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ABSTRACT. In this paper we study a binary treatment model where the outcome equation is of un-
restricted form, and the selection equation contains multiple unobservables that enter through a non-
parametric random coefficients specification. This specification is flexible because it allows for complex
unobserved heterogeneity of economic agents and non-monotone selection into treatment. Employing
continuous instruments, we establish that both the marginal conditional distributions of Yy and Y7,
the outcome for the untreated, respectively treated, given first stage random coefficients, are identified.
We can thus identify an average treatment effect, conditional on first stage unobservables called U-
CATE, which yields most treatment effects parameters that depend on averages, like ATE and ATT.
Moreover, we provide sharp bounds on the variance, the joint distribution of Yo, Y7 and the distribu-
tion of treatment effects. When the outcomes are continuously distributed, we provide novel and weak
conditions that allow to point identify the conditional distribution of Yp, Y1, given the unobservables.
This allows to derive every treatment effect parameter, e.g. the distribution of treatment effects and
the proportion of individuals who benefit from treatment. Finally, we present estimators together with

their rates of convergence and we evaluate them in a simulation study.
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1. INTRODUCTION

In this paper we consider estimation of treatment effect parameters in the presence of multiple
sources of unobserved heterogeneity in the selection equation. We consider the following treatment

effect model

(1.1) Y =Yy +AD, where A =Y] — YY),

(1.2) D=1{V-ZT-6>0}.

To understand structure and limitations of this model, consider first the outcome equation (1.1):
Here, Yy and A denote scalar random coefficients in a model with a binary endogenous regressor
D. Note that this outcome equation allows for unrestricted heterogeneity, since it is equivalent to a
nonseparable model Y = ¢ (D, U), with U being a (potentially infinite) vector of unobserved variables.
The random coeflicients have an interpretation: Yj is the outcome in the control group or base state,
Y7 the outcome in the treated group, and A = Y] — Yj is the net gain from an ideal exogenous move
of an individual from state 0 to state 1, called the effect of treatment. In our model, both Y and Y;
may be continuous or discrete, and individuals are observed in either of the two states 0 or 1.

In this model, participation in the treatment is endogenous: Individuals select themselves into
treatment, if the net (expected) utility of participating in the treatment is positive, as formalized
in equation (1.2), where 1 denotes the indicator function. This net utility depends on a vector of
continuous instrumental variables (V, Z’) € R which are observable to the econometrician. It also
depends, in a nonseparable fashion, on unobserved parameters (I, 0) € RE which are allowed to vary
across the population. Because the scale of the net utility cannot be identified, we set the coefficient
of V to 1. This can be done if, in the original scale, the coefficient of V is positive'.

To fix ideas, one may think of the instruments as cost factors or elements of information about
the net utility of treatment, and of the random slope coefficients as reflecting the heterogeneous
impact of these factors on net utility. The random intercept can be interpreted as contributions to net
utility that are unobserved to the econometrician such as the anticipated gains of being treated plus
possibly some random term (e.g., the random intercept of the cost function). While we allow for a rich
structure in terms of unobservables that goes significantly beyond the common “scalar unobservable
threshold crossing” model, we remark that at the same time we place potentially restrictive structure

by requiring that this model be linear in parameters, and that the unobservables in the selection

lWe can change V in —V if it is negative.
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equation have the same dimension as the vector of exogenous variables. While we do not literally
believe in an exact linear structure on individual level, we think of a linear index structure as a good
first order approximation. Rather than aiming to capture higher order terms in observable variables,
in this paper we rather want to place emphasis on the dependence of the participation decision on an
unobserved structure in a way that is more in line with structural economics.

The main results in this paper establish that under very general conditions,
(13) fl—",@v ij\F’,@27 j:0717 and E[A‘F:’%@:H]a

are point identified. Moreover, we provide sharp bounds on Var[A] and Fa. Finally when the outcome
is continuous, under additional conditions we show that Var[A[l' = 7,0 = 0], fare and fy, vir.e
are point identified. Let us now elaborate on the individual objects.

The average treatment effect, conditional on first stage preference parameters, E[A|I' = v,0 =
0], abbreviated U-CATE, is similar in spirit to the marginal treatment effect (MTE, see Bjorklund
and Moffitt (1987), and Heckman and Vytlacil (2005)) and shares many of its appealing properties
(policy invariance, interpretation in terms of willingness to pay for people at the margin of indifference,
averages like the average treatment effect (ATE) are straightforwardly derived, etc.).

It differs in as far as instead of depending on a single first stage unobservable, it allows to
condition on the entire vector I', © of heterogenous first stage parameters. Unlike the scalar unob-
servable threshold crossing model, the selection equation neither imply monotonicity nor uniformity
(see Imbens and Angrist (1994) and Heckman and Vytlacil (2005)), as soon as L > 2. It thus allows
for more general heterogeneity patterns in the selection equation. In particular, there may be both
compliers and defiers in the population. Because of this generality, the model (1.2) is suggested in
Heckman and Vytlacil (2005) as a benchmark nonseparable, nonmonotonic model.

The marginals, fy,re/fr,e, j = 0,1, are identified under the same conditions as U-CATE
without appealing to randomized experiments or selection on unobservables. From the marginals we
can recover the unconditional marginals, as well as many other parameters, like the quantile treatment
effect (QTE), see Abadie, Angrist and Imbens (2000) and Chernozhukov and Hansen (2005). We also
derive sharp bounds for (1) the variance of treatment effect (VaTE), (2) the CDF of the two potential
outcomes, and (3) the CDF of treatment effects.?

2Throughout this paper, we will refer to the density and cumulative distribution function (CDF for short) of a vector

A as fa, respectively Fa, we will write fa5(-|b) and Fa p(:|b) the conditional densities and CDF of A given B = b.
3The bounds for (2) stem from the classical bounds of Hoeffding (1940) and Frechet (1951) and are used in Heckman,

Smith and Clements (1997), Manski (1997) and Heckman and Smith (1998). Fan and Park (2010) and Firpo and Ridder
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These bounds are potentially wide, and obtaining point identification under plausible condi-
tions is thus desirable. To point identify the conditional variance of treatment effects (U-CVaTE)
Var[A|l' = v,0 = 6], and thus also the unconditional variance, we impose the additional assumption
that conditional on (I",0), Yy and A are uncorrelated. For the Unobservables Conditioned Distri-
bution of Treatment Effects (U-CDIiTE) fajrv e we impose the stronger assumption that Yy and A
are independent conditional on I',© (which we denote as Yy L AT, 9)4. Conditional independence
assumptions between the gain A and the base state Yy are made in Heckman, Smith and Clements
(1997), Heckman and Clements (1998). However, in these references the independence assumption is
conditional on D, or on observable variables X. In contrast, one attractive feature of the approach
put forward in this paper is that the independence is conditional on the unobservables entering the
selection equation (as well as control variables X'). This makes this assumption more likely to hold,
as we argue in detail in Section 3.4 using extensions of the Roy model. The unobservables in the
selection equation contain information on ex-ante forecast of the gains and cost factors. At this point,
we would only like to point out that this assumption is satisfied, if there exist otherwise unrestricted
mappings g, ¥a such that Yy = (I, 0,Uy), and A = YA (I7,0,Un), with Uy, Ua possibly infinite
dimensional, such that Uy L Ua L (I',0).° This paper therefore shows that allowing for several
sources of unobserved heterogeneity in the selection equation is important, not just in its own right,
but also to allow for more dependence between the gain A and the base state Yy, and still point
identify distributional treatment effect parameters.

Another material assumption is a support condition. When L, the dimension of instruments is
2 or larger, we impose a condition relating the support of the instruments and that of the unobserved
heterogeneity parameters. Though we can deal with instruments with bounded support, it is a type
of “large” support assumption which is required to fully recover the entire distribution of random
(2008) apply the Makarov (1981) bounds to infer bounds on the distribution of treatment effects, Fan and Zhu (2009)
obtain bounds for functionals of the joint distribution of potential outcomes, like inequality measures based on the
distribution of treatment effects. Unlike these references the bounds are obtained in the case of possible selection on
observables and unobservables. As we shall see, the bounds on the distribution of treatment effects are also sharper than

what a direct application of the Makarov bounds would yield because they are averages of Makarov bounds on CDF's of

the marginals conditional on the observables and unobservables of equation (1.2).

“We indeed assume Yy L A|l',©, X with some observables X that are used as control variables. This can make
the independence assumption more likely in the same spirit as the missing at random assumption in the missing data

literature. However, in total, we are able to condition both on X and the unobserved heterogeneity I', ©.

5 This can be interpreted as the fact that the selection equation reveals information about the common endogenous

factors; there is (potentially complicated) remaining heterogeneity in Yy and A, but it is independent of everything else.
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coefficients in the selection equation. When L = 1, we establish that when the variation of our
instruments is small relative to that of the unobserved heterogeneity parameters, we can identify the
average, variance or distribution of effects for the subpopulation defined by the range of the instrument.
This subpopulation is related to the one considered in Angrist, Graddy and Imbens (2000), the LATE
of Imbens and Angrist (1994) being a special case. We suspect that something similar is feasible for
L > 2, but leave it for future research.

Based on these identification results, we provide sample counterparts estimators and obtain
their rates of convergence. It is known from Beran, Feuerverger and Hall (1996), Hoderlein, Klemel&
and Mammen (2010) and Gautier and Kitamura (2009) that the estimation of the distribution of ran-
dom coeflicients in the single equation case with exogenous regressors is an ill-posed inverse problem.
We extend these papers by allowing dependence between the random coefficients and the regressors
and by relaxing the full support assumption on the regressors’. Similar to Imbens and Newey (2009),
we deal with an endogenous regressor D in equation (1.1) through a triangular system with an equation
for the endogenous regressor but we allow for multiple sources of unobserved heterogeneity entering
in a nonseparable fashion in (1.2).

In contrast to all of these references, in our approach the first stage (selection) equation allows
for multiple sources of unobserved heterogeneity, and monotonicity is not imposed. Estimation of
the marginals (Yy + A, IV, 0), (Y5,I7,0) and (I, ©), U-CATE, VaTE or extensions of the QTE, then
relies on solving ill-posed inverse problems that involve the Radon transform. The estimation of the
distribution of treatment effects is a deconvolution problem and features thus in addition another
ill-posed inverse problem (see also Heckman, Smith and Clements (1997) and Heckman and Smith
(1998)). More precisely, in our setup, it consists of a conditional deconvolution problem with unknown
but estimable distributions of (1) the signal plus error and of (2) the error. Evdokimov (2010) considers
conditional deconvolution in nonparametric panel data models with unobserved heterogeneity. In
classical deconvolution, the density of Y{ is known and the characteristic function of Yo+ A is estimated
via the empirical characteristic function which estimates the true characteristic function at rate 1/ V/N.
An extension studied in the statistics literature considers the case where the density of Y is estimable
at rate 1/v/N using a preliminary sample (see, e.g. Neumann (1997), Johannes (2009) and Comte
and Lacour (2011)). In this paper the Fourier transforms of the densities of (Yo + A,IV,0) and

(Yo, IV, ©) with respect to the first argument are estimated solving inverse problems using the same

61 (1.1) D and (Yp, A) are dependent and D has a limited support, in (1.2) we will allow V to have limited support
and (V, Z") and (I, ©) to be dependent but independent given control variables.
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sample. Getting unconditional parameters requires to compute an integral over the conditional effects
weighted by the joint density of the random coefficients.

More generally, this paper touches upon two related sets of literatures. The first is the treat-
ment effect literature, in particular the part that is related to distributional treatment effects, the
second is the random coefficients literature. First, we obtain results for treatment effect parameters
that depend on averages. This is related to the important contributions of LATE (Imbens and An-
grist(1994)) and MTE (Bjorklund and Moffitt (1987), Heckman and Vytlacil (1999, 2005, 2007)). But
we also obtain results on the marginals which are related to the quantile treatment effects of Abadie,
Angrist and Imbens (2002), Chernozhukov and Hansen (2005), and to results by Heckman, Smith and
Clements (1997), Heckman and Smith (1998), Carneiro, Hansen and Heckman (2003), Aakvik, Heck-
man and Vytlacil (2005), Abbring and Heckman (2007) and Fan and Zhu (2009), Fan and Park (2010)
and Firpo and Ridder (2008). Note that the first two results on quantile treatment effect essentially
require a rank invariance assumption, i.e., the individuals retain their ordering both in the treatment
and the control group, an assumption which may only be weakened slightly. This assumption is re-
strictive, and has been criticized, see Heckman, Smith and Clements (1997). Carneiro, Hansen and
Heckman (2003) and Aakvik, Heckman and Vytlacil (2005) consider a factor model approach that
allows to identify the distribution of treatment effects. Because we implicitly recover the distribution
of unobservables in the selection equation, our identification strategy has some similarities with that
of Lewbel (2000) and Lewbel (2007) for the semi-parametric binary choice and endogenous selection
model, but allows to handle multiple sources of unobserved heterogeneity that enter the index in the
selection equation in a nonseparable, linear random coefficients fashion. Moffitt (2008) considers a
model with multiple sources of unobserved heterogeneity in the selection equation, which enter in a
more general form than the linear index structure of equation (1.2), but he imposes monotonicity.
Klein (2010) considers a different specification where a second source of unobserved heterogeneity
enters the scalar unobservable threshold crossing in a nonseparable fashion. The two sources of unob-
served heterogeneity are independent and it is observed that recovering the distribution of unobserved
heterogeneity is a nonlinear inverse problem.

The second related line of work is the literature on nonparametric random coefficients models.
Random coefficients models allow the preference or production parameters to vary across the popula-
tion. In this paper, we specifically allow for different individuals to have different costs and benefits of
treatment. We emphasize the nonparametric aspect of our analysis, which allows to be flexible about

the form of unobserved heterogeneity. References in econometrics include Elbers and Ridder (1982),
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Heckman and Singer (1984), Beran and Hall (1992), Beran, Feuerverger and Hall (1996), Ichimura
and Thompson (1998), Fox and Gandhi (2009), Hoderlein, Klemeld and Mammen (2010), Gautier
and Kitamura (2009) and Gautier and Le Pennec (2011). Fox and Gandhi (2009) study identification
of the distribution of unobserved heterogeneity in Roy models, however they focus on the case of
discretely supported random coefficients, and do not allow for a random intercept in the selection
equation. The last three references focus on continuous random coefficients, and recognize that the
estimation of the density of the latent random coefficients vector is a statistical inverse problem in this
scenario. The literature on the treatment of these problems is extensive in statistics and econometrics,
and we refer to Carrasco, Florens and Renault (2007) for a survey of applications in economics.
This paper is structured as followed. In section 2, we introduce the model formally, and discuss
the basic assumptions. In section 3 we establish the main identification results. We show that under
the baseline assumptions the marginals of each potential outcome are identified, conditional on random
coefficients. This allows to obtain the U-CATE, many other treatment effect parameters that only
depend on averages, and other parameters that solely depend on marginals, like the QTE. Moreover,
we obtain bounds on the variance of treatment effects, on the joint distribution of the two potential
outcomes, and consequently also on the distribution of treatment effects. Finally, in section 3.4,
we introduce two nested assumptions that allow to point identify the variance and the distribution
of treatment effects. We discuss the interpretation of these assumptions and their relevance in the
context of extensions of the Roy model, discuss how they aid in identification, and present again sample
counterparts estimators. In section 4, we present estimators and obtain general rates of convergence
for our estimators. In section 5, we analyze the finite sample behavior through a simulation study,

before an outlook concludes.

2. THE RANDOM COEFFICIENTS MODEL AND ASSUMPTIONS

This section introduces the formal setup in which we analyze the effects of treatment. We
distinguish between two cases. The first one is the case where we have a vector of unobservables, and
is the core innovation in this paper. The second one is the “traditional” case, which features a scalar
unobservable and is displayed largely for comparison. Before we discuss these scenarios in detail, we
start, however, by introducing some crucial pieces of notation and basic probabilistic assumptions.

Throughout this paper, we use uppercase letters for random variables and lowercase for their
realizations. In addition to the observable variables (Y, D, V, Z) which have already been introduced

above, we assume that there might be another observable random vector X on which we may want
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to condition upon when doing inference. Examples include household characteristics like age, gender,
race etc. We do not impose any restriction on the dependence of Yy, Y1, V, Z, I', © on X, besides
regularity conditions which we detail below. As with Y, we denote by Xy and X the random variable
X when D is 0, respectively 1.

The data consists of the realizations of N independent and identically distributed copies of the
population random variables, which we denote as (y;, d;, vi, 2, 2})i=1,...N, where N is the sample size.
We denote by supp (A) or supp (fa), the support of the random vector A and by Int(A) the interior
of a set A.

For mathematical convenience, in the case where L > 2, it is useful to renormalize the index
n (1.2). This could be done in several ways. In this paper, we assume that the (random) coefficient
of V in the original net utility scale has a sign. A more general sufficient condition is presented in
Section 6. Other than being more interpretable, the approach put forward in this paper allows us to
handle the case where V has bounded support, too. As a next step, we divide by ||(Z’,1)]|, and use
the notations S = (Z/,1)'/||(Z',1)||, V = V/||(Z',1)|] and T = (I",©)". Then, (1.2) becomes

(2.1) D=1{ST < V}.
We invoke the following assumptions (when L = 1 simply drop Z and I" below).

Assumption 2.1. (A-1) The conditional distribution of (V, Z,©,T") given X = x is absolutely con-
tinuous with respect to the Lebesgue measure for almost every z in supp (X) ;

(A-2) (V,2)L(Yo,I",©)|X and (V, Z)L(¥1,I,0)[X :

(A-3) 0<P(D=1|X)<1 a.s.;

(A-4) Xo=X1 a.s..

Assumption (A-1) defines the setup of this paper as one with continuous instruments. In

Sections 3.4.3, 4.3.3 and 4.3.4, we strengthen (A-1) to

(A-1’) The conditional distribution of (Yp, Y1,V, Z,0,I") given X = z is absolutely continuous with

respect to the Lebesgue measure for almost every z in supp (X).

It is only in these sections that we consider the particular case where the outcomes are continuous.
The responses Yy and Y7 are allowed to be heterogeneous in a general way and of the form Yy =
Po(X,17,0,Up) and Yy = 1 (X, 17,0, U;) where Uy and Uy account for unobserved heterogeneity and

can be infinite dimensional. Assumption (A-1) also implies an exclusion restriction: conditional on
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X =z, Z is still continuous and has variation. In practice, this is achieved when Z contains variables
that are not in the list of regressors X.

Assumption (A-2) requires the instruments to be independent of the random parameters given
some variables X which are either exogenous or act as control variables. We allow (Yp,I”,©) and
(Y1,17,0) to depend on (V,Z) (unconditional endogeneity of the instruments) as long as we have
at hand control variables X which yield independence. Randomization or pseudorandomization is a
classical tool to generate instrumental variables satisfying this assumption unconditional on X. When

L > 2, Assumption (A-2) can be written in terms of the renormalized instruments as
(V,S) L (Y5,I")|X and (V,S) L (v1,I")|X.

Assumption (A-3) states that for any x € X, there is always a fraction of the population that
participates in treatment, and one that does not. Finally, Assumption (A-4) states that X is not
caused by the treatment. As in Heckman and Vytlacil (2005), this last assumption is not strictly
required for econometric analysis. However, it makes the inferred quantities more interpretable, and
allows to still capture the total effects of D on Y, after conditioning on X.

It is possible, when considering only one unobservable, to consider a model where (1.2) is

replaced by
(2.2) D =1{u(v. 2) > ©}

where p is a CDF and ©|X ~ U(0,1). This is a well established model studied, among others,
in Heckman and Vytlacil (1998, 2005, 2007). We do not present the extension of their results in
terms of variance and distribution of treatment effects in this text in order to make the presentation
more concise. The arguments are closely related to the single unobservable case used for purpose
of comparison below. This one unobservable framework extends the IV framework where general
heterogeneity in response but not in choices is allowed. Additive separability has a strong implication
called “monotonicity” in Imbens and Angrist (1994) and “uniformity” in Heckman and Vytlacil (2005):
conditional on X = z where x belongs to supp(X), for arbitrary (v,z) and (v/,2') in supp(V,Z’),
if the instruments are moved for everyone from (v,z) to (v/,z’) then either for every 6 € [0,1],
1{u(v,z) > 0} > 1{u(v', 2') > 0} or for every 0 € [0,1], 1{p(v,z) > 0} < 1{u(v',2') > 6}, i.e., there
are either no compliers, or no defiers.

This is a substantial restriction regarding heterogeneity in choices of treatment. The case with

more than two sources of unobserved heterogeneity in D that we advocate in this paper allows for
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more general heterogeneity in treatment choices in which uniformity breaks down. To see this, fix
v € supp(V) and take s and s’ in supp <f§|‘~/(-|v)) and denote by Ds(y) = 1{s’y < v}. In Figure 1 we
consider the case where L = 2, v = 0 and thus the origin is where the two lines (defined through their
normal vectors s and s') intersect. For an unobserved heterogeneity parameter v in zone 2, Dy = 0
and Dy = 1 while, for v in zone 4, Dy = 1 and Dy = 0, i.e., parts of the population may be compliers,

parts defiers.

FicURE 1. Non uniformity with more that 2 unobservables

Assumptions (A-1) and (A-2) together yield that the score function satisfies
(2.3) r(v,z) = /_ Oo forx (tz)dt
when L = 1. In the case when L > 2,
(2.4) m(s,v,2) =P(D=1S=5V =v,X =)
(25) = [ 1% < b oy
(2.6 ~[ [ ke )i
(2.7) = [ Rl

Here, R is called the Radon transform (see, e.g., Helgason (1999)), and Ps, = {7 : +'s = u} is the
affine hyperplane of dimension L — 1 defined through the direction s and distance u to the origin,
where s is in an hemisphere H of S~! (here H+ = {z € S’ : z; > 0}), and v € R . The Radon

transform is a bounded operator. When applied to a function f € L'(R%), it yields the integral of
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that function on Pk,

R[[f](s,u) = f(0dp,..(v)

Ps,u
where dp, , is the Lebesgue measure on Ps,. Mathematical results regarding this integral transfor-

mation (including injectivity and an inversion formula involving the adjoint of the Radon transform)
can be found in Natterer (1996) and Helgason (1999). Statistical inverse problems involving this type
of operator on the whole space appear in several problems in tomography (see, e.g., Korostelev and
Tsybakov (1993) and Cavalier (2000, 2001)), but also when one wishes to estimate the distribution
of random coefficients in the linear model with random coefficients (see Beran, Feuerverger and Hall

(1996) and Hoderlein, Klemeld and Mammen (2010)).
Assumption 2.2. When L = 1, for every x € supp (X),

supp (fvx (-|x)) D supp (foix(-|z)).

When L > 2, for every x € supp (X), supp <f§\X('|$)> = H* and for every s € Int(H™"),

/

supp (ff/ngHs, x)) D inf s'y, sup s’y
WESUpp(fﬁX(.Ia:)) ’YGSUPP(ff|X('|I))

Assumption 2.2 is a large support assumption. It implies that the instruments have a large
enough support to apprehend the whole distribution of the unobserved heterogeneity vector. This is
crucial in our setup, as we want to recover the entire multivariate distribution of heterogeneity factors
f, and implicitly use this information to infer the average treatment effect from the conditional
treatment effects. Assumption 2.2 is not required when L = 1 to obtain treatment effect parameters
conditional on the unobserved heterogeneity ©, however, it is required to obtain population averages.
When it is not satisfied, we can only make statements about a particular subpopulation related to the
variation of the instrument, this is similar to the population apprehended by LATE of Imbens and
Angrist (1994), see also Angrist, Grady and Imbens (2000). A similar assumption to Assumption 2.2
is made in Lewbel (2007). Unlike Gautier and Kitamura (2009), Assumption 2.2 still allows one of
the instruments, for instance V', to have bounded support.

Finally, Heckman and Smith (1998) consider the case where in a welfare analysis one would like
to consider treatment effects in terms of some social welfare criterion U which could be more general
than simply the potential outcomes (e.g. consider a more general utility function than income if Y
is income). Within our framework, it is easy to consider the case where the gains are expressed in

terms U(Y1, X) — U(Yp, X), for a known utility function U, by simply replacing everywhere, including
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(1.1), Y, Yo, Y1 by U(Y,X), U(Yo,X), U(Y1,X) and transform the variables y; into U(y;,z;) for
i=1,...,N.

3. IDENTIFICATION OF STRUCTURAL PARAMETERS

This section discusses identification and estimation of the distribution of random coefficients,
Jrv e, the marginal distribution of Y and Y1, respectively, given random coefficients, fy, e, j = 0,1,
and several implied parameters, like U-CATE. Moreover, we show that the joint distribution and the
variance of treatment effects are partially identified, and provide sharp bounds. Finally, we propose
an additional assumption that allows us to point identify the variance and distribution of treatment

effects, and argue that it is likely to be satisfied in many economically relevant cases.

3.1. A Central Result for Identification. We start again by clarifying the notation. In what
follows we denote by g the extension of a function g as 0 outside its domain of definition, e.g. a
regression function where regressors have bounded support outside of this support. Moreover, denote
by R the Radon transform, and by R~! its inverse. We use these objects in the following argument,
which is at the core of our identification strategy.

First, note that Assumptions (A-1) and (A-2) yield that for (v, s’,2) in supp (17, S, X’),
E [qﬁ(Y)D\g =s,V=0X= x} = /Supp . Elp(Y1)1{y's < v}|§ =s,V=0ul= v, X = a:]ff|X(’y|x)d’y
= [ s <ERODIS =¥ =0T = 5 X = 2l )y
= [ 1s < oEGO)IE =X = ol ().

upp(l")

for any function ¢ such that E[|¢(Y1)|] < co. Thus, by arguments from the previous section,

v

(3.1)  E@()DS =5V =X s |

—00

R [E[p(0)[T =+, X = o] gy ()] (s,w)du.

which yields, almost everywhere (a.e. for short) for w in supp ( f‘~/‘ x5 x)),

(32)  QEBY)DIS =5,V = X = a](u) = R [E[p(1)[T = X = alfry (12)] (5, )

. . . . . / /
The right hand side of (3.2) is 0 for u outside [mfwesupp(ffx(m)) s ’y’suP’y€8upp<ff|X('|x)> s 'y] (see
Figure 2). Under Assumption 2.2 we hence know that extending the left hand side of (3.2) as 0 is

innocuous.
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}(-x}

{t: s't=u} / s
=

u (<0]
L

FIGURE 2. Radon transform and extensions

These arguments motivate our first theorem. To avoid tedious repetitions, we mostly display
results for L > 2. The case of a scalar random coefficient is analogous. It can be obtained by leaving

out the inverse of the Radon transform, and adapting the conditioning set accordingly replacing 1%

and T by V and ©.

Theorem 3.1. Consider an arbitrary function ¢ such that E[|¢(Yp)| + |#(Y1)|] < co. Let L > 2,
and assume that Assumptions 2.1 and 2.2 hold. Then, almost surely in z in supp(X), the following

statements are true:

(3.3) frpx (lz) = B! :&vE :D ] (§ 17) - X = xH

(34) E [(p(yl) (f — X = x} frpx () = B! :&JE :¢>(Y)D ](? V) — X = xH

35) E [d)(YO) (f — X = a:}ff‘x(-]a:) — R :&v]E :¢(Y)(D ~1) ’(5 f/) — X = xH .

Discussion of Theorem 3.1: 1. This set of results always equate a structural parameter of
interest on the left hand side to an object that can be estimated from data on the right hand side.
It is instructive for this first result to compare them with the corresponding results that would be

obtained in the scalar unobservable case (L = 1),

(3.6) foix (|z) = Q,E[D|V = -, X =z
(3.7) Elp(1)|© = X = a]foix(z) = OE[p(Y)D|V = -, X = x]
(3.8) E[p(Y0)[© = - X = z]fe|x(-|z) = O.E[p(Y)(D - )|V = -, X = z.

All the results in the scalar unobservable case involve only one unbounded operator: a partial derivative

with respect to v. In contrast, the results in the multiple unobservable case involve in addition a second
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unbounded operator: the inverse of the Radon transform, thus showing the more complex ill-posed
inverse nature of estimation in this setup. More specifically, in the single unobservable case, the
density of the scalar random coefficient ©, conditional on exogenous factors X, is identified by the
derivative of the propensity score with respect to v, see equation (3.6). In contrast, in order to recover
the (conditional) density of [ in the case of multiple unobservables, one has to also apply the inverse
Radon transform to recover a similar object, see equation (3.3). The same remark applies to the
comparison between equations (3.7) and (3.8) in the single unobservable case, and their counterparts
(equations (3.4) and (3.5) respectively) in the multiple unobservable case: it is always the inverse
Radon transform we have to apply. By trivial manipulations, using the identity for ¢, we can recover
a Heckman and Vytlacil (1998, 2005, 2007) type result,

WE[Y|V = X = 1]
T 9EDV =X =4]

E[A]© = -, X = 1]

and can obviously provide an analog in the case of several unobservables. Because of its paramount
importance, we focus on the discussion of this conditional average treatment effect in a separate section
below.

2. Another important point to notice in Theorem 3.1 is the wide range of functions ¢ that
can be used. Using for example ¢(y) = 1{(—o0,y]} allows to obtain (partial) CDFs, while using
@(t) = exp(ity) allows to obtain partial Fourier transforms, which can be employed to recover densities.

This is illustrated in the following corollary.

Corollary 3.1. Let Assumptions 2.1 and 2.2 be true, the marginal distributions of (Yp,T') and (Y7,T)

given X = x are identified. Integrating out f, we obtain

Py (ylr) = /R R {avr@ 1y <ypp|(S.V) = x = w]] (1)dy,

and analogously for Fy; x (y|z).

From these CDFs we can obtain any inequality measure (e.g. the Gini index) for the outcome
in the treated and control group. It is important to notice that these quantities are obtained without
an ideal randomized experiment. As one example, we may obtain the quantile treatment effect (QTE)

of Abadie, Angrist and Imbens (2002), and Chernozhukov and Hansen (2005), which is defined as,
QTE($7 T) = Q(l, €z, T) - Q(O, €z, T)

where q(1,z,7) and ¢(0,z,7) are the quantiles of Fy, x(y|r) and Fy; x(y|z), as well as the related

average effect fol QTE(x,7)dr, by simply inverting the CDFs obtained from Corollary 3.1.
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3. When L = 1, because we do not have R~! in the formulas, Assumption 2.2 is not necessary
and it is possible to consider cases where the support of the instrument V' is not rich enough to provide

identification for every value of the unobservable.

Proposition 3.1. Let Assumption 2.1 hold. For almost every = in supp(X) such that
P (© € supp (fyx(-|x)) |X = x) > 0, we obtain that for every function ¢ s. th. E[|¢(Yp)| + [¢(Y1)]] <

OWE[D|(V = = z)]
(39 Torx.oesum(fyx () (17) = Jo E[D|(V = :c>](t>
(310)  EBIDIO = X = lfopy ocmp(rope ey 1) = oL >D'V — XAl

Jg WE[D|V = X = z](t)dt

and analogously for E [¢(Yp)|© = -, X = z]. This result allows to identify a large variety of
parameters of interest, starting with marginals of potential outcomes

Joupp(y 5 (1ey) PEAY <y} (D =DV = - X = a](t)di
JOLED|V = X = af(t)dt

Fyoesupp(fv x (o)), x W1T) = | ———
su vix |z

and including average or quantile treatment effects, variance and distribution of treatment effects
(under the respective assumptions to point identify theses quantities that we make below). The
subpopulation for which we can make inference is the same as in Angrist, Grady and Imbens (2000).
We conjecture that an analog result holds in the case of a multivariate unobservable.

To close this discussion, we remark that the equalities in Theorem 3.1 hold a.e., for convenience
we will no longer mention this in the remainder of the paper. In the following, we discuss a key

implication of Theorem 3.1. Due to its great importance, we state it in a separate subsection.

3.2. The Average Treatment Effect Conditional on Unobservables (U-CATE). In this sec-
tion we extend the notion of the MTE in Bjorklund and Moffitt (1987) and Heckman and Vytlacil
(1998, 2005, 2007) to our setup with potentially several unobservables. In the presence of only one

unobservable in the selection equation, we call the parameter
U—-CATE(0,z) :=E[A|© =0,X = z],

the Unobservables Conditioned Average Treatment Effect (U-CATE, for short). It is the average
effect of treatment for the subpopulation with unobserved heterogeneity parameter equal to 6 and
observable X = z. The parameter U — CATE(f,x) has the same interpretation as the MTE. It

corresponds to the average effect for a subpopulation with X = x who would be indifferent between
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participation and non-participation in the treatment, if they were exogenously assigned a value v of
V such that v = . The U-CATE parameter has the advantage that it can be generalized easily to
the case where L > 2 as

U—CATE(y,z) .= E[Al = v, X = z].

It is the average effect of treatment for the subpopulation with first stage unobserved heterogeneity
vector equal to v and observables X = x. It is also the average effect for people with X = x who would
be indifferent between participation and non-participation in the treatment, if they were exogenously

assigned a value (s,v) of (S, V), such that s’y = v. Because Assumption (A-2) yields that

E [A|f =7 X =ux, (5’, 17> = (S,U)}

=K {Yﬂf =v,X =ux, (g,‘N/) = (s,v)} —E [Yo|f =v,X =ux, (5,?) = (sjv)}

—E[Yil =7, X = 2] —E[Yo|T =, X = 1

=E[AT =, X =],
U — CATE(~,z) does not depend on the values taken by the instruments <§, 17) It is thus policy
invariant. All these properties are essential properties of the MTE. The extensions of MTE suggested in
Heckman and Vytlacil (2005) for non additively separable models in the first stage selection equation
do not satisfy these properties simultaneously so we believe that U-CATE is a natural parameter
to extend the standard treatment effects analysis to more general models for the treatment choice.
Moreover, like in Heckman and Vytlacil (2005), a large variety of treatment effect measures that
depend on averages can be written as weighted averages of the U-CATE parameter. The ATE for

example can be obtained from U-CATE under Assumption 2.2. To this end, we employ the general

results in the previous subsection, with ¢(y) = y, Yy € R and make use of the following assumption.
Assumption 3.1. E[|Y;] + |Yo|] < oo.
In the following, we derive U-CATE formally, which is straightforward given the results above.

Theorem 3.2. Suppose assumptions 2.1 and 3.1 hold. When L = 1, we obtain for almost every 6,

(3.11) U — CATE(8, ) fox (0]z) = BE[Y [V = -, X = ] (0).

Suppose now that L > 2 and invoke Assumption 2.2. Then, for almost every + in RZ,

(3.12) U~ CATE(y,2) frx (]2) = R [&,E [Y ‘ (§ 17) - X = xH ).
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Obviously, from this equation it is trivial to solve for U-CATE by simply plugging in the
expressions for fgx(7|z) (respectively ff| «(7]7)) from Theorem 3.1 into this equation. The right
hand side of (3.12) is a natural extension of the local instrumental variable estimator (LIV for short).
If U—CATE(~,x) is found to be not constant in one dimension of 7, it is an indication of heterogeneous
“costs factors” in this specific direction. We then conclude that accounting for it through a random
coefficients specification is essential for recovery of the classical treatment effect parameters.

U-CATE is a building block from which we may derive a large variety of treatment effect
parameters that depend on averages, e.g., the average treatment effect, or the treatment effect on the

treated:

ATE(z) = /

- U— CATE(’y,a:)fﬂX(ﬂx)dy = /RL Rt [8UE [Y)(g, Y7) - X = $:|:| (y)d~y

ATT(z) = /RL hazr(v,2)U — CATE(y, 2) fry  (v|2)dy = /RL hoarr (v, )R~ [&)E [Y ] (§ 17) _ X

where harr(y,2) = E [1 {g’f < ‘7} |1 X = :r}_l E [1 {g"y < 17} | X = x} , and analogously for the
treatment effect on the untreated. In Section 3.4, we discuss a natural extension of U-CATE to obtain
more general treatment effect parameters which depend on the whole distribution of treatment effects,
or on the full joint distribution of (Y, ¥1,T).

This concludes our discussion of the point identified effects; however, we can use the results in

Theorem 3.1 in additional ways, as the following subsection illustrates.

3.3. Bounds on the Variance and the Distribution of Treatment Effects. As discussed above,
Theorem 3.1 reveals that under our assumptions, the marginals of Y7 and Yj, conditional on preference
parameters, are identified. This information about the marginals, as well as moments of the marginals,
can be used to bound moments of the difference Y7 — Yj, as well as the distribution of this difference,
as this section illustrates.

For the formal statement of the bounds, we require the following notation. Let

FL(yo,y1|z) = max {/RL R [avE [1 (Y <y} (2D - 1) ‘(§ 17) - X = x]] (7)dy — 1,0}

FY (4o, 31]2) = min {/R R [avm: 1<y -](5.7) = x= xH (v |

B X = x]] (v)dv}

/RL R [avuz [1 (v <y}D ‘ (§ 17)

= xH (v)dy
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and

FL(6]z) = /R sup max {R—l [avmz [1 {Yy <y} D \ (§ ?) - X = xH ()

L yeR

~R1 [BUIE [1 (Y<y—6}(D—-1) ](§x7) — X —wH (7),0} dy

FU(3lz) =1 +/ inf min{R‘1 {&E [1 {v < y}D‘(g, ‘7> =X = wH (7)

RL yER

R [avﬂ«: [1 (Y <y-0y(D-1) ’(5 F/) — X = xH (7),0} dy.

Now we are in a position to characterize the bounds for the variance and the distribution of

treatment effects in our baseline scenario.

Theorem 3.3. Suppose that Assumptions 2.1 and 2.2 hold. Then we obtain that, almost surely in x
in supp(X), for every (yo, y1,0) € R?,

(3.13) FL(yO, yilz) < FYg,YﬂX(Z’JO» y1|r) < FU(yO,yl\x)
and
(3.14) FH(6|z) < Fax(8lz) < FY(6]x).,

if in addition E [(Yp)? + (Y1)?] < oo, then

(Var(NX o+ ([t [am[]E7) = =] Ww)z

+/RL R [QUE - 2D)Y‘(§, V)= X = xH (v)d’y>2

< 4/RL R [&,E [(D —1)Y? ‘ <§ 17) — X = xH (7)dy /RL R! [GUIE [DW ‘ <§ 17) — X = xH (7)d.

Note that this result implies that we can bound the variance and the distribution of treatment
effects, Var(A|X = x) and Fa|x(d]x), respectively, entirely by observable quantities. The bounds
on the variance are very easy to obtain and do not need to be obtained from the CDFs. The bound
(3.13) is a direct application of the Fréchet-Hoeffding bounds, like Heckman, Smith and Clements
(1997), Manski (1997) and Heckman and Smith (1998). It is obtained from the conditional CDF's
Fyy x (o, ) = Eg FYole(yo]w,f) and Fy, | x(y1|z) = Eg FY1|X,f(y1‘x7f) . The bound (3.14) is,
like Fan and Park (2010) and Firpo and Ridder (2008), a consequence of the Makarov bounds. Firpo
and Ridder (2008) show that, unlike the Fréchet-Hoeffding bounds which are uniformly sharp, the

Makarov bounds are only pointwise sharp (unless the outcomes are binary). We show that the average
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Makarov bounds are pointwise sharp and tighter than the Makarov bounds on the average distribution.

(3.14) is obtained by taking the expectation of the Makarov bounds evaluated at Faix (4], ). Ina
similar fashion, we derive sharper bounds on Fa from (3.14) by averaging over covariates than what

we would obtain by calculating the Makarov bounds from the CDF's of Y; and Y7, i.e.,
Ex [FY(6|X)] < FA(0) <Ex [FY(5]X)] .

(3.13) and (3.14) are obtained integrating out the unobservables, they take the random coeffi-
cients structure in the selection equation into account. While the above mentioned references present
bounds in the case of randomized experiments or selection on observables, we obtain for the first time
bounds in the case where there could be endogenous selection into treatment.

Confidence bands and bounds on functionals of F|x can be obtained in a similar spirit as Fan
and Park (2010) and Firpo and Ridder (2008). Bounds on functionals of Fy; y, x could be obtained in
similar spirit of Fan and Zhu (2009). Unlike these references, these bounds would hold in the case of
endogenous selection. They would also be tighter because we exploit the specific random coefficients
structure in the selection equation. Nevertheless, these bounds could be large in practice. Hence, we

now discuss possible alternatives that provide point identification.

3.4. Point Identification of Variance and Distribution of Treatment Effects. In this section,
as well as in Sections 4.3.3 and 4.3.4, we consider the particular situation where the random variables
Yy and Y] are continuously distributed. We thus replace (A-1) by (A-(1)’) in Assumption 2.1.

As we have just seen, in order to point identify the variance and the distribution of treatment
effects, it is imperative to invoke further assumptions. In our endogenous setup, these assumptions
involve the unobservables. For the identification of the distribution of treatment effects, we make the

following key assumption.
Assumption 3.2. Y 1LA ]f, X

A slightly weaker form is sufficient for point identification of the variance of treatment effects.
Heckman, Smith and Clements (1997) considers independence of the base state and the gains given
D. We argue below that controlling for a vector of random coefficients instead of D retains the same
spirit as in Heckman, Smith and Clements (1997), but makes the assumption more plausible. Heckman
and Smith (1998) consider independence given a vector of observable characteristics X. As we argue

subsequently in various extensions of the Roy model, it is important to control for the unobserved
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heterogeneity that enter in the selection equation as well. To keep the notation minimal, we suppress
henceforth the dependence on X.

Assumption 3.2 can be readily interpreted in terms of control functions. It is useful to think of
Y as being generated by a nonseparable model; in this case Y = (D, U), and Yy = ¢(0,U), as well as
Y1 =¢(1,U) = Yy + A. If we identify U with a high dimensional unobservable, e.g., preferences, it is
interesting to note that this implies that our random coefficients Yy and A are two different functions
of these unobservables, i.e., Yo = a(U) = ¢(0,U) and A = b(U) = ¢(1,U) — ¢(0,U). Without loss
of generality, one could further partition the set of unobservable in vectors Uy, Uy, and Us, and write
Yo = a(Uy, Uz) and A = b(Uy, Us).

Assumption 3.2 restricts the heterogeneity appearing in this model. It is best understood in
terms of the reformulation introduced above, namely Yy = a(Up,Us) and A = b(Uy, Us). A sufficient
condition for Assumption (3.2) is that (IV,0) = Us, and Uy L U|(I”,0) (for the latter it would in
turn be sufficient that Uy L U; L (IV,0) ). In words, there is a common driving factor that causes
the selection bias and the dependence between Y and A. This factor is given by (I”,0), which,
even though it is not recovered for every individual, implicitly serves as a control function. There is
remaining randomness in Yy and A, however, once the driving factor for endogeneity in this system,
i.e., (I",0), is accounted for, there is no leftover dependence.

Note that it does not mean that Yy L A. In fact, unless there is no endogenous selection there
will generally be dependence between Yy, and Y] — Y. In summary, there is endogenous selection into
treatment, but as far as it is endogenous, it can be summarized by (I, 0). Note that the assumption
is more likely to hold in the model with several unobservables in the selection equation, in the sense
that there is not just a single factor that we can employ to control for endogeneity, but a full vector
of such variables.

The next subsection details that this assumption is sensible in several extensions of the Roy

model.

3.4.1. The Ezxample of The Roy Model. The aim of this section is to show that Assumption 3.2 is
satisfied for several extensions of the popular Roy model. Consider a model where the individuals
have at their disposal an information set Z at the time of their decision to participate in the program.
They select themselves into treatment if and only if their expected net utility exceeds expected costs.

Formally, the individuals choose D =1 if and only if

EY1 =Yy — C1|Z] > 0,
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where C] denotes the costs associated with participating in treatment. For simplicity, throughout
this subsection, we do not assume to condition on observed factors X. However, we note that they
could be used to make Assumption 3.2 more plausible. We use the notation A = E[A|Z] +=. We also
assume that the expected costs E[C]|Z] can be approximated on individual level by a linear function,
i.e., E[C1]Z] =Ty — T1V + T'Z, where Ty > 0 almost surely (the original V' can be changed to —V/).
Since the population is heterogeneous, these coefficients vary across the population. Dividing the
expected net utility of treatment by 'y, we obtain the selection equation (1.2) with I' = T'/T; and
O = (Ty — E[A|Z])/T;.

Let us consider a first setup where Assumption 3.2 is satisfied. Suppose that g —I'1V +T7 =
ho(¥) 4+ hy(¥)V + he (V) Z where ¥ denotes some deep economic parameters. When L > 2 we have
0o ha(®) <h2 1(9)  hy Ll(@)’.
hi(P) hi(W) 777 (D)

It is reasonable to believe that when L is relatively large and the instruments are well chosen I'

captures a lot of features of the deep parameters ¥. The following assumption considers an ideal

situation.
Assumption 3.3 (Invertibility). There is a bijective mapping from ¥ into I' = ha(¥)/h1 (T).

It implies that ¥ and hence also I'g and I'; are o(I')-measurable, where o(A) denotes the sigma
algebra generated by a random vector A. Hence E[A|Z] = —T10 + T is o(T, ©)-measurable. Note
that we do not have to know or estimate this mapping.

Assume as well
Assumption 3.4. = is o(I', ©)-measurable.

When Z D o(I',0) Assumption 3.4 can be rewritten in the form = = 0, i.e. the agents have
perfect foresight.

Proposition 3.2. Assumptions 3.3 and 3.4 imply Assumption 3.2. Also, Assumption 3.2 is satisfied

even if we switch the labels between 0 and 1.

Proposition 3.2 is a direct consequence of the decomposition A = E[A|Z] + Z. Indeed the
assumptions yield that A is o(I", ©)-measurable and Yy L A|T', © is trivially satisfied as conditional
on the unobservables the treatment effect is constant. Having an assumption that is independent of
the labeling is a desirable property when there is no specific treatment but simply two different states,

e.g., two different employment sectors.
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In the second setup we assume more generally that the forecast error on the gains is independent
of the outcome in base state, given the rescaled sources of unobserved heterogeneity in the selection

equation.
Assumption 3.5. = L Y5|T', ©.

The following proposition simply relies on the decomposition A = E[A|Z] + E.
Proposition 3.3. Assumptions 3.3 and 3.5 imply Assumption 3.2.

Note, however, that if I' and © are known to the agents at the time the decision is made,
E[A|Z] = U — CATE is identified and fE|f is identified if f, i is identified, see Section 3.4.3. Invert-
ibility has thus a strong implication regarding the structure of the ex-ante information set.

In the third setup we relax Assumption 3.3 from setups 1 and 2 to allow I'g,I'; to not be
o(I')-measurable. The following proposition gives a more general sufficient condition for Assumption

3.2 to hold that is satisfied under Assumptions 3.3 and 3.5.

Proposition 3.4. Assume that I'y = (I, Z1) for some measurable function \, and that (T, Z,Z1) L

Yo|T', ©, then Assumption 3.2 is satisfied.
The proposition follows from the fact that
A=E[A|Z]+E

=-\NI,Z1)0+ T+

[1]

Note that, when in the original scale one coordinate of T is non random, then I'; € o(T") and
thus there exists a measurable function A such that T'y = A(T',Z;). Proposition (3.4) is also satisfied
when T'; is non random or when I'y = Z; and (I'g, Z,Z1) L Yp|T', ©. Moreover, it is worth mentioning
that there could be arbitrary dependence between (I'g,Z,Z1) holding fixed I', © and that we do not
assume that (T'g,Z, =) L Yy but rather that they can only depend on each other through I, ©.

The assumptions of Proposition 3.4 allow for more complex structure of the ex-ante information
set than Assumptions 3.3 and 3.5. Indeed E[A|Z] = —\;(T',Z1)O + Ty can be different from U-CATE
if A is non constant in its last argument and/or constant in others (e.g. the agent does not fully know
some of his I'’s).

Proposition 3.4 is the most general sufficient condition for Assumption 3.2 to hold that we
present. It could certainly be further generalized. Thus there is a wide class of structural models that

encompass generalizations of the Roy model for which Assumption 3.2 can hold.
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3.4.2. Variance of the Treatment Effect. In the following we show that the Unobservables Condi-
tioned Variance of the treatment effects, called U-CVaTE and defined as Var (A|© = 6,X = x) and
Var (A ‘f =v,X = :1;), in the cases of L = 1, and L > 2 , respectively, is point identified under
an assumption that is similar in spirit, but weaker than the full independence assumption specified

above. It is the following conditional uncorrelatedness.

Assumption 3.6. E [Y7 + Y] < 00, E[YpAI,0,X] =E[Y|I,0,X]E[A|[,0,X]. When L =1,

there are no I'’s in the conditioning set.

For the sake of completeness, we retain the case of a single unobservable in the selection

equation.

Theorem 3.4. Let Assumptions 2.1 and 3.6 hold, and L = 1. Then, almost surely in z in supp(X),
for almost every 6 € supp(©)

Var (A|© =0, X =) foix(t|z) = O,E[Y?|V = -, X = z](t)

L OENV V=X =2|0DE[1 2DV [V =~ X =a](t)
forx (t|z) '

In the case where L > 2, if we also invoke Assumption 2.2, we obtain that for almost every v € supp(T'),

Var (A)f =X :x) fﬂX(’y]:):) =R! [&,E {Y2‘<§,17> =, X= :CH (7)

R [&,E [Y ‘ (5 17) - X = x]] (1)R! [&,E [(1 —2D)Y ‘ (5 17) X = a:H (’y)'

ff|X('Y‘x)

Finally, under the same additional Assumption 2.2, it holds that

Var(A|lX =z) = / Var(Al®@ =6,X = x)f@|X(t|x)dt+/ (E[A]© = 0, X = z] — ATE(z))* foix (tlz)dy.
R R

when L =1, and

~ _ 2
Var(A|X =z) = /}RL Var(Al' =~,X = x)fle('y]x)d'y—i—/RL <E[A\F =X =z - ATE(:L’)) f1:|X(’y]a:)d’y.

when L > 2.

These rather involved formulae provide nevertheless a succinct description of the conditional
variance, which does not require material assumptions beyond instrument independence, no correlation
between base state and treatment effect, conditional on all observable and unobservable variables

(Assumption 3.6), and a specific relation between the variation of the instruments and the support of
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the unobserved heterogeneity in the model for the selection into treatment (Assumption 2.2). When
L =1, but the latter assumption does not hold, we may again identify the variance of the treatment

effect for the population such that © € supp (fV|X(-\m)) given X = x.

3.4.3. U-CDiTFE and Treatment Effect Parameters that Depend on the Distribution of Treatment Ef-
fects or the Joint Distribution of Potential Outcomes. This section extends the analysis of the previous
subsections to distributions of treatment effects. We define the Conditional Distribution of Treatment
Effects as

U~ CDiTE(5,0,z) == faje,x(3]0, )
when L =1 and

U—-CDiTE(6,v,x) := fA‘iX((Sh,x)
when L > 2. This quantity is the distribution of treatment effects for the subpopulation with unob-
served heterogeneity parameter (respectively vector) from the first stage selection equation equal to
6 (respectively 7) and observables X = z. It is also the distribution of the gains in terms of Y7 — Yp
for people with X = x who would be indifferent between participation and non-participation in the
treatment if they were exogenously assigned the value v of V' (respectively (s, v) of (S, ‘7)), such that
v = 0 (respectively s’y = v). It is straightforward to check that, akin to U-CATE, Assumption (A-2)
yields that U — CDiTE(6, x) (respectively U — CDiT E(+y, x)) does not depend on the values taken by
the instrument V' (respectively (§ , 17)), and is hence policy invariant. This quantity is at the heart
of any calculation of more general treatment effects parameters that go beyond averages and depend
on the distribution of either the treatment effects Y7 — Yp, or the joint of potential outcomes (Y7, Yp).

To calculate some of these distributional treatment effects we sometimes have to replace As-

sumption 2.1 (A-2) by the following stronger assumption.

Assumption 3.7.
(‘/7 Z)J‘(Yba Y, Fl: 6)‘X

More specifically, out of the list of the following parameters, which can be deduced from U-

CDiTE, Assumption 3.7 is required to obtain the last three,

fax(8lz) :/

RL

U — CDITE(5.7.2) fr (1) dy

P(A>0|X =) = / 106> 0}/ U — CDITEQ,7,2) fy (1]2)dds
R RL

Tyo,vi1x (Yo, y1l) Z/

RL

U — CDiTE(yr — y0,7: %) fy, 5 x (0|7, 2) i x (V]2)dy
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faprx(@ia) = [ hare(y, a0 = CDITEG,0) f (o)

RL

faip=1,v,x (6]yo, r) = /RL harr (v, 2)U — CDITE(S, 7, %) fy, 5 x (Wol v, 2) f x (y]x)dry-

At this stage, it is important to recall that fYolf“ (ol @) ff| +(7|z) may be obtained from Theorem
3.17. Setting ¢(y) = ¥ in Theorem 3.1 yields, almost surely in x in supp(X),

Filfvo+nel (t,-) = L,E[eY DIV = X = 1]

Fi [fYO,@] (tv ) = avE[eitY(D - 1)|V =X = l‘],

while, when L > 2, under Assumption 2.2, we obtain

7 [y ()] () = B [0 [0 D(8.7) = x =]

S [fyo,f\x('lm)} (t,)=R* [&JE [eitY(D —1) ’(g, 17) =X = g;H _

where F7 denotes the Fourier transform of the joint density seen as a function of its first variable,
holding the other arguments fixed. This object is called a partial Fourier transform.

The importance of Assumption 3.2 is that it allows factorization, i.e.,

Fi [ arx (0] = F1 [y 7 ()] 7 [Fag oG]

when L > 2. We make moreover use of the following integrability assumption.

Assumption 3.8. For almost every x in supp(X), for every 6 in supp ( foix (¢ |£L')), respectively for every

v in supp (ff\XHx))’ U —CDiTE(-,0,z), respectively U — CDiTE(-,7, z), belong to L}(R) NL2(R).
Finally, we require a last technical assumption, which is common in the deconvolution literature.
Assumption 3.9. When L =1,

Yz € supp (X), V(t,0) € R x supp (fox(|2)) , F [frojo,x(:10,2)] () #0

while when L > 2,

Vo € supp (X), V(t,7) € R x supp (frc(1o)) s F [fypx G| () £ 0

where F is the Fourier transform.

TSimilar expressions can be obtained when L = 1, but are omitted for brevity of exposition. Moreover, in that
case, when Assumption 2.2 does not hold, we may again identify the above parameters for the population such that

O € supp (fv|x(|z)) and X = x.
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We believe that it is possible to weaken this assumption and allow for isolated zeros in the spirit
of Devroye (1989) , Carrasco and Florens (2011) and Evdokimov and White (2011) among others but

prefer not to elaborate on this in this article.

Theorem 3.5. Let Assumptions 2.1 (with (1)), 3.2, 3.8 and 3.9 hold. In case L = 1, for every ¢ in

R, almost surely in z in supp(X), for every 6 in supp (f@‘X(-]:r)), we obtain

(3.15) U —CDiTE(6,0,z) = 2i / e~
™ —0oQ

OWE[eY DIV =, X =z](0)
OE[e™Y (D —-1)|V =X =z]|(0)

dt;

while, in case L > 2, for every ¢ in R, almost surely in z in supp(X), for every v in supp (fle(-\:L')>,

we obtain:

R [6le [e“YD‘(g, 17) X = xH () .

- i e :i Ooe—ita
(3.16) U — CDiTE(S,,x) o /_Oo Rl [&JE [eity(D_ 1) ’(5 17) =X :xH (7)

Note that there is a slight abuse of notations in (3.15) and (3.16) because the numerators and
denominators are only defined almost surely in 6, respectively ~. Implicitly, as in Heckman, Smith
and Clements (1997), this result can be used to derive a test for the validity of Assumption 3.2: if
for some x and 6 (respectively v ) U — CDiTE(6,0,z) (respectively U — CDiTE(9,,x)) fails to be

a density, it is an indication that Assumption 3.2 is incorrect.

4. ESTIMATION OF STRUCTURAL PARAMETERS

In this section we focus on the case where L > 2, the case where L = 1 requires minor

modifications.

4.1. Estimation of Quantities Related to Marginals. We consider the following regularized

inverse® of the Radon transform

(4.1) Arlf)o) = [ [ Kalsy = wf(s,u)dudo(s
H —0o0
where do denotes the classical spherical measure” on the sphere S“~1 and
(4.2) Vu € R, Kp(u):= 2(277)—L/ cos(tu)tt 1 <;) dt
0

8Up to our knowledge this modification of the classical Radon inverse has not been studied earlier in the literature.

9ts mass is the area of the sphere.
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where T is a smoothing parameter and 1 is a symmetric rapidly decaying function in the Schwartz

class

0" f ()

S(R) = {f € C®R): Va,p €N, |z|* m?ooO} )
such that ¢(0) = 1. For simplicity of exposition we will take ¢ = 1pg where ¢y : = — exp (1 — max {ﬁ, ()})
which has also support in [—1, 1].
The previous identification sections suggest using this regularized inverse as a building block
for a sample counterparts estimator of the inverse Radon transform of, say, a derivative of a regression

function, i.e.,

—

Ay |OE[S(Y)s(D)[(S, V) = -, X = z]| (v)

—

where ¢(D) is either D or D — 1 and 8,E[¢(Y)s(D)|(S,V) = (-), X = 2] is the extension as 0 outside

Supp <§ , 17) of an estimator of the derivative of the regression function (e.g., using local polynomi-
als). Moreover, Ty is chosen adequately, and tends to infinity as N goes to infinity. Replacing the

various inverse Radon transforms by these regularized sample counterparts yields the following set of

estimators:

(43 U = CATE(,2) f(7) = Any :avE[Yuﬁ)\: X =] ().

40 B [yt 6 = dny OB DIE ) = X =41] (),

(45) 1 [y )] 6:2) = [0 (D= DIE.7) = X =] (o),
(46) Frn0le) = max { [mwu’é?)\: X =] (.0}

These individual elements can now be used to estimate many of the previously discussed quantities.

From the first estimator, we may, for example, construct an estimator of the ATE.

ATE(z) = /

RL

—
—

U = CATE(y, ) fryx (7w)dy = /R Ary [aUE[YK& V)=:X = x]} (M1{y € By}dy,

where By is a large enough closed set in R” which diameter depends on the sample size.
Alternative estimators that circumvent the numerical integration in (4.1) can be obtained as

follows. Start out by defining

Vu € R, Kp(u) = —2(2m)" /0 " sin(tu)thy (;) dt.
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where K/.(u) = Kr(u), with K7 defined by (4.2) and
(4.7) Brlf](y) := /H X /_ Z Kr(s'y — u) f(s, u)dudo(s).

Because K7 is the Fourier transform of a function in S(R), K7 and K7 belong to S(R). Thus, they
decay to zero faster than any polynomial and belong to any LP(R)'!.

In addition, for the alternative estimators, we require the following assumption.

Assumption 4.1. (i) For almost every s € H" and almost surely in x € supp(X),
supp (f\7|§7x('|3:$)) =R.
(ii) For the function ¢ considered, for almost every s € H' and almost surely x € supp(X), v —
E[¢(Y)s(D)|(S,V) = (s,v), X = ] is continuous and v — E[¢(Y)(D)|(S,V) = (s,v), X =
and v — 9,E[¢(Y)<(D)|(S,V) = (s,v), X = ] are bounded by a polynomial in v.

z]

This assumption allows an integration by parts argument for the regularized inverse, which

produces a structure that is easier to implement. It is based on the following proposition.
Proposition 4.1. Under Assumption 4.1, for every 7' € R and v € R”,
(48)  Ar [0.E [6(V)s(D)I(5. V) = (), X = || (%) = Br [E [¢(V)s(D)I(5. V) = (), X = || ()

o) g | BB =Ty

Equation (4.8) suggests that one can take as an estimator Br applied to an estimator of the
regression function. (4.9) suggests the following trimmed sample counterpart estimator

(4.10) 1§ By By = )Ty (9(i))s(h)
;=1 1Nnax <f§"77x(§i,’6i,a:),mN>

N nN(aji_x)

—_—
where f§"77 + is a plug-in estimator for f§"7’ > My is a trimming factor and K, is a standard multi-

variate kernel with bandwidth vector ny, T is defined for 7 positive and = in R by
Tr(z) = —tn1{x < —7n} + 21{|z| < v} + Tn1{z > 7N}

TN, TN, mjvl and 77]?,1 go to infinity as IV goes to infinity. Trimming is introduced to avoid dividing by
quantities that are too close to zero. Recall that this estimator can only be computed when f§,‘7l +(]z)

has full support, almost surely in z in supp(X), implying that the density decays to zero both for large

HThis is a very nice feature that is not shared for the classical Radon inverse where (z) = 1{z € [—1,1]}, also these

yield good approximation results for the target quantities in every LP (RL).
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v and commonly when s approaches the boundary of H'2. In particular, the true density fgj/’ 18
not bounded away from zero. Moreover we are replacing f§7‘~/7 « by an estimator, implying that the
denominator could also be small due to estimation error. The truncation parameter 7 is useful when
¢ is unbounded and ¢(Yp) (if ¢(D) = D — 1) or ¢(Y1) (if ¢(D) = D) have fat tails. In the absence of

conditioning on covariates X, the estimator simplifies to

(411) 1§~ K (B = 5T (9(01))s(de)

N~ max (fg}(@,@),m]\f)

4.2. Estimation of the U-CDiTE and of the Distribution of Treatment Effects. An estimator

for U-CDiTE is obtained by applying the same principles. First, one may compute the following

integral
(4.12)
— o0 I Fypn,x Cl2) | (E7) -
- 1 i LJyo+AT|X
U—CDiTE(b,7,x) = 27T/ e K (thy ) [ - } 1 {‘]:1 [fyo,f\x('m} (tﬁ)‘ > fN,m} dt

- P [fyy ()] ()

where N is the sample size, hy is a bandwidth going to zero with N, K denotes a kernel, ty; . a
proper trimming factor.

A typical example of a kernel is K (t) = 1{|t| < 1}, with hy , = 1/R§¢Y it amounts to truncation
of high frequencies. Devroye (1989) uses max(1 — [t[,0) for the estimation with L*(R) loss. It is also
possible to take K = 1 where v belongs to S(R) and is such that ¢(0) = 1 like in Section 4.1. In
Section 5 we take K (t) = 1o(t) with support in [—1, 1] (recall that 1o(t) = exp (1 — max {ﬁ, 0}))
For every ~, the quantity ).7-"1 [fyole(-|x)] (t,y)‘ in the denominator of (4.12), decays to zero when
t goes to infinity'®. A smoothing kernel K should put less weight (possibly zero weight) on high
frequencies'® because this is where the denominator is small in modulus and the variance of the
estimator can blow-up. In theory the bandwidth Ay, may depend on 7' because of the possible
different rates of decay of ‘]—'1 [ fYo,f“| X(|x)} (t,y)‘ for different values of ~.

Compared to usual deconvolution estimators, (4.12) also has an indicator function with a
trimming factor. It is used because we are considering a case where the denominator is unknown and

12This is because S is a rescaled vector of original instruments and assuming that the density does not decay to
zero when s approaches the boundary of H would be a very strong assumption on the tails of the distributions of the
original instruments (see, e.g., Beran, Feuerverger and Hall (1996) and Hoderlein, Klemeld and Mammen (2011)).

L3 This is a consequence of the Riemann-Lebesgue lemma.

The parameter ¢ is the frequency.

15Every smoothing parameter can also depend on x but we omit it ease of notations.
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has to be estimated. For that reason the denominator can also be small due to estimation error. This
is the same structure as the estimator proposed in Neumann (1997)'°.

In the simulation study in Section 5, we take hy ., and ty;, that do not depend on ¢ and ~y
for the smoothing parameters in the estimators of the numerator and denominator in (4.12). Using
K = 1y we also obtain exactly the same graphs for (4.12) regardless of whether or not we trim, so we
present results with ¢y, = 0. This is an important feature in practice, because in Proposition 4.5
we impose to tune ty;, = 7y, n. But ry; ny is unknown since it depends on the smoothness of fYo,f\ x
which is impossible to estimate. We believe that this is just a technical issue and that in practice no
trimming works perfectly fine at least for smooth fYofI + (super smooth in our simulation example
because it is Gaussian).

An estimator of the unconditional distribution of treatment effects uses as plug-ins (4.12) and
an estimator of the mixing density f1:| +; it is given by

(4.13) Farx (0lz) = U= CDITE(5,7,2) f x (7]2)1{y € Bn}dy.

4.3. Rates of Convergence. To analyze the rate of convergence of our estimators, we have to
introduce additional notation. We denote by || - ||, for p € [1,00) the classical LP norms and by || - ||«
the essential supremum norm, also called sup-norm. Moreover, for ease of notation we again omit the

conditioning on X in this section.

4.3.1. Estimation of Generic Quantities. In this section we consider the estimation of one of the

plug-in terms of the form

o) = 1 0,2 [ (D) [ (3.7) = x =] ()
for some function ¢ and ¢(D) is either D or 1 — D, by an estimator of the form (4.11)

i) = ~ - Ky (i = 0) Ty ($(wi)s(di)
NS max (f5p6 ), my)

where Ty, 7y and m;,l increase with the sample size.
We restrict our attention to the sup-norm loss because this is what is later required in Assumption

4.3 and Proposition 4.5 for plug-in estimation. We specify the result to the case of ordinary smooth

16In Neumann (1997) and Comte and Lacour (2011) because the characteristic function of Y is estimated at rate

1/V/N, tn,, could be taken equal to N~1/2 independent of ¢ and ~.



31

functions (Sobolev classes). We will work with the following Sobolev spaces of all locally integrable

functions that have weak derivatives up to order s in N\ {0} (see, e.g., Evans (1998))
W (RE) := {f e L(RY) : V]a| <s, 0°f € L*(RY)}

where a € NY |a| :== S5 g and 9*f := []}, 9/ f is the a'h-weak partial derivative of f. It is
equipped with the norm

1 lsoe = D 10 fliso-

a: |al<s

We will consider the following Sobolev ellipsoids defined for M positive by
W (M) == {f € WSO (R") ¢ || flls00 < M}

In what follows, By is a closed set in R and we denote by d(By) its diameter for the Euclidian norm.

Proposition 4.2. Let Assumption 4.1 hold, and assume moreover that
(i) g belongs to W5 (M) for some s in N\ {0} and M positive ;
(ii) there exists o positive such that log(Ts /my) + Llog(d(By)) < a
(iii) there exists a sequence 77y n going to 0 as N goes to infinity and My positive such that with

probability one

(4.14) th%OOrIVN IIllaXN fg,";(gl, 51) - f§7‘7(§1,fﬁz) < M[V 3

[RRRE}

then for some constants M («) (which only depends on o and L) and C(s) (which only depends on s

and 1), with probability one, for every e positive there exists IV large enough such that
Ky (51-7)]
max (f/g?/ (g, XN/> ,mN)

log N) 1/2 pLA1/2
N N

16 = 9) {BN} oo < (Myv + €) min (7w, [|6]loc) 7rv.vmy' ||E

T My + ) min (7, | 8]o0) rrvivm (M (@) + ¢ (

1/2 . log N\ '/? L+1/2
+mpy " (M () + €) min (7, [|¢]|o0) N Ty

+ min (7, @) sup By (s'y = v)| do(s)dv

yEB N/{(sv f (s,v)<mN}

+ MC(S)T_

(2) MUILE(Y)[1{I6(Y))] > ]

where j =1if (D)= D and j =0if ((D)=1- D.
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(1)
(2)

GAUTIER AND HODERLEIN

Let us make a few comments on this result.

When supp( ) is bounded then we can take By = supp(F) = supp(g).

Condition (4.15) can be relaxed to "bounded in probability” if we simply want to prove
convergence in probability. This is actually the only thing that we need for the properties of
the estimation of U-CDiTE that will follow.

There are various ways to bound from above
K (57-7)
wax (o (5,7) )
A first uniform upper bound uses
o (S-T) ] e
max <f/§\‘~/ (5, ‘N/> ,mN) -

where [SI71| is the surface of the sphere S¥~!. A second uniform upper bound, that has an

E

E

1Ty 1

analytic form'” is given by

E ‘kTN (g/fy B ‘7>‘ <E ’f{TN <§/,y - ‘7) ‘ 7" < mol2L+1
o 67))) % o 57 ) |

The last inequality uses (7.5) in the appendix.

Because I?TN is integrable'®, f{(s 9 1y (87 — v)‘ do(s)dv goes to zero as my

p(sw)<my | ‘
goes to zero and the rate of convergence to zero depends on the tails of f~ ~. Fat tails imply
that this term is small. It could be made equal to zero if f were bounded away from zero.
The contribution MC(s)T® is an upper bound on the approximation error for functions in
the ellipsoid W*>(RL).

We use truncation, because we deal with the fluctuation terms using the basic Bernstein in-
equality. It is possible to use the Bernstein inequality for random variables with bounded Orlicz
norms (see, e.g., Lemma 2.2.11 of Van der Vaart and Wellner (1996)), or other concentration
results and avoid truncation in certain cases. When ¢ is bounded, we can take 7v = ||¢]/~

and the last term in the above upper bound disappears. In Proposition 4.2, we considered the

property of estimators involving truncation for the estimation of the numerator of U-CATE

1TWe expect that it is not as sharp as the previous upper bound where, unfortunately, we do not have an upper

bound for HI?TN |l in terms of its dependence in Ty .

181t belongs to S(R).
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and for the estimation of the conditional variance of treatment effect when |Yp| and |Y;| can
take arbitrarily large values. Because E [|¢(Yo)| + [¢(Y1)]] < oo, E[|¢(Y1)|1{|o(Y1)| > Tn'}]
and E[|¢(Y0)|1{|¢(Yo)| > 7a'}] go to zero when 7 goes to infinity.

In the ideal case where: (1) fz is bounded away from zero, (2) its density is smooth enough
for the first term to be negligible and (3) the bias due to truncation is negligible (e.g. when ¢ is
bounded), we obtain, for some M;, with probability 1,

log N

TERLI
B T o= ol < 0

oA (

by taking T of the order of (N/log(N))'/(2s+2L+1)  Recall that the rate of direct density estimation
would be (N/log(N))*/(?s+L) This is important, because it says that the degree of ill-posedness due
L+1

.

to the presence of the unbounded operator is Recall that in positron emission tomography,

the classical statistical inverse problem involving the Radon transform, the degree of ill-posedness is
% (see, e.g., Korostelev and Tsybakov (1993)). Here we pay an additional price of 1 due to the
extra differentiation. However, this degree of ill-posedness does not properly account for the difficulty
of the problem. Equation (3.1) states that a regression function r is of the form r = Qf where @
is an operator which has an unbounded inverse. The quantity % only accounts for the smoothing
properties of the operator K. But for identification we assumed that, in the original scale, all regressors
but possibly V' have full support. This implies that in most cases f5(s) is not bounded away from zero
and the rate of estimation of the regression function with L° loss is slower than when the regressors
have support on a compact set and their density is bounded from below. Estimation of a regression
function when the density of the regressor can be 0 on its support (degeneracy) has been studied by
several authors (see, e.g., Hall, Marron, Neumann, Tetterington (1997), Guerre (1999) and Gaiffas
(2005) and (2009))'. In our inverse problem setup this translates in the fact that in many cases
f{(s,v): f§‘7(5,v)<mN} ‘I?TN (s'y —v)|do(s)dv cannot be made negligible which implies that a second
degree of ill-posedness also has to be taken into account. Finally, a third degree of ill-posedness can
appear when the conditional distributions of ¢(Yy) and/or ¢(Y1) given I have heavy tails.

An analogue of Proposition 4.2 has already been established when ¢ = 1 in Gautier and
Kitamura (2009) with the scaling of Section 6 and an estimator based on smoothed projection kernels

in the Fourier domain. In this paper, we use a function ¢ in S(R) for the same reason for which we

used smoothed projection kernels in Gautier and Kitamura (2009): to obtain rates of convergence for

19 Upper bounds in an inverse problem setting for specific estimators are given in Hoderlein, Klemel&d and Mammen

(2011) and Gautier and Kitamura (2009).
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all L? risks for 1 < p < 00?’. In Gautier and Le Pennec (2011) this smoothed projection kernel is
used together with the Littlewood-Paley decomposition and a quadrature formula to obtain a needlet
estimator. Gautier and Le Pennec (2011) provide minimax lower bounds for the estimation when
¢ = 1 and show that their data-driven estimator is adaptive.

We have only considered the estimation of smooth functions for simplicity. If we consider
“super smooth” functions, we expect that for certain functions 1) we could replace M C(s)Ty* by an
exponentially small term. In that case, like in statistical deconvolution (see, e.g., Butucea (2004) and
Butucea and Tsybakov (2007)), for a nicely behaved density of the instruments and for ¢ bounded, we
could obtain parametric rates of convergence up to a logarithmic factor. Cavalier (2000) considers the
estimation at a point of super smooth functions for the positron emission tomography problem in RZ.
The setup we consider is more involved because the inverse problem involves an extra derivative and
we are in a regression framework with (1) random regressors whose density could be arbitrarily close
to zero on its support and (2) possibly fat tails of the variables of interest. We do however consider

super smooth functions in the more classical deconvolution framework in Section 4.3.4.

4.3.2. Estimation of the Plug-in Terms for fA\F' In this section we consider the estimation of the

partial Fourier transforms which are used as plug-ins in Section 4.3.4. Denote by

g(y,t) = R7? [&,E {eityg(D) ’(g, 17) =X = xH ()

and consider an estimator of the form (4.11)

1 i Koy (37 — B)eitvic(d;)

N =1 mMax (fg,";(gl,@),m]v)

g(v,t) =

For technical reasons we introduce a maximum value Ry** for the inverse of the smoothing parameter
hN}WQI in the estimator (4.12). In section 4.3.4 we will only be able to adjust hjv}v in the range

[0, R3]

Proposition 4.3. Make Assumption 4.1 and assume
(i) there exists s in N\ {0} and M positive such that for every ¢ in R, Re[g(v,t)] and Tm [g(v, )]
belong to W5 (M) ;
(ii) there exists « positive such that log(T% /my) + log(R%*) + Llog(d(Bn)) < a ;

20T his is important to handle those plug-in terms to allow to use the whole range of the Holder and Young inequalities.

21This is a classical feature of wavelet thresholding estimators and is called a maximal resolution level.
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(iii) there exists a sequence 77y going to 0 as N goes to infinity and My positive such that with
probability one

(4.15) mNawTﬁ},N;{laXN fsv(si,00) = fp(S0i)| < Myy

then for some constants M («) (which only depends on o and L) and C(s) (which only depends on s

and 1)), with probability one, for every e positive there exists N large enough such that

sup (G —9) (t,7)]
te[— Rmax Rmax] yeBy
Koy, <§’y— 17)‘ loe N\ 1/2
< 2(Mpy + )rrvamyt { ||E —— == + mJ_\rl/Q(M(OZ) + €) (oif> TfrH/Q
max ( §7‘7 (S, V) ,mN)

—1/2 log N 12 L+1/2

+ 2 sup

/ ‘IZ’TN (s'y — v)’ do(s)dv
vYEBN {(s,v): fgf/(s,v)<mN}

+2MC(s)TN*

This is the same upper bound as in Proposition 4.2 up to a factor 2 (we separate the real and

imaginary part of €®¥) and to a larger constant M («)), and the same remarks apply.

4.3.3. Estimation of fa. We start with a proposition that relates the estimation of fa to the estimation

of fr and of f AT To this end, we make the following assumptions.

Assumption 4.2. fr € L™ (RL) and there exists Ma positive such that sup; p esupp(T) faF(0]y) <
M.

In the next proposition we give an upper bound on the error in estimating fa when we use the

estimator (4.13).

Proposition 4.4. Let Assumptions (1) and 4.2 hold, then for every measurable set By in RE,

— 2
H]‘Z—fAHzSL%MA /Bjcvffd’y—kMA fff_fffl{BN}Hoo
— 2
(4.16) + 3] oo <1+ fff;ffuBN} OO) | (Fagtl) = Tagpt) 1{*63N}Hz.
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When supp( ) is bounded, and f5 is bounded away from zero on its support, then we can take
By = supp(T). Otherwise By should be (1) small enough so that fi is bounded away from zero on
By (recall as well that its diameter should not grow faster than polynomially in IV to be able to apply
the result from Section 4.3.1), and (2) large enough so that P(I" € BS) = fBz“v Jpdy is small.

The next section studies the convergence to zero of the term

| (Tt - Fagtho) 1x € By}

4.3.4. Estimation of f NG In order to work with smoothing and trimming factors in (4.12) that are
independent of ¢t and ~, we work with sup-norm consistency of the estimators of the partial Fourier

transforms.

Assumption 4.3.

F1 [f/y(:A,f} — 1 [fYo+A,f}

sup

= Op (rvo+4,N)
te[-RP™> R, vEBy

—

sup ]:1 [fyof} - .7:1 [fyof} = Op (TYO,N) .

te[—RY>>, RNX], v€BN

Recall that R\** is a maximal resolution level and we assume that h;\f}y < RV and that By
is a domain in R” that could grow as N goes to infinity if supp(f) is unbounded. Rates of estimation
Ty,+A,N and ry, y are given in Section 4.3.2.

Unlike deconvolution with noise observed on a preliminary sample, in this setup each rate is nonpara-
metric; it is the rate of estimation in the respective inverse problems. Rates in sup norm are given in

Proposition 4.2.

Proposition 4.5. Let Assumptions 2.1 (with (1)), 2.2, 3.2, 3.8, 3.9, 4.2 hold. Assume that K has
support in [—1,1] and that h]_\,{y < RY™. Take tnt~ = ry,,n. The following upper bound holds

(4.17) | (Fagpte) = Tat10) 1{x BN}H
oo 2
(4.18) ( A [(1 — K(t hvy)) |7 [£ae] ()]
K(t hN77)2

‘}_ [f ] ( )‘2 (T}Z/0+A,N + ‘]:1 {fAf} (t,’y)‘Qr%O,N) dtdry
Ly, | BT
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The first term in the upper bound is the square of the approximation bias. Consider now the

following classes of ellipsoids for f N

AsalL) = { e L2(R) /

FLAOR (42 exp (2ald) ey < 12

—00

where r > 0,a >0, € Rand § > 1/2if r =0, > 0. The case r > 0 corresponds to an extension
of the case of super smooth functions, otherwise the functions are extensions of ordinary smooth
functions (in the Sobolev class). When K (t) = 1{|t| < 1}, hy, is of the form 1/R%, and f belongs

to As (L) then we have

o0 —
|- K )P IF AR d <1 ((RR) +1) T exp (<20 (RR)')
—0o0

The next proposition considers the case when K (t) = 1{|¢t| < 1} and hy  is of the form 1/R%.
We make the following assumption on the decay rate of ‘}'1 [ fYolf‘} (t]’y)‘ that strengthens Assumption

3.9.

Assumption 4.4. There exits s >0,b>0,n7€ R (n > 0if s =0) and ko, k1 > 0 such that for every

7y in supp(l'),
Bo(1+ )7 exp (<blt]*) < | P [fygyg] (H1)] < ka1 #3)77/ exp (=blt])

In the proposition below we use the short hand notation Ay = A (B NN supp(f)), where A\(B)

is the Lebesgue measure of a set B.

Proposition 4.6. Let Assumptions 2.1 (with (1)), 2.2, 3.2, 3.8, 3.9, 4.2 and 4.3 and 4.4. Assume

for every v € supp(T), fA\f('h) belongs to Aj,q(L). The following upper bounds hold for every

RS < RWX and By measurable set in RY,

(A-1) if s =r =0, then

o (T - Tatin) < s

—25
=0y ((BR) ™ + 1o (RR)

I

2max(n—46,0)+1
13 (RY)TUT
(A-2) if s >0and r =0,

5 | (Tt~ Tato) 16e < B

= 0y ((RR) ™ + 8" (13, (AR 4, o ()™ 2722070
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(A-3) if s=0 and r > 0, then

2n+1

[ (T~ TapCio) 1x € B = 0, (BR) ™ e R 40 sy () 4+ n )

(A-4) if s >0 and r > 0, then

A6 (T o) Tat0) 16 < B

= Oy (BR) ™ 7R o pd o (RR)™T 7R 4 oA (RS )
where

A (Rﬁ) _ (R%)min(1+2n—s,2(77—5)) 62b(R%)Sl{S > T} + (R]%)max(Q(n—(S),O) 62(bia)(Rﬁ)sl{’r —s, b Z a}

+1{{r > s} U{r=s,b<a}}.

When supp(I") is bounded then Ay is a constant.
We did not want to include results in other norms than the L2 norm for brevity of exposition. However
it is possible to obtain rates of convergence in sup-norm for an estimator with K = v, where ¢ belongs
to S(R) and (0) = 1. It would also be possible to use the sup-norm adaptive®” estimator of Lounici

and Nickl (2011).
5. SIMULATION STUDY
We consider the model (1.1)-(1.2) with the added specification

Yo=1+ 150 +0O +¢

Y1=34+25-0+¢

where (T',©,e0,e1) = (1,—0.5,0,0) + W, W is a centered Gaussian random vector with covariance

matrix

0
0
2
0

o o o =
o O = O
= o o O

S = (cos N, sin Ny) where Ny is a truncated Gaussian random variable with mean 7 /2 and variance

72/16 on the interval [0, 7], V is a Gaussian random variable with mean -0.2 and variance 4 and V', N;

22 Specific to the case where the distribution of the error is known.
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and (T, ©,¢p,¢1) are independent. The sample size considered in the simulation study is N = 10 000
and we have performed S = 100 Monte Carlo repetitions.

We present the results with the estimators (4.3)-(4.6), using ¢ = 9. They outperformed the
easier to calculate estimator (4.11) slightly. All numerical integrations were carried out by quadrature
methods?®. The choice of the smoothing parameters for the estimation of fr g were Ty = 6 for
the regularized Radon inverse and hy = 1 for the bandwidth of the local polynomial estimator of
OyE [D ’ (g, TN/> = -], while we took Ty = 10 and hy = 1 for the estimation of U — CATE x fr.e
and did not use truncation.

In Figures 3 and 4 we compare the truth, an empirical average of estimators over S = 100

simulations, and one typical simulation.

fre
Es(fr,

f)
i
I’/"

\\
f ‘ ‘“\\\\
AN
gy

P

N

FIGURE 3. True fr o (left), average over S replications of the estimator (middle) and

the estimator calculated for one data set (right).

Figure 3, based on the rectangle [—4, 6] x [—5.5,4.5], shows that most of the mass of EB is
concentrated in a box around the mode at (1, —0.5). Because U — CATFE is a conditional expectation
given (I', ©), it will only be well estimated at points where the density fr g is not too low. Based on

E;) we experimented with several rectangular domains. Table 1 presents the empirical distribution

23We tried to apply an importance sampling Monte-Carlo method to calculate the multiple integrals using as proposals
a Cauchy distribution for the integral with respect to v and a uniform distribution for the integral with respect to ¢
(s = (cos ¢,sin¢)). Due to the presence of the S(R) function ¢y in K7 this Monte-Carlo approximation do have finite
variance but the variance was too big to have a sufficiently good precision even using the highest possible sample size
that we could generate in R. The variance of this Importance Sampling Monte-Carlo method is infinite if we replace g

by an indicator function. It is possible that another choice of rapidly decreasing function 1 can make it feasible.
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over .S = 100 replications of

ATE; = / U — CATE x fr.o(y,0)dydo
B;

ATT, = / harr(v)U — CATE x fr.o(y,0)dydo
j
for estimators calculated on three such domains. The index j = 1 corresponds to B; = [—1.5,3.5] X
[—3,2] (2.5 standard errors in each direction), the index j = 2 corresponds to By = [—1.75,3.75] X
[—3.25,2.25] (2.75 standard errors in each direction), while the index j = 3 corresponds to Bs =

[—2,4] x [-3.5,2.5] (3 standard errors in each direction). For reference one should note that the true

ATE is 4 while the true ATT calculated via Monte-Carlo is 4.507 (0.0016).

Mean | P5 | P10 | Median | P90 | P95
ATE, | 391 |298]328| 3.88 |4.67 481
ATT, | 4.24 |331|354| 422 |5.03]5.13
ATE, | 4.09 |3.04|331| 405 |5.02]5.21
ATT, | 446 [3.37|361| 442 |5.36|5.61
ATE; | 422 289|321 | 422 |5.42|569

ATT; | 4.62 |3.13(3.60| 458 |5.77|6.09
TABLE 1. The estimators indexed by 1 (resp. 2 and 3) correspond to the integration

of U — CATE x fr.e on By (resp. By and Bs).

The plots in Figure 4 illustrate how our estimator performs for: the estimation of U — CATE X
fr.e (top), and the estimation of U — CAT'E only (bottom). For the former, we have used the domain
B1, while for the latter we have employed the smaller domain By = [—0.5,2.5] x [-2,1]. Note that
U — CATE x fre should always be much more difficult to estimate than fr g because it involves a
regression function with a conditional expectation with respect to (I', ©) and the density of (I',©) is
not bounded away from zero. In the same spirit, U — C AT E should be even more difficult to estimate
in this simulation setup as the tails of the numerator are fatter than that of the denominator. However,
this simulation study shows how estimators of the denominator and numerator of U — CAT E that do
not perform extremely well when the risk is defined in terms of the sup-norm (see, e.g., the heights of
the peaks), can perform reasonably well when estimating U — CATE.

On the left panel of Figure 5 we compare the true U — CDiTE(J, (1,—0.5)) to an estimator
with K(t) = exp <1 — max {ﬁ, 0}) and Rﬁﬁ = 0.85. On the right panel we compare the true fa
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FIGURE 4. CATE X fre (up) and CATE (down), truth (left), average over S repli-

cations of the estimator (middle) and the estimator calculated for one data set (right).

to an estimator obtained via a numerical integration on the box By, with the same choice of RJ%,“/ and
without trimming. Indeed, we tried several values of a trimming parameter and all estimates were
virtually indistinguishable. Both estimators are calculated on the sample that we present on the right
panel in figures 3 and 4%*.

In this simulation study we observe that the estimation of U-CATE is paradoxically more
difficult than the estimation of U-CDiTE. Indeed, in our setup the denominator of U-CATE has
thinner tails than the numerator. It is the opposite for U-CDiTE where the denominator has fatter
tails than the numerator. Also, for U-CDiTE, the target density is super smooth and it is known that
we can obtain very good rates of convergence for deconvolution estimators in that case (see the rates
(A-4) in Proposition 4.6). Most quantities of interest are conditional expectations given (I', ©). For

these quantities it is vain to attempt to obtain an estimate at points where the density of (I", ©) is too

24Averaging estimators calculated on our 100 replications would have taken too long given that we carry each nu-

merical integration by quadrature methods and have to calculate many multiple integrals.
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F1GURE 5. Comparison between (1) an estimator of U-CDiTE and the truth calculated
at (1,—0.5), the mode of (I',©), (left) and (2) an estimator of fa and the truth.

low. We recommend to start by drawing plots of the density of (I', ®), and ruling out such areas®”. It

is also more trustworthy to plot U-CATE on a small domain. A graphical representation of U-CATE
allows to study the influence of the unobservables on the expected gains. With the data generating
process of this simulation study it is clear both unobservables have an effect. It is thus essential
to account for these two different sources of unobserved heterogeneity to get unbiased estimators of
treatment effects parameters such as ATE or ATT. Obviously, the choice of a domain of integration
is important when integration with respect to (v, 6) has to be carried out. We recommend defining
the domain of integration as the set {('y, 0) : f/p,\@(’y, 0) > 7'} or equivalently to calculate an integral
against f/p;('y, 0)1 {]%(7,0) > T}. In this simulation study, the box B; = [-1.5,3.5] x [-3,2]
corresponds to the choice 7 ~ 0.021 HE\@HOO while the box By = [—1.75,3.75] x [—3.25,2.25] (which

seems to perform better to estimate the ATE and ATT) corresponds to the choice 7 ~ 0.001 Hf/p\@H .
o

The domain By contains 90% of the total mass while the domain By contains 94% of the total mass°.

25Recall that the estimator of Gautier and Le Pennec (2011) is adaptive and thus achieves the minimax rate of

convergence without having to chose a smoothing parameter.

2Indeed we have [°, [*7 Eg [ﬂ\@] (v,6)dvdd ~ 1.014 while [, Es [1@} (v,0)dvdd ~ 0916 and

5.5

Jis, Es [Fr0] (7,0)dd6 ~ 0.952.
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6. AN ALTERNATIVE SCALING OF THE RANDOM COEFFICIENTS BINARY CHOICE MODEL

In this section, we present a different estimation approach in the case of the partial Fourier
transforms. It is based on the scaling in Ichimura and Thomson (1998), Gautier and Kitamura (2009)
and Gautier and Le Pennec (2011). Equation (1.2) is of the form D = 1{(V,Z’,1)(1,-I",-0)" > 0}.
Because the scale of (1, —I",—©) is not identified, instead of normalizing the first coordinate (the
coefficient of V) to be one, we can work with the vector T = (1, —I",—©)/||(1, —I", —©)||*” which is of
norm 1. This yields slightly more flexibility because for identification we have just have to assume that
the support of T belongs to an hemisphere (see Gautier and Kitamura (2009)) and it is not required
that in the original scale one specific coefficient is positive. We also rescale the instruments so that
S =,z 1)/|(V,Z',1)|. Both S and T belong to the sphere S” of the Euclidian space RX*1. We
advertise this alternative approach here, because rescaling by one coefficient is potentially instable
numerically, if one chooses as a “special” regressor V' one for which the coefficient in the original scale
of utilities can be close to zero for some individuals.

Under the above scaling (1.2) becomes D = 1{S'T > 0}. Consider for example the case of
Fi o)
E[(1 — D)e'™|S = 5] = E[(1 — D)e'™|S = ]
= E[e™] — E[1{sT > 0}e™°] (using (4 — 2)
=Bl = [ (s> 0} (A [fyr] () dota)
=Ele™] - (F |y 0] (£) ()
(6.1) - %E[ei%] —H <(f1 [ Fyor] & -))_) (s)

where o is the spherical measure on S¥, H is the hemispherical transform (see, e.g., Gautier and

Kitamura (2009)) and f~ is the odd part®® of a function f.

Assumption 6.1. (A-1) The rescaled vector of instruments S has a density with respect to o and

its support is the whole hemisphere H* = {s € St . sp+1 > 0}

27 Though the notation I' has already been used in Section 3.4.1, here it is denoting something different.

280dd, respectively even, functions are the closure in L2( SY) of continuous functions such that Vs € S¥, f(—s) =
—f(s), respectively Vs € S*, f(—s) = f(s) . Each function in L*(S*) is the sum of its odd and even part. We denote
by L2,4(S™) the subspace of L?(S*) of odd functions.



44 GAUTIER AND HODERLEIN

(A-2) T has a density fr with respect to o which is defined point-wise and has support included in
some hemisphere H = {s € S'': s’ n > 0}, where n is a vector of norm 1 that does not need

to be known.

Assumption 6.1 (1) corresponds to full support of the instruments. It is stronger than Assump-
tion 2.2. Assumption 6.1 (2) is satisfied under the specification (1.1) where in the original scale the
coefficient of V' has a sign which is known, but it is slightly more general. Equation (6.1) yield that,
under Assumption 6.1 (2), E[(1 — D)e''|S = s] — $E[e"°] can be extended in a unique way as an
odd function defined on the whole S” (it is initially only defined on H* according to Assumption 6.1
(1)) through

. 1.
Vs € H", Ry,(t,s) =E[(1— D)eY|S = 5] — §E[6”Y°}
Vs € —H™, Ry,(t,s) = —Ry,(t, —s).

It is remarkable that E[e?¥0] is also identified in this model. This is due to the smoothing properties
of H. Indeed (see, e.g., Gautier and Kitamura (2009)), because Ry, (t,-) belong to H(L2,,(S)), it
is continuous and odd. Thus for any point § on the boundary of H*, Ry, (t,5) = —Ry,(t,—3). This
yields

(6.2) lim E[(l — D)eitY’S = 3] + lim E[(l _ D)eitY‘S _ S] _ E[eitYO].

s—§, seHt s——3§, seHt

Because the right hand side does not depend on §, an efficient estimator would take into account all

these relations for all § on the boundary of H*. Given an estimator F moT(t) of E[e™Y0], we can

get an estimator of Fi [fy, r] with the same formulas as in Gautier and Kitamura (2009) or Gautier
and Le Pennec (2011) replacing 2y; — 1 by 2(x; — 1)e®¥ + flﬁyo\](t). In the case of the estimator
of Gautier and Kitamura (2009) (see the reference for more details) and delayed means smoothing

kernels we get

(6.3)
ity; ITIEY v(L) (o
T - 2 LT Ly (11 2 T )
Yo, I’ ’ - v ~ ) 5
S a@rrnepbo \NS max ( fs(s),mu )
where |SF| = % is the surface measure of S*, h(n,L) = (317(25_1)1!)(%1—5:11))!7 v(L) = (L —

1)/2, X\2p+1,L) = (-gg\(iﬂ:;)l}:?;gz)—l)’ x(n,T) = ¢(n/T) where ¢ : [0,00) — [0,00) is infinitely

differentiable, nonincreasing, such that ¢¥(z) = 1 if z € [0,1], 0 < ¢(z) < 1 if x € [1,2], ¢¥(x) = 0 if
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x > 2, and C¥(-) are the Gegenbauer polynomials ?’. Ty is the smoothing parameter, my a trimming

factor and fs an estimator of the density of S.

7. APPENDIX

7.0.5. Proof of Proposition 4.1. Because Kt and Kr belong to S(R), due to Assumption 4.1 (ii), for
the function ¢ considered, for almost every s in Ht, v — E[¢(Y)s(D)|(S, V) = (s,v)]Kr(v) and v —
OE[p(Y)s(D)[(S, V) = (s,v)] K7 (v) are in L' (R) and limy,| o E[3(Y)<(D)|(S, V) = (s,v)]Kr(v) = 0.
This yields

Ar |08 [oV (DI T) = (0. X =] | )

Kr(s'y —u)E {qb(Y)g(D)\(S, V)= (s,u), X = m} dudo(s) (by integration by parts)

/supp(fgy,xom)

dudo (s)

= o 5 3, 71x (s, ulz)

Kp(sy—uwE |o(Y)s(D)|(S,V)=(s,u), X =2z ————

/Supp(fm('m) 067 = B o S(DI(E.T) = s, X =] IS

Rr(sy — w)o(Y (D)
T (5, ul2)

E

(S,V) = (s,u), X = x] f§7‘~/|X(s,u|x)duda(s)

/supp(fg,mx('lz))

X ==z

K7 (ST —U)p(Y)s(D
=E ! (S J¢(Y)s(D) (by the law of iterated conditional expectations)

Fsx (5. Vo)

Q.E.D.

7.0.6. Proof of Proposition /4.2. We use the notations

Iy L K By — 5) Ty (6(yi))s ()
gm,T(’Y) - N — ’
=1 ~ max (fg’f/(sz‘,w),mjv>
1 o Koy (8 = 0) Ty (6(1))s ()
I _ - Tn\2; N
N =~ _
rooy L s Ky (Siy — i) d(yi)s(di)
g0 =5 2 oGt ,

29The Gegenbauer polynomials are given by

L) )

Cnlh) = 2. =)

20", v>-1/2neN

where (a)o =1 and for n in N\ {0}, (a)n =a(a+1)---(a+n—1) =T(a+n)/I'(a).
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where the superscript I stands for ideal (this is because we replace the estimator of the density in
the denominator by the true density). For two sequences of positive numbers (ap)nen and (by)nen,
we write a, < b, when there exists M positive such that a, < Mb, and a, =< b, when a, < b, and

by < ay,.

Let us start by stating a few results on I~{T. Recall that

Kp(u) = (272r)L /OOO sin(—tuw)t[t|* e <;> dt

therefore by the change of variables

. 2TL+1 [e) . 1
thus

‘I?T(u)’ < 2(:;;/000 tha(t)dt

and fooo tlap(t)dt is a constant independent of T because v € S(RY), therefore
(7.1) ’f{T‘ < Tk

o0
Similarly we can show that

(7.2) ‘f{’T < L2

o0

which implies that V(u,v) € R?,
|[Kr(u) = Kr(v)| S T"2u— ol

which in turns yields
1Rr()] — |Rr@)l| $T"2u-v
and V(s,v) € SE71 x R,
(7.3) |B(s'y = v) = K(s'7 = o) S T2y 7]
(7.4) 1Rr(s'y = v) = | K(s'y = v)|| S T2y =]

where on the right hand side of (7.3) and (7.4) | - | is the Euclidian norm in RZ.
~ 1 * t
Kr(u) = —— “hut Py () dt
T(u) (27T)L /;ooe | | Tr[} <T) )

ol = (e (7)o}

Also, because
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00 1/2
— 7LD/ { / t2L¢2(t)dt}
(75) 5 T(2L+1)/2.

We now rely on the decomposition

9= 9= (9= 9ms) + (9mr —E [gms]) + (E [9m:] —E[97]) + (E[9:] ~E[g']) + (E[9'] - 9)
:= Sp + Se + By + Birunc + Ba

where the expectation is with respect to (51, f/i)i]ilgo. The contribution S, corresponds to the sto-

chastic component due to plug-in, S, to the stochastic component of the infeasible estimator gilﬁ, By
to the trimming bias, Biunc to the bias due to truncation and B, to the approximation bias.

Let us study first the contribution of the term S},. The following upper bounds hold

N 7= ~ ~ ) ) max ~~§i,ﬁi,m
I1Splloe = [ S K8 0T (D)) lch) Usp@mmy) 1 € By}

i=1 ~ max (fgy(giﬂi),mjv) max (,%77(51,51'),”11\7) o
N | Kry (3, - =) 1{- € By} max ( fz o (55, 0:), my
. 1 TN\ i S, V)\21 Vi)
< min (v, [éll) | v+ D | max (s, ) 1

i=1 max(fgf/(gi,@),m]v) =1,..N max(@(gi,'ﬁi),m]v)
K o0 K
1 & By (5, =5)| 1 € By}

N

_max ‘fg,v(gz'ﬁz’) — f5v(5i,0)

1=1,...

< my' min (7, [|¢]ls)

i—1 max (fgy(gi,’ﬁi),mN) .

< iyt min (v, [6loe) (173 o + 1T BN ML) max [f55i50) — o5 T0)

where
[ R 2-7)
DOEE e (o (5.7) o)
Ty ( )_i S ‘I}T‘\’@h_@) _E ‘[N{TN (5’7—17)‘
TN S e (S pGamomy) | max (Fgp (S.7) m)

We just have to consider the term || T51{Bn}|lco. We cover By by 9(N, L) Euclidian balls (Bi);-n:({V’L) of

centers Wi)??:({\f,L) and radius R(N, L). Because By is compact we have M(N, L) < d(By)“R(N, L)~ *.

30Thus we do not integrate against the distribution of L.
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For M («) positive and an appropriately chosen sequence (vy) to be defined later

(7.6) P (on||To1{BN}oc = M(c))
<P U {onIT@)| = M(a)/2}
i=1,....M(N,L)

+P (Eli e{l,....,MN,L)}: vy sug To(y) — Ta(7;)| > M(a)/2> .
VEL;

(7.7)

By taking R(N, L) < vagllTJ;(L—H)M(a) for a well chosen constant, the first term on the right hand
side is equal to zero. This follows from the fact that 75 is Lipschitz with a constant proportional to

mjvlTJQ(LH). This is a consequence of (7.4). For such a choice of R(N, L),

(7.8) P (on[|T2llc = M(e)) <IN, L) . Sl;%)(NL)IP’(vN To(7:)| = M(a)/2).

Now

P oy [Ta(7;)] = M(a)/2)

L TR S N
j=1 max (fg’f/(fsvl,fﬁz), mN> m]_vle,‘H max <f§7‘~/ (5, ‘~/> ,mN> m]_\,lTﬁ‘H
(7.9) <2 L(_* (Bernstein inequality)
. — | — rnstein in i
< 2exp 2 \ox i3 ernste equality
where
t =Ty E oty NM () /2
¥ ([Fn G-
YA J
= Zvar Ll
j=1 N tN
Kpy, (579, —
L> sup IZV(NS Yi =) i ke 1 (using (7.1)).
(s,v)esupp(S,V) | max (f§7‘7 <S, V) ,mN> my TNJr
As
~ ~ ~ ~ ~ ~ 2
(e NN
Zvar N~ ~] J < ;{LLJYFDZE N o
j=1 max (f§717 (S, V) ,mN) m]_vlTﬁJrl Ty =1 max (fg’f/ (S’, V) ,mN)
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my NT2H

T]%[(L—i-l)

(Due to (7.5))

we shall take w = mNNT]%,LHTJQQ(LH).

Now choose vy such that ¢t < M (a)y/wlog(N). Thus w is the leading term in the denominator of the

exponent in (7.9). The corresponding vy is
vy < (log N)*l/zwfl/QTJ;(LH)mNN

= N \'? 1/2—(L+1/2)
=\ Toe ™ my Ty .

For these choices of the parameters

t2

(7.10) ST

= (log N)M (a)?

and

_( N 12 1/2—3/2
R(N,L) < log N my TnN™ "M(a).

Due to (7.5) and because by assumption log(T%s /mn) + Llog(d(By)) < «, we obtain
(7.11) M(N,L) < d(By)*R(N, L)™' = exp ((a + L/2) log N + o(log N))..
Equations (7.8), (7.9), (7.10) and (7.11) imply that, for a positive constants C' and Cs,
(7.12)

1/2
P <<1O]gVN> TJ;(LHQ)mJI\PHTﬂ{BN}Hoo > M(a)> < Cexp{(log N)((a+ L/2) — CoM(a)?)}

holds. For a large enough M(a), (o + L/2) — CoM(a)? < —1 which implies summability of the left
hand side in (7.12), hence by the first Borel-Cantelli lemma for M («) large enough with probability

one

1/2
m N / o (LA2), 120 Y
IMN 00 7logN N m | T2lloo < M(a).

In summary, we have obtained that for some constant My, and M («), with probability one,

for every e positive, there exists IV large enough such that
& (51-7)]
57 (S.7).my)
max ( % ( my .

~1/2 N N\ L
+my T (M () + €) log N Ty .

1Sp1{BN}Hloo <(Mpv + €) min (1n, [|¢llco) rrv.nmy' $ ||E
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For the same reason, on the same event of probability 1, for every e positive, there exists N

large enough such that

B . N -1/2
181N} | <m0 (@) + min (el (g ) T

Consider now the bias term induced by trimming, evaluated at a point -,

Bi(y) =E FT” (57-7) min (9, ) <) ( f§,V(§’ ‘:/) - 1)]
§7\7(S7 V) max (fg{;( ,V),mN)
d

[95)

E [min (B(Y), 75)<(D)|S = 5,V = v| Kpy (s'y — ) (fgyf/(s, v)ymyt — 1) do(s)dv.

B /{(s,v): f§,‘7(s,v)<mN}
This yields the following upper bound

By (5" = v)

|Be()] < min (., [9]]so) /{( . dor(3)do.

8% (s,v)<mN}

Consider now the truncation bias Birunc. We obtain
Buounel < E [|[ Ky (577 = V)T (9())¢(D)|

which allows to conclude using (7.1) with an explicit constant.

The upper bound for the approximation bias B, is obtained as follows. Note that, for z in RE,
I — 1 _ .
Elg')(@) = F* [¢ () Flal()] @)
= pr * g(x)

where x is the usual convolution and

rio) = e [0 (7) d

(7).

The collection (pr)7rso is an approximate identity because of (7.13) and [ pr(z)dz = 1(= 1(0)).

N

(7.13) =

The rest of the argument is classical and is based on

9= Elg'liw) = | (ala) — oo =) prla)ds

Let us do the argument for s = 1 and s = 2 only for simplicity of the notations.
Case where s = 1.

The inequalities

9= Elo' o < Ly | | lollorlay
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< glliocT! / iyl (v)Idy
RL

hold with L, the Lipschitz constant of g which is itself upper bounded by ||g||1,00. The last integral is
finite because p; is in S(RY). Indeed p; is the Fourier transform of a function in S(RL).
Case where s = 2.

Denoting by Dg(x).y the differential of g at = applied to y, because 1 and thus p; is symmetric,
lo~Els'll = | (9(a) = gl = 9) = Da(o)9hpr ).
This yields

1
lo =o'l = [ [ (Dot = 20) = Data)) wador(u)ay

< llgllacc / y2lor()ldy
RL

< gl / 2101 () dy
RL

where again [, |y|?|p1(y)|dy < oo because p; is in S(RF).
The upper bounds on the bias due to truncation follow from the expression of the difference

between the two expectations when Assumption 2.1 holds.

Q.E.D.

7.0.7. Proof of Proposition 4.3. The proof of this result is almost the same as the proof of Proposition

4.2. We will thus only stress the differences. We will use the notation
1f = 9lloo = sup [(f —9) &)

te[~ RN R1Ax], yeBy

We start by observing that

1 = glloo < 1Re(f) = Re(g)]loo + [[Tm(f) — Tm(g) o

this yields the factor 2 in the upper bound of the proposition. Then it is easy to check that we
obtain the same upper bounds for both the error on the estimation of the real part and the error on
the estimation of the imaginary part. For both, all the terms can be bounded like in the proof of
Proposition 4.2 (taking 74 = 1 and noting that ||¢||oc = 1 as here ¢ is either cos or sin) besides the

term Sy, the stochastic component of the infeasible estimator g{nﬁ.
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N(N,L)

We shall cover By by 9(N, L) balls (B )ﬁ(iv L) of centers (Wi,fi)izl and radius R(N, L) (will

be the same as in the proof of Proposition 4.2) where balls are defined as
Bi={(y.t): Iy =l + [t =l < R(N,L)}

and again the norm |y — %] is the Euclidian norm in R* while |t — #;| is the absolute value. Because
By(0,1) x [~1,1] is compact®! it can be covered by a number of balls of the order of R(N, L)L+
(the extra dimension due to t) and thus (N, L) < RY**d(By) ' R(N, L)~ (E+D),
The choice of R(N, L) is based on the same reasoning as before and the fact that the functions
(1.8) > Kr,, (s'y — v) cos(ty)

max f§7{7(57v)7mN)

and
Ky (S'y — V) cos(tY)

max <f§7‘7 (g, ‘7> ,mN)

are Lipschitz with constant mJ_VlT ]\L[H. The same is true if we replace sin by cos. We can thus take

(7,t) = E

the same ¢, w and L and thus vy as in the proof of Proposition 4.2. However due to the different
covering number the constant C changes which yields a different constant M («).

Q.E.D.

7.0.8. Proof of Proposition /.4. First note that
(fA_fA) / fA\F 6‘7)fr( )1{’YEBN}d’Y
+ /) (fo(élv) — Fap () Fr 1y € By

+ [ ) (B0 = f) 1a € By

which yields

(= 12) 0] < [ a1ty € Biday
+ [ [Fapth) = fap] fe1(y € By
+ [ Fapo) [f) = £ 14 € By
< [ Fap@ )L € By

31B4(0,1) is a Euclidian ball centered at 0 or radius 1.
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+ [ JFah) = S| ety € Bl

fr
fr

< /L FarOIMf(n) 1y € Bivtdy

—

r— ffl{BN}H ) /RL ‘f/A?f(f”’Y) - fA|f(5|7> Jr(v)1{y € Bn}dy

frl{B }H / ’fAu“ 0]) )fr )1{~ € By }dy

fo— 1z
+ I

< /L Fap@) fr(){y € By }dy
R

+<1+ fF ff

+ Ma

1{Bn}

/ Fap G I(M1{y € Bydy

1{By }H ) |Far0h) = £ 2014y € By

fr-

- frl{BN}

T

[e.9]

thus, using the Cauchy-Schwartz inequality

(Ta=ta) )3 | £2Gf)1 € By

+3<1+

+ 3M3%

I ffl{B }H) (Far (6l — Far(6) fe()Lly € Br}dn

fe— 1z
fr

{Bn}

[e.o]

< 3Ma /RL Sar(6,7) 1y € By }dy

fe— Iz
fr

2
1{By} ) L, (Fap@h) = fap6) 140 € By

o0

— 2
ol 1{Bn}

+ 3M3
fr

[e.9]

The inequality is now obtained by integration over §.

Q.E.D.
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7.0.9. Proof of Proposition 4.5. We introduce the notations

Fapl0) = g [ K ho)e A [fyg] e
Rmﬁ{ﬂ%ﬁﬂwwk L
Fi (] ) Fi o] (6)

The following decomposition holds at a fixed v by means of the Plancherel identity

(- rae) 0 =3 G s 0.

2 [ K(thy,)?
i /_"O ’-7'"1 [fyof} (tﬁ)r

2 o
2 [ K b PR

2
dt

o —

<f1 {fYO-i-Af} -F [fYoJrAfD (t,7)

<]—"1 E/;Af} -7 {fYOJrAfD (t77)‘2dt

o2 e ] e g

We conclude using Lemma 7.1 below and the fact that by conditional independence
2 2
‘}'1 [fyOJrAf} (tﬁ)‘ ‘}'1 [fAf} (tﬁ)’

7 e @] A ] 6

)
Q.E.D.
Lemma 7.1 below is an adaptation of the lemma of Neumann (1997). Denote by

1

‘ Yy, N
s et e

Lemma 7.1.

sup {v(t. )R]} = Op(1).

te[- R R, v€By

7.0.10. Proof of Lemma 7.1. We distinguish between two cases.

F1 [fyo,f] (ta’}/)‘ < 27’Y0,N- Then, w(tvpy)il <2 ’Fl {fyof:| (t77>’
and it suffices to upper bound in probability ‘.7-"1 [fYo f} (t,fy)’ |R(t,7)|. By definition of R(t,~),

171 [fy 5] (6| IR )] < 1 on the event {‘]—"1 I (t,’y)‘ < ryO,N}, while

21 ) | R < o)™ (51 [ ] 5 ] ) 6

Case 1: Let t and v be such that

on the complementary event
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o —

F1 [fyof} (ta’Y)‘ > TYO,N}- This yields

{

sup {¢(t,7) " R, 7)1} = Op(1).
(ty): ’}‘1 [fyof] (t77)‘<27"Y0,N

2
Case 2: Let now ¢ and « be such that ‘]—“1 [fYo f} (¢, 7)’ > 2ry, v. Then, ¢(t, )~ < 2 (ryy.n) " )]—"1 [fYO 1:] (t,’y)’
2
and it suffices to upper bound in probability (ry, x) ™" ‘]—"1 [fYo 1:} (¢, 'y)‘ |R(t,7)].
By definition of R(t,7),

(o)™ 71 [5] ()| 12

< o) |7 [ ] ] (1| [ ] 0| < )

fl/[];;f} (t,v) — Fi {fyoj} (tﬁ)’
n 1{

— Fi [f 6] > r}
- [fyof} ) 1 [ Y. r} v TYy,N

Using
1 - 1 ‘(-7:1 [fyof:| - F {fYof}> (t,’y)‘
A et P Ina @] [ e ] 7 ] )]
we obtain

2
(rvo) ™ |71 [y ] )| 1REE )

< (7‘Y0,N)’1 Fi [fYo,f“] (t,'y)‘ 1{ flmf} (t,’y)‘ < TyoyN}
— 2
. F s ) = 7 [y 2] (67) _
+rvo) || B 67) = A1 [y ] <m>‘ T L e U L 1{ Fi | fra ] ) >’”YO7N}

flﬁf} (t, ’Y)’

flp;f} (t,7) ‘ < Ty, N }

< (ran) "t A [fyo,f} (m)‘ 1{

+ ([ [ 6 - 21 [, 6] )

£ [ g )| > rv

+ (TYmN)_z

P [fyr| ) - 7 1 5] (m)‘z) 1 {

From the definition of the upper bound on the rate ry; n, the last term in the sum is, uniformly in ¢

and ~ such that ‘.7—"1 {fYo,f} (t,7)

> 27y, N, bounded in probability.



56

GAUTIER AND HODERLEIN

Moreover, because ‘]—“1 [fYo f} (t,“y)’ > 2Tv,,N

1 {‘]—“1 {fyof} (t,*y)‘ < rYO,N} <1 {‘( [fyo ] ~F {fyofD (t,’y)‘ > ’fl [fyof} (t,v)‘ - ryo,N}

= H( [ur] -7 {fyofD (t’”‘ > |71 [ ] 7)) /2}
< 2‘<I1Tf;’f] — [fYo,fD (75»7)‘

|7 [fo 6] &)

which yields

(ryo,n) " ‘fl [fyof} (tﬁ)‘ 1 {

—

fley\mf] (tﬂ)' < TYO,N} < (rypv) ! ‘ (fl [fyof} - F {fyofD )]

thus the first term is also, uniformly in ¢ and 7 such that ‘]—'1 [ fY0 1:} (t,'y)‘ > 27y, N, bounded in

probability.
Q.E.D.

7.0.

11. Proof of Proposition 4.6. The proposition follows from adapting the upper bounds in Comte

and Lacour (2011), (4.17) and the assumptions made.
Q.E.D.
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