.6 (4)-(7) complete the requirements of the theorem.
Let n:= > _;_; 1(x; # Z), Porter shows that

[ @) @) B g 0 vt oo
hn( @) - (@) - B, )HN({ 0 H oV D v

where if p is odd,

+(p+1)(j)lim

~ 7— _
By =h"t! (p+1)! 1 Ag ' Xpi1 +o(PY) = B

and if p is even,

Bt =nt? {
T+ (+2) (i,)li
(p+2)!

7+ (@+1) (F)lim & (z 1 B

+++2) (j)li
(p+2)!

} AT Y1 + o) = BY

and analogously for B, . Observe that E(c2(x;,2) | #; = z, x; # Z) = 0(x) for all x

in (z,2%). Hence, if p is even or odd,

- Var(e | =z) _o2(7)!
[ R o)

and analogously for V. By assumption 2.4 (1) and the LLN, 7/n £ P(z; # %) > 0,
and by the Continuous Mapping theorem and Slutsky’s theorem,

M( i*(x)l?m:#(a:)l—l%‘: )ﬂNq 8 }{ VO+ Voi D )

Also, by assumption 2.4 item (1), assumption 2.5 item (1) and the LLN, E(g(z;) |
z; =) & E(g(z) | zi = Z). Hence, Slutsky’s theorem and the continuous mapping

theorem imply

Vnh(BL - B,) % N(OJE(g(zi) |2 = 2)2 [2VF + (1 - a)2V] )
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For determining the asymptotic distribution of B2 + A,,, denote

b=« [E(g(zi)zi |z = )T —RB(g(2) | 2 = 7) a,ﬂ )
by = (1—a) [E(g(z)z |2 = )7 — B(g(z) |21 = 7) ay |,

then
Bi4+ A, =b(A" =) 40,3 =)+ An = [b) bf 1][’?7J-

First, observe that assumptions 2.6 (3) and (6)-(8) and Theorem 3 in Porter (2003)
guarantee that aff % E(z | 2; = 2)! and a; & E(z; | #; = £)!. By assumption 2.4
item (1), assumption 2.6 item (1) and the LLN, E(g(z) | 2; = &) 2 E(g(z) | 2 = 7),
and E(g(z)z | i = ) 2 E(g(zi)z | @i = &). Hence, by Slutsky’s theorem,
LT b7 1] 5 [@CT (1 —a)CT  1]. From assumption 2.6 (2) and Slutsky’s the-

orem,

0 Vi 0 0
V(B2 +A) S oCT (1-a)c” 1N |0 || 0 Vr o0
0 0 0 Va

~N(0,2CTVIC + (1 - a)?)CTVC + Va) . (27)

Since \/E(B,QL + An) 2, 0, Slutsky’s theorem guarantees the joint convergence
of Vnh(B} — B,) and vnh(B2 + A,). The only remaining task is to calculate the
covariance nh Cov(BL — B,,, B2 + A,) up to the O(h) level. This result requires that
one return to the proof of theorem 3 in Porter (2003), p. 44., and refer to equations

(17) to (22) in that paper. B! can be rewritten as

19 22
Vnh(B), = Bn) =¢] |aDny > Ei+(1—a)D,_ Y B,
s=17 s=20

where Ej is the numerator in equation (s) in p.44 in Porter (2003), the notation trans-

lates here as

1 -~ ~ -
di = 1(z; > 7), Zi =+ X, Dy = (n ' XTWTX)™ 1 B, =B},
. 1 .
y =1 (2;) - T (z)t - THl)(f)hm(xi —I)— - — HTH”)(E)]““(%— —z)P + ¢,

pi (@) =7t (@) = |7 @+ T O@) M (@ - 2) -+ ST (@) @ - 2)
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and the terms with the “-” sign are defined analogously. Hence,

19

1
—nhccov(B By, B+ A,) =|a ) T(Cov( D, E,,vn(B2 + A,))
s=17

+(1-«a Z —(Cov (eI'D,_E,,vn(B%+ A,))
s= 20
We will deal with the first term, for s = 17,18 and 19. The second term, for s = 20, 21
and 22 is analogous.
—Cov(el' D, E,,vn(B% + A,)) =

—Cov(eT' D, E,,v/nB2) + —=Couv(el' D, E,, v/nA,)

\/E \/E \/E

A, is composed exclusively by observations for which z; = Z, while D, E; is composed
exclusively by observations for which x; > Z. They are therefore independent, and since
E(4,) = 0, ﬁ@ov(e{Dn_i_Es, VnA,) =0. B2 =bf(AT —4") +b,(5 —77). The
term b, (¥~ —~7) is composed exclusively of observations for which z; = Z and z; > .
It is therefore independent of D, F,, and ﬁ@ov(elTDnJrEg, —V/n(dT —v7)) = 0.
The term Eg is not random, and therefore, ﬁ(Cov(elTDTHEW7 b (7*’ — 7+)) =0.

For the term FE1g, we will use Holder’s inequality:

1
—Cov(e] Dny Ers, b V(3" — 1)) = E(ef Dyt E1sb V(3 —41))

Vh

— E(ef Dy Erg)E(b) V(31 —~T))

<E(( Dny Erg)®) PE(n(by (57 —~%))*)'?
E(lef Dny Ers)E(10) V(51 —~7)))

Porter shows that Var (el D,,, E1g) = o(h~+1) and from assumption 2.6 (2), E(n(b} (5 —
7*))?)/2 is uniformly bounded. Hence, \}(Cov(efDnJrEl& by/n(AT —~7)) = o(1).

The only remaining term is (Cov(e1 Dyy E17,b5/n(3T —~T)). Tt is necessary to
have a better understanding of 7*. bt (3t =) =022 2T (Y — Zoyt), and

for observations such that z; > Z,

3

Uiy — 2yt =vi— T =) 1wy > B) Ty — 2 7h)

[

Mi&

=7 (@) + e — ) Lay > @) T () + ¢5)

1

<.
Il

Let Tt = [TJr 1(z; > )] the n x n matrix with entry T; ;1(z; > Z,z; > Z) in line ¢,
column j, 7+ = (7% (21),..., 7% (2,))7, and P = b} (Z1Z,)~1ZT. Then b} (3 —
yt) = PF(It = T*)(r" +¢), where IT = Diag{1(z1 > Z),...,1(X, > T)}. Also,

e1D, E17 = V/nhP; e. Hence, since it can be easily shown that E(ﬁelTDm_En) =
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o(1) and since b, /n(4+ —~1)) is uniformly bounded,

= Con(e] Dy B BEVR(T = 7%) = nE(PFe(+ = )TT)
(Pre)bf (AT =T = (Ple) Gt — D)o = Plre(rtT + ") (I —TH)"PIT

= E((P )b+(ﬁ —9) =EPF et - THTPST)

where €2 = Diag{e?,...,e2}. Define E(e? | X) = Diag{E(é? | x; = x1),...,E(€? |
z; = x,)} and E(e2 | X) = Diag{E(¢? | 2; = 21},...,E( | ; = x,))T. We can then
rewrite (I — TT)T P as

PI(It —1he =i (ZTZ) ' 27 (1T = T (It — TT)é
= by (Z1Z4)7 [ZT62 —E(Z | X)Te¢ = ZTE(¢’ | X) +E(Z | X)TE(¢® | X)
—(B(Z | X)-E(Z | X))"e = ZT(B(* | X) —E(Z | X))
+(EB(Z | X)—E(Z | X))"B(€ | X) +E(Z | X)(B(* | X) —E(€* | X))|.

Hence

nPr (It —1H)'PH = [P+ 7 - PfEE(Z | X) - PE(E |1 X)Z
~ -1

+1r (2 ZIZ+ +T
PFE(e |X)IE(Z|X)} =) T4,

11 =T
|Un| < ”;hk<xhx)1xz>o ngp’Ez | ;) — E(zF | =:)| |65
11 P R
+ ” ; Ek (x - x) 1(x; > 0) X2 SZ:;sgp ‘E(ef | ;) fE(QZ | )| [0}]
1 =1 /a;—7 - . d )
+ - ; Ek ( lh 1(z; > 0)X; stl}p ’E(ef | ;) ;sgp ‘E(zl | z;) —E(z | z;)| |65
11 (a,— 7 d A
+= ; k(T ) 1 > 0)XE(= | 2,) ;S%p [B(e | @) —E( | )| b3
Because the terms with the kernels can easily be shown to be bounded, sup; ||E(e? | ;)
is asymptotically bounded, because sup; szzl 1(z; > ) Tfj 2 —E(e | 2i)|| = op(1),

and the other terms are o,(1) by assumption 2.6 (2), U,, = 0p(1).
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Finally, again by assumption 2.6 (2),

AV
(H) 2, Var(z | ;)

n

= nP (It T+)TP+T 2 (B2 | 2 = T) — B(2 | 2 = T) B (252 | i = B)Y) CF

=aCT(X.()) e (@)

Therefore,

a Z (Cov (eI D, Ey,vn(B2 + A,)) — o2 CH (2, (2) ) Le,e (7))

sl?

and the result for s = 20,21 and 22 is analogous.

A.3.2 Theorem 6:

The convergence of V follows from observing that aC, = b} and (1 — a)C_ = b,
and its convergence is established in the previous section. Theorem 4 in Porter (2003)
guarantees the convergence of VT and V™, as long as 6%(z)'™* — ¢2(z)"™* and
(z)ims — ¢(z)ims as n — oco. The latter is guaranteed by item (3) in assumtpion

«_n

2.6. We show the former for s = “+”, the result for s = is analogous.

E((y; — 2541)? |2 = 2)t =T (XTWs+ X)L XTW*R* (28)
=l XTWHX) L XTWTR*
— I XTWHX) I XTWH (R — RY) (29)

where Rt = (R, ..., R))T, R = (y;— 2] y+)?. We begin by showing that the second

term is 0,(1). Notice that

Let

U =l (XTWHR) Y 1 > 2)k (

0% = T (XTWHX) 3 1 > )k (T (g - 2Tl

i=1

Then the second term in (28) is

e (XTWHX) ' XTWHRT —RY) = (UT+U")(3" —4")

o1



From equation (15) and the proof of theorem 5, it’s easy to see that
Ut+0t L9 (T (@)Y E(z | 2 = f)l

and since 47 — 4+ £ 0 by assumption 2.6 item (2), the second term in (28) is 0,(1).

The first term in (28) is a local polynomial regression of (y; — 21 v7)? on z; at
Z. Hence, from assumption 2.6 items (2)-(7) and theorem 4.1 in Ruppert and Wand
(1994),

T(XTWHX)IXTWHRY L limE(y; — 25y7)? | 2 = 2) = limE(e2 | z; = x) = o?(2)".

z|T zlZ

The proof for the convergence of ¢é,.2 (7)™ is analogous. It is only necessary to

observe that
E(zi(yi — 27%)? | @) — Bz | @) E((ys — 2v")? | 23) = E(zi€] | @) — B(zi | )E (€] | a3).

A.3.3 Theorem 7:

Observe that

é é—H—Bn C)\<\/]7n_\/W) \/TEBn \/%9
P mmm :P<m< VVu )‘ N >”_Wn>'

From theorem 6 and the continuous mapping theorem, 4/ Vi —VVn 2 0. Moreover,
vnhB,, — 0, since vVnhh?*! — 0. Hence, by theorems 5 and Slutsky’s, vVnh (M) —

VVn
ex(VVn—vVn
A( ars ) + ‘/%” 4, N(0,1). Under Hy, # = 0, and the first result follows imme-

diately. Under Hy, since h — 0, V,, — o?VF+(1—a)?V-, and therefore — ‘/\/@ — —00,

from which the second result follows.

Under the alternatives 6/v/nh, observe that

ol e :P<m<é—9/\/%—3n>_cx(\/’7n—m) VnhB,

— >c +
NS VP, VP, Vn
+6 = L > b )
_ c\ — .
Ve oV 4 (1—a)2y; Va2Vt + (1 - )25
i 1 _ 1 p , .
and since 6 (W \/a2vi+(1—a)2v;> = 0, by Slutsky’s theorem the third result of

the theorem follows.
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A.4 Estimation in the nonparametric case

A.4.1 Theorem 8:

The proof is similar to the proof of the convergence of the nonparametric term in
the partially linear case. The essence of the argument is that since the support if
dF(z;) is finite, all arguments can be done separately for each possible value of z;.
We begin by deriving the asymptotic distribution of f‘(zm)+. This is a standard local
polynomial regression of the kind used in Porter (2003) for the estimation of one side
of the discontinuity in the regression discontinuity design. There are two differences.
First, I'(2™)" uses only data for which z; = 2. Second, the results in Porter assume
that the variable z; has a density function in a neighborhood of Z. Assumption 2.7
item (1) implies that P(z; = Z | 2, = 2™) > 0, so this is no longer possible. However,

from item (2), the conditional distribution function

TYL)

P($i<$|$i>$,Zi:zm):P(xigm’zizzm)_lp(xig')xazi:z

P(z; >, 2z, = 2™
has a density function in (z,z™), and it is equal to

%P(xi <z, z=2")

Plx; > T, z; = z2™)

Som(x) =

Though theorem 3 in Porter dependens on the existence of a density function in (Z,2),
it is not dependent on the existence of a density function at the discontinuity point z,
as long as the right limit of ¢,,(x) at T exists. From assumption 2.7 item (2), this is

true and
p(x, 2™)*

Plz; >z, 2, =2")

‘Pm(j)l = E?%Spm(x) =

Assumption 2.7 (3)-(6) complete the requirements of Theorem 3 in Porter (2003). Let
b =30 (e > 2)1(z = 2™),

Vhnd (D™ = Bf,) S N (0, VF) (30)
where if p is odd,

BJr — ppti1 f+(

p+1) (:f7 Zm)lim
)!

o T A i (b = B

m,n
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and if p is even,

f+(p+1)(x 2 )lim o'(z, Zm)i B
o _mw{ Gl plazmr | N Tovz = MadoTr)
f+(p+2) if,Zm lim ] B
+ v EL %) ) el Ay 'Y pi1 + o(hPT?)
:l-(p+1) 7 ,m)\lim /7— m\|
_ 1,pt+2 f ('T7Z ) (b (J} z ) TA—1 _
- { G et ey | N0 e = AihoYor)
,f+(p+2) (JE’ Zm)llm _
| A T+ o) = B,

Also, observe that E(02(x;,2) | 2 = x, 2 > Z,2; = 2™) = o2,(x) for all z in

(z,z7). Hence, if p is even or odd,

2(7)L
O'(il') TA 1QAO e1

~ o%(z)} _ - = m
V= %eipAo QA er =Pl > 7,2 = 2 )W '

p(z,2m)
=P(z; > 2,2 =2")V}

By assumption 2.4 (1) and the LLN, n} /n & P(z; > Z, z; = 2™), and by the contin-

uous mapping theorem and Slutsky’s theorem,
Vah (D™ =B ,) S N (0, V).

The exact same reasoning applied to f(zm)_ will yield the equivalent result for the
left limit. Moreover, the result in Porter (2003) states the joint convergence of
Vnh (f‘(zm)+ - B;;n) and \ﬁ( (z™)~ B;m) by the Cramer Wold device. The
f(zm)+ are independent for all m, and also independent from the f(zm)_, because they

are built using different parts of the sample, hence by continuous mapping theorem,
avnh (f‘(zm)+ - B$n> + (1 — a)avnh (f(zm)_ - B;Ln> LN (0, Vi +(1—-a)?V,).

Assumption 2.4 (1) and (2), the LLN and Slutsky’s theorem imply that p7 £ po
jointly for all m. By Slutsky’s theorem again, vnh (B, — B,) =

[ av/nh (T(z4)* = Bf,) + (1—a)aF(f() — Br,) ]

d

[ . B =
{ avnh (M) =By ,) + (1 —a)avnh (T(M)~ = By, |
LN (0, [ pt pM | Diag{a®V +(1-aVi} [ pb .. ¥ ] ) =N (0, V)

The joint convergence of vVnhB, and vnhA, is guaranteed by Slutsky’s theorem,
because vVnhA, < 0. In order to derive the small sample covariance, the same con-
siderations as in the correlation between the f‘(zm)+ and the f‘(zm)_ for all m apply

here, namely that they are independent from A, because they are built using differ-
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ent observations. A, may be correlated with 5,. Equation (8) and lemma B.2 imply
that nhE(A,B,) = VAO (hP*1) = hO(hP*1/2), which is of order smaller than h, and

therefore the correlation os negligible. Hence, the small sample variance is
V+hVa+o(h) =V,

which concludes the demonstration.

A.4.2 Theorem 9:

We showed that p2* LN p™. Tt only remains to prove that 62(z, z™)! 2 6%(z,2™)} and
62(z, 2m)! LN o%(z,2™)" for all m. In the beginning of section 8 in the appendix, we
showed that the restriction to the observations such that z; € (Z,z1) and 2z; = 2™ has
a density function in (Z,z1) equal to ¢, (z). We will use Masry (1996)’s result on the
uniform convergence of the multivariate local polynomial. From assumption 2.7 and

Theorem 6 in that article, if z; = 2™,

sup | fH (i, 20) — flai, 2i)
z€(z,xt)

= sup
z€(z,xt)

FHa, 2™) — f(mi,zm)‘ =0 ((l(;gfjl)l/z 4 hp+1>

almost surely. Define D}t = {i; z; > 7 and z; = 2™}, then by the continuous mapping

logn 1/2 1
=0 . + hP a.s.
n

theorem,

sup |(&)" — ¢

ieD;,

Let R=(},...,€e2)7T,

v n

6.2(:%,27%)1 = Pl—i:m,fR + Pl—t_m,a’c(R - R)

The first term is a simple local polynomial regression of the 2 onto z; at Z, and by
theorem 3 in Porter (2003), it is a consistent estimator of lim, z E(e? | z; = z,2; =
2™) = 02(7,2™)}. For the second term, let (v); denote the i-th element of vector v,

and since (P+

\'m.z), 18 different from zero only if i € D}f,

~ XTW: X\ XTW:,.(R— R)
‘P* 7(R—R)‘ = ’ ’
nh nh

(KW X\ T | KW (R - R)
= nh h
~ ~ -1 ~
XTws, X XTWs )
< || 2 temte Do Wam (252 _ 2
( nh ) zi?ﬁ( nh >¢<(€Z) 62)
~ ~ —1 ~
< (ngaf,m T) (ngxs,nt) ~5\2 2
< ||| —— sup || ———— | | sup |(&)" —€;
nh ieD}, h ilieDs,
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v s _
Observe that (%)l =1(i € DY)tk (272) (a0 + a1 (zi — &) + - + ap(z; — T)P).
From assumption 2.7 (5), the kernel has bounded support, and since k is continuous,
there exists k such that |k(u)| < k for all u. Let u™® := sup, {u; k (u) # 0}, define

TP = x + u™**h. Hence,

ngim 1 max = max =
—— | | < 7k llaol + laaf[ai™ = 2[ + - - + [ap || — 2[”]
h ; h
1 max max
< 3k llaol + laru™ h - 4 lay (u™)P| 7]
C
< W for n large enough.
-1
_ ol XTwe, X, )
P s (R= )| < T | == &) — e
= lmz( ) h ( nh ) Zzl;)% (Ez) €

By the convergence of P;" m, xR and the continuous mapping theorem, there exists a

(p+1) x (p+ 1) positive definite matrix M such that for all § > 0,

XTW“’ N\
-M >0 | —0

Hence,
C 1 ~5\2 2
— |Pla(B=B)| < T (|M7!]| +0,(1) sup |(&)° — €
ic D},
1 1/3 3/2
[ (;g173h +hP| 0, (1) as.

From assumption 2.8 (3), hn'/3(logn)~1/3 — oo, and from assumption 2.7 (7), h — 0.
Hence, |P;" "ma (R — R)‘ 2, 0. The proof of the convergence of 62(z, 2™)' is analogous.

A.4.3 Theorem 10:

Analogously to the proof of theorem 7,

9 0—6—B, (\/ -V ) VnhB, Vnhé

Pl vnh—— >c¢\ | =P| vVnh >y — .
\/ﬁ VVn VVn VVn VVn

From theorem 9 and the continuous mapping theorem, 4/ f)n — V'V, Zo. Moreover,

if Vnhh?*tt — 0, VnhB}, ,, — 0 and vVnhB,, , — 0. Hence vnhB, — 0. Hence, by

theorems 8 and Slutsky’s, vVnh (9_\%}8“") - A( e ) + ‘/\/'/7;—8" 4, N(0,1). Under

Hy, 8 = 0, and the first result follows immediately. Under Hy, since h — 0, V,, — V),
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Vnhi

T = —00, from which the second result follows.

and therefore —

Under the alternatives 6/v/nh, observe that

ol e :P<m<é—a/\/%—6n>_cx(\/ﬁ—m) VnhB,

_— +
Yars CA V'Vn V'V, Y

(- 5) 7o 7y

L 2,0, by Slutsky’s theorem the third result of the theorem

and since 6 ( — %)

3

follows.

B Lemmas and definitions
Given how much the term “uniform integrability” is used here (particularly in the proof
of theorem 5), explicitating the definition may be useful.

Definition 2. A sequence of random variables {fn, n = 1} is called uniformly inte-
grable if for every ¢ > 0, there corresponds a § > 0 such that sup,,>q E(|kn| | £, €
A) < & whenever P(A) < ¢ and, in addition, sup,,>q E(|rn|) < co.

Lemma B.1. (Chow and Teicher (1997)) If {tn, n = 1} are random variables with
sup,,>1 E([rn]®) < oo for some s > 0, then the sequence {|k,|", n = 1} is uniformly
integrable for all 0 < r < s.

Lemma B.2. (Billingsley (1995)) If the random variables {|kn|", n > 1} are uniformly

integrable for some r > 0 and K, 4, Kk, then E(|k?) < oo and E(|k,|") — E(|&|P).

C Empirical Appendix
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Data Frequency

CIG Frequency Percent Cumulative
0 393,939 80.70 80.70
1 1,469 0.30 81.00
2 2,986 0.61 81.61
3 3,759 0.77 82.38
4 2,890 0.59 82.98
5 6,838 1.40 84.38
6 2,618 0.54 84.91
7 1,758 0.36 85.27
8 1,644 0.34 85.61
9 335 0.07 85.68

10 32,720 6.70 92.38
11 117 0.02 92.41
12 801 0.16 92.57
13 396 0.08 92.65
14 128 0.03 92.68
15 4,568 0.94 93.61
16 93 0.02 93.63
17 39 0.01 93.64
18 259 0.05 93.69
19 19 0.00 93.70
20 25,333 5.19 98.89
21 49 0.01 98.90
22 30 0.01 98.90
23 39 0.01 98.91
24 36 0.01 98.92
25 417 0.09 99.00
26 7 0.00 99.01
27 3 0.00 99.01
28 12 0.00 99.01
29 2 0.00 99.01
30 2,993 0.61 99.62
31 4 0.00 99.62
32 3 0.00 99.62
33 2 0.00 99.62
34 5 0.00 99.62
35 97 0.02 99.64
36 5 0.00 99.65
37 2 0.00 99.65
38 1 0.00 99.65
39 0 0.00 99.65
40 1,474 0.30 99.95
> 40 254 0.05 100.00
Total 488,144
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