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ESTIMATING THE DISTRIBUTION OF TREATMENT EFFECTS
ERIC GAUTIER AND STEFAN HODERLEIN

ABSTRACT. In this paper we show that the distribution of treatment effects is point identified in a
model where the outcome equation is of unrestricted form and the selection equation contains more than
one unobservable. This is different and economically better motivated than the treatment effect on the
distribution, usually the quantiles, which is commonly analyzed in the literature. Our key identifying
assumption in the selection equation is a linear random coefficients structure and the assumption that
the instruments are continuously distributed. This allows point identification of the entire distribution
of treatment effects under conditions on unobserved heterogeneity that unlike the case of additively
separable/monotonic scalar unobservables have a clear economic interpretation in terms of unobserved
heterogeneity. Also, we obtain results on the distribution of treatment effects without invoking any
scalar monotonicity assumption in the outcome equation. Moreover, the identification is constructive

and suggests estimators of various quantities of interest by sample counterparts.

1. INTRODUCTION

Motivation In this paper we consider estimating the distribution of treatment effects in the

following structural Roy type treatment effects model

(1.1) Y = A+BX
(1.2) X = 1{Z'T >0}
(1.3) Z is independent of (A,B,I'T).

In the outcome equation (1.1), A and B are scalar random coefficients and 1 denotes the indicator
function. In the treatment effect literature A is usually denoted as Yy and B = Y; — Yj. ie., A
denotes the distribution of outcomes in the control group, and B the treatment effects. In the binary
treatment case, the linearity in the outcome equation is unrestrictive.

The object of interest in this paper is to obtain the distribution of treatment effects fp in the
case of endogenous selection into treatment, and moments of the distribution like the mean (average)
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and the variance of treatment effects. We model the binary choice to participate in the treatment in
equation (1.2). The participation decision involves Z, a L-vector of instruments, and I', a random
vector that accounts for heterogeneous preferences and information which in turn governs the selection
into treatment. We allow for the first component of Z to be unity and for the first component of I' to
absorb the usual stochastic shock term.

As is evident from the equations (1.1)-(1.3), we do place some structure on the endogenous
selection into treatment. First, we assume that we have instruments that are fully independent from
the unobservables in the system, and, as we shall see below, also continuously distributed. The key
identifying restriction is the linear random coefficients structure in the selection equation. While
the linearity is clearly restrictive, it allows us to model several unobservables in a way that is more
reminiscent of structural economics. Note that even if interest centers only on the average treatment
effects, introducing some type of structure is necessary as there is not even point identification of the
average of the distribution of treatment effect (ATE) in general'.

Since the aim of this paper is to propose a minimal structure that point identifies the mean,
the variance, as well as the entire distribution of treatment effects, we thus have to restrict the
structure of the model at some point. We feel that our linear random coefficients structure is well
motivated by heterogeneity in a population of economic agents: it corresponds to the notion that
on individual level linearity of the selection equation is (at least approximately) a valid description
of behavior. Depending on the feature of the distribution, we will require further assumptions. If
the focus is on the mean of the distribution, we do not require any additional assumptions (apart
from regularity conditions). For the variance of treatment effects, we provide sharp bounds, and
show point identification under a covariance restriction. Finally, we establish identification of the
distribution of treatment effects under the assumption that A L B|I". We will discuss this assumption
in detail below. At this point we would like to point out that this assumption is satisfied, if there
exist otherwise unrestricted mappings 4,1 p such that A = 4(I',U,), and B = ¢¥p(I",Up), with
Ua,Up possibly infinite dimensional, such that U4 L Upg L I'. This corresponds to a notion that the
selection equation reveals information about the common endogenous factors; there is (potentially

complicated) remaining heterogeneity in A and B, but it is independent of everything else.

E Indeed, Shaikh and Vytlacil (2009) provide sharp bounds for this effect which characterize the identified set, and
Imbens and Angrist (1994) show that even under a monotonicity assumption on instruments, only the average effect for

“compliers” (local average treatment effect, LATE), a specific subpopulation defined by instruments is point identified.
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The main results in this paper establish that under the respective conditions, for B = Y7 — Y,

E[B|T =1, Var[Y1-Yy | T =+], and fgir(b;v)

are (point) identified. These objects correspond to generalizations of the Heckman and Vytlacil (2005)
MTE to several sources of heterogeneity. From these results, we show that the unconditional average,
variance and distribution treatment effect may be identified, but it requires an identification at infinity
type of assumption. However, even in the absence of identification at infinity, these results can also
be employed as building blocks to obtain policy relevant treatment effects, as in Carneiro, Heckman
and Vytlacil (2010). Finally, and equally importantly, we establish that in the general case with
limited support for our instruments, we can only identify the average, variance or distribution of
effects for a subpopulation defined by the range of the instrument, a population that is related to the
one considered in Angrist, Graddy and Imbens (2000).

Based on these identification results, we provide sample counterparts estimators. It is known
from Hoderlein, Klemeld and Mammen (2010) and Gautier and Kitamura (2009) that the estimation
of the distribution of random coefficients in the exogenous single equation cases are ill-posed inverse
problems. It is clear from our identification argument that the estimation of the distribution of the
treatment effect B is a different ill-posed inverse problem, akin to conditional deconvolution with noise
and mixing distributions that are unknown but estimable by solving themselves inverse problems. We
provide such estimators, and analyze their large sample behavior.

Literature Naturally, this paper touches upon two related sets of literatures; the first is the
treatment effect literature, in particular the part that is related to distributional treatment effects, the
second is the random coefficients literature. Key references for the former are the quantile treatment
effect of Abadie, Angrist and Imbens (2002), Chernozhukov and Hansen (2005) and Heckman, Smith
and Clements (1996). Note that the first two results 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 slightly weakened. This assumption is restrictive, and has rightfully been criticized,
see Heckman, Smith and Clements (1996), who point out that what is of interest is the distribution
of treatment effects, and not the treatment effect on the distribution, and who provide (Frechet-)
bounds for this quantity. In contrast, we provide point identification of the distribution of effects
under different assumptions. As an implication, we can also obtain results for the average treatment

effect, which is the expected value of the distribution of B. This is related to the seminal contribution
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of LATE (Imbens and Angrist(1994)) and MTE (Heckman and Vytlacil (1999, 2005, 2007), henceforth
HV).

The second line of work which is popular to model unobserved heterogeneity and related is, as
mentioned, random coefficient models. Random coefficient models allow the preference or production
parameters to vary across the population. In this paper, we allow for different individuals to have
different preferences for treatment and that effect of treatment might differ for each individual. 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), Heckman
and Singer (1984), Beran and Hall (1992), Ichimura and Thompson (1998), Fox and Gandhi (2009),
Hoderlein, Klemeld and Mammen (2010), Gautier and Kitamura (2009) and Gautier and Le Pennec
(2011). The last two references recognize that the estimation of the density of the latent random
coefficients vector is a statistical inverse problem. The literature on the treatment of these problems
is extensive in statistics and econometrics (see, e.g., Carrasco, Florens and Renault (2007) for a survey
of applications in economics). Fox and Gandhi (2009) are the first to study the identification of the
distribution of unobserved heterogeneity in treatment effects models, however they do not allow for
an intercept in the binary choice model.

The two equations model in this paper combines the random coefficients linear model studied
by Beran and Hall (1992), Hoderlein, Klemeld and Mammen (2010) and the random coefficients binary
choice model studied by Ichimura and Thompson (1998), Gautier and Kitamura (2009), and Gautier
and Le Pennec (2011). The first equation though has a regressor which is a dummy variable whose
effect varies by a random coefficient. This is not handled in Beran and Hall (1992) or Hoderlein,
Klemeld and Mammen (2010).

The problem is doubly related to inverse problems: the conditional densities of A + B and
A given I' as well as that of I" are obtained solving inverse problems. We present two approaches
when L > 3. The one presented in Section 3 involves the inversion of the Radon transform (see, e.g.,
Helgason (1999) and Korostelev and Tsybakov (1993), Cavalier (2000) and Hoderlein, Klemeld and
Mammen (2010) for statistical inverse problems involving the Radon transform on R?) applied to the
derivative of a regression function. The one of Section 5.1 relies on the inversion of the Hemispherical
transform (see, e.g., Funk (1916), Groemer (1996), Rubin (1999) and Gautier and Kitamura (2009) and
Gautier and Le Pennec (2011) for a statistical inverse problem involving the Hemispherical transform).
A second inverse problem appears when we obtain the conditional density of B given I' assuming that

A 1 B|I'. This corresponds to conditional deconvolution. Evdokimov (2010) considers conditional
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deconvolution in a different problem. In the classical deconvolution problem, the density of A is known
and the characteristic function of A + B is estimated via the empirical characteristic function which
estimates the true characteristic function at rate 1/ V/N. An extension studied in Diggle and Hall
(1993), Neumann (1997), Comte and Lacour (2009) and Johannes (2009) considers the case where
the density of A is estimable at rate 1/ V/N using a preliminary sample. In this paper A + B and
B are unobserved and both conditional characteristic functions given I' are estimated solving inverse
problems using the same sample.

Throughout this paper, we will analyze the distribution of random coefficients under the
assumption that we observe an independent and identically distributed sample (yi,xi,ziT),-:L___,N
where N is the sample size, and assume that the independent and identically distributed realiza-
tions (a;, b;, ’yiT )i=1,...,n are unobserved. Because it allows to relate our results closely to the literature,
in Section 2 we consider in detail the important case of a single continuous instrument. In section 3
we present the more general case that there is more than one continuous instrument and we keep the
index structure of model defined by equations (1.1)-(1.3). In the fourth section, we analyze the large

sample behavior of our estimator.

2. THE SINGLE UNOBSERVABLE CASE

In this section, we start out with the standard specification for the selection equation in the
treatment effects literature. We review the main result of Heckman and Vytlacil (2005, henceforth
HV) in this setup, and show how to obtain the variance or the distribution of the treatment effect

including a discussion of the respective assumptions.
2.1. MTE and ATE with a Single Unobservable in the Selection Equation.

2.1.1. Model and Assumptions. The setup we shall consider can be formalized as follows in a random
coefficients setup:

Y = A+ BX
(2.1)

X=1{P>V} V|Z~U,1)
where X is a binary treatment indicator, P = n(Z) = Pr(X = 1| Z) is the selection probability
(sometimes also referred to as “propensity score”). This model could arise in several ways, and it is
neither more or less general than the pure random coefficients model defined by equations (1.1)-(1.3).

However, when we have one instrument the latter is nested in the former. To see this, recall that the
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selection equation (1.2) is then defined as
(2.2) X = 1{P1 + 19275 > 0}.

For identification of the density of I'/||T'||, we know from Gautier and Kitamura (2009) that it is
sufficient that the support be included in some half sphere. This occurs if the coefficient of Z5 has a
fixed sign. Changing Z5 in —Z5 we can assume that the coefficient is nonnegative. Assuming it is as
well nonzero we can write the event inside the indicator of equation (2.2) as Zy > —TI'1 /T'y. Moreover,

this is observationally equivalent to
(2.3) X = l{F—F1/F2(Z2) > Vi,

where F_p, p, is the cdf of —I'1/T's , with V'« {(0,1). This obviously leads to model (2.1) with
m(Z2) = F_r,r,(Z2). However, in the case of d instruments, the two models are generally different,
hence we treat the two approaches separately. Observe that at this stage, we impose additive separa-
bility inside the indicator of the first stage (i.e., the selection) equation, which is obviously restrictive
in terms of the unobservables that are allowed for, but at least allows for an unrestricted function m
of the instruments. We start out by treating this model for two reasons. First, we want to provide a
useful addition to the standard HV type of framework. Secondly, we want to understand similarities
and differences with the case when we have more than one unobservables? in the selection equation.
The formulation is somewhat different from the standard treatment effects formulation. To
see the parallels, A = Yj, and B = Y] — Yj. With this notation, ¥ = A+ BX =Y, + (Y1 — Yp)X
which is more standard. It is also useful to think of Y as being generated by a nonseparable model;
in this case Y = ¢(X,U), and Yy = ¢(0,U) = A, as well as Y1 = ¢(1,U) = A+ B. As is obvious
from these equalities, in the binary case the linearity in X in the outcome equation is without loss
of generality. However, if we identify U with a high dimensional unobservable, e.g., preferences, it is
interesting to note that we are thinking of our random coefficients A and B as two different functions
of the unobservables, i.e., A = a(U) = ¥(0,U) and B = b(U) = ¢(1,U) — ¥(0,U). Without loss of
generality, one could further partition the set of unobservable in vectors Uy, U1, and Us. Here, Usy are

unobservables that are common to both the treatment and the control group *

2 With the scaling of (2.3), there is only one unobservable which is V', though the size L parameter introduced later

which corresponds to vectors in the coordinate system before rescaling is 2.

3We prefer the term subpopulation, but use this common name in the literature. treatment, Uy are specific to the
control group but these unobservables do not affect the effect of treatment, and U, impacts only the effect of treatment.

This means that A = a(Uop,Uz2) and B = b(Uy, Ua).
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We will analyze the model under materially the same assumptions as HV, but add one crucial
condition to deal with distributions. The effect we analyze is the marginal treatment effect (MTE),
which is, for p € (0,1) :

EB|V =p|=E[Y1 -Y |V =p],
which is the average effect of treatment for the subpopulation, for which V', the first stage preference
parameter, takes on the value p. For p, we can think of this population as being indifferent be-
tween participation and non-participation in the treatment, see HV (2005, 2007) for a more extensive
discussion of this parameter.

The assumptions we employ to first state the HV result, and then proceed to the distribution

of effects, are as follows:

Assumption 2.1. Let (2, F,P) be a complete probability space on which are defined the random
vectors (Y, X, Z,A,B,V): Q=3 VXX XxZxAxBxV,YCR X ={0,1},ZCR, ACRBCR
and V C R. The causal model is defined by equation (2.1) where m : Z — [0,1] is Borel measurable
function, and realizations of (Y, X,Z) observable whereas those of (A, B,V) are not.

Assumption 2.2. All of the defined probability distributions (joint, marginal, and conditional) in-
volving (Y, X, Z,A,B,V') , but X only appearing in the conditioning set, are absolutely continuous

with respect to Lebesgue measure.

Assumption 2.3. (i) (A, B,V) are independent of Z . (ii) The distribution of A =Yy and the
distribution of B = Y| — Yy given V = p have moments of order one and E[B|V = -] € L'(R). (iii)
The conditional density of B =Yi — Yy given V = p is in L'(R) N L*(R) and E[e*|V = ] and
E[eA+B) |V = .|, where i = v/—1 are in L'(R). (w) The conditional distributions of A =Yy and
B=Y; Yy given V =p have second moments and E[A%|V =], E[B?|V =] and E[AB|V =] are
in LY(R).

As will be clear from the proofs, the model and the respective assumptions in Assumption 2.3
imply that the conditional expectations E[Y | 7(Z) = p|, E[Xe!Y | 7(Z) = p] and E[(1 — X)e™ |

m(Z) = p|, exist and are differentiable. This does not need to be assumed.
2.1.2. Main Result. These assumptions allow us to characterize the MTE

Theorem 2.1. Suppose that Assumptions 2.1, 2.2 (i), and 2.3 (i) and (ii) hold in the model defined
through equation (2.1). Then,

E[B |V =p| = 0,E[Y | 7(Z) = p]
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holds.

Proof. See Heckman and Vytlacil (2005).

For an in depth discussion, see HV (2005, 2007). For our purpose, note that the MTE on the left-hand
side is identified by the local instrumental variable (LIV) on the right-hand side. The only thing we
want to point out is that, in order to obtain the average treatment effect (ATE), we would need to

integrate over p from 0 to 1, or,
1
ATE = 5[B) = [ EIYi Yo |V = pldp
0

which requires “identification at infinity” in the sense that the instrument has to be informative

enough to shift 7(z) to both zero and unity.

2.2. The Distribution of Treatment Effects with a Single Unobservable Case in the Se-

lection Equation.

2.2.1. Parameter of Interest. Having laid out the setup and related it to previous work, we introduce
now the object of interest. In exactly the same setup as defined above in equation (2.1), we will be
concerned with the distribution of treatment effects for the same subpopulation as the one considered

by HV. More formally, we are interested in recovering

fBv(0;p) = fyi—vov(b;p),

for any b € supp(Y71 —Yp), where supp(Q) denotes the support of a random variable Q. In analogy to
HV, we call this the “Distribution of Treatment Effects at the Margin”, and abbreviate it DITEM.
The interpretation is also quite similar to HV: For the subpopulation who is indifferent between
participation and non participation, it provides us with a measure for the effect of treatment. However,
this measure is now the distribution of effects. As mentioned in the introduction, the distribution of
effects is different from the effect of treatment on the distribution.

We will study this object under an additional identifying assumption
Assumption 2.4. A 1 B|V

Under our maintained set of assumptions, this assumption is sufficient for point identification
of fpv(b;p). This assumption restricts heterogeneity appearing in this model. Tt is best understood
in terms of the reformulation introduced above, namely A = a(Uy, Usz) and B = b(Uy, Us). A sufficient

condition for assumption (2.4) is that V = U, and Uy L U;|V (for the latter it would in turn be
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sufficient that Uy L Uy L V). In words, there is a common driving factor that causes endogeneity
in the selection model, and it is given by V, which, even though it is not recovered, may serve as a
control function. There is remaining randomness in A and B, however, once the driving factor for
endogeneity in this system, i.e., V, is accounted for, there is no leftover endogeneity.

Note that it does not mean that A | B. In fact, unless there is no endogenous selection there
will generally be dependence between Y[, , and Y7 — Y. In other words, there is endogenous selection
into treatment, but as far as it is endogenous, it can be summarized by V.

This assumption will be weakened in the model with several unobservables in the selection in
the sense that there is not just one factor that we can employ to control for endogeneity, but we have
a full vector of such variables, meaning that if we have a richer set of unobservables Vi,..., Vg, a
condition like A L B|Vy,..., Vi is more likely to hold.

The proof of this results relies crucially on conditional characteristic functions (ccf’s) of the

scalar random unobservables H (A, A+ B and B ), conditional on V' = p, defined as
E [eitH|V =p|.
To recover the ccf of B at V = p, we require the following condition:

Assumption 2.5.

vt € R, Vp € (0,1) : pE [(1 — X)e™ |P = p| # 0.

As we shall see in the proof of Theorem 2.2, the quantity in Assumption 2.5 is indeed E [eiA|V = p] :
the ccf of the distribution of the untreated subpopulation conditional on the unobservables in the
selection equation (the source of endogeneity). This assumption is technical and it is classical in de-
convolution problems where A is the noise corrupting the signal B. Characteristic functions of most

standard distributions (normal, log-normal, Cauchy, Laplace, 2, Student-t, etc.) do not vanish.
2.2.2. Distribution of Treatment Effects. These assumptions allow us to characterize the DITEM:

Theorem 2.2. Suppose that Assumptions 2.1, 2.2, 2.3 (i) and (iii)*, 2.4 and 2.5 hold in the model
defined through equation (2.1). Then,

HE [Xe™|P = p]
GpE[(1 — X)e™'|P = p]

E [eitB|V = p] =

4 The square integrability is indeed only useful for the analysis of the rates of convergence of the estimator.
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and

fev(bp) = — dt

1 /Oo oith OpE [X e |P = p]
) ¢ BE-X)e™ P =y
holds.

Remarks: Since B = Y] — Y, this gives the distribution of treatment effects. From there on,
we can get many quantities of interest. If the score varies in the whole range (0, 1), which amounts to
identification at infinity, we can obtain the unconditional characteristic function

, ! OpE [ X |P = p]
itB] __ o P
B[] = [ R e

or the unconditional density of the treatment effect

L[t o OE[Xe™ [P =p]
b) = —— P — . dtdp.
f5(b) 27r/0 /_OO E[1—X)e [P =p "7

Alternatively, akin to Carneiro, Heckman and Vytlacil (2010) we can look at how weighted averages

change with 6, i.e., 9px(t,0) or 9p((b,0) (Marginal policy relevant treatment effect) where

! OE [Xe™|P = p]
t.0)= | ——2L : ,0)d
o= [ GE[(1 - X)e|p =g~ )%

or

_ 1 b _itr OE [XeitY|P:P]
00 =32 || [ R e e e

For such quantities it is not necessary that the score varies in the whole range (0, 1).

2.3. Variance of Treatment Effects. Similar computations as those used in the proof of Theorem
2.2 allow to obtain various moments of the distribution of treatment effects under milder assumptions
than in Section 2.2. For example, we state Theorem 2.3 which allows to get the variance. It is obtained

by simple algebra.
Theorem 2.3. If Assumptions 2.1, 2.2, 2.3 (i) and (iv) and E [AB|V] = E [A|V] E [B|V] hold, then
Var(Yy = Yo[V = p) = Var(B|V = p) = 7(p)
where
1(p) =0E [XY2|P = p] — QO,E[(1 - X)Y|P = ] + 0,E[Y|P = ) E Y|P = 1)

0, [1- XY=y,

Strikingly, even if we do not assume E [AB|V] = E [A|V] E [B|V] we can get the following bound
on this quantity.
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Theorem 2.4. If Assumptions 2.1, 2.2, 2.3 (i) and (iv) hold, then the following sharp bounds hold
(Var(BIV = p) — 5(p))* < 40,E [(1 - X)Y*|P = p] 9,E [XY2|P = p]

where

i(p) = 9B [XY2|P = p] — (Q,E[Y|P = pl)* + 8,E [(1 - X)Y|P = p].

2.4. Instrument with Limited Support. In the scalar instrument case and one unobservable case,
if we consider the initial model (1.1)-(1.3) and assume that the coefficient on Z, is positive (recall

that Z; = 1), we obtain a selection equation of the form:
X=1 {22 >T }

for some scalar unobservable I' that is independent of Zs but not necessarily uniformly distributed.
Starting from here we use the notation I to denote a rescaled version of I', we denote by v without the
tildes the arguments of functions when it is not subject to confusion. Assume that supp(Zs) = Iz is an
interval and denote by int(Iz) its interior. Consider for example the MTE, because from Assumption
2.3 Z5 and [ are independent, setting

Iz () SEVIA =] <BlAl [ EBE =S (0L0 23}

This yields

(24) vy € int(Iz), 14 (7) = BIBIT = 11fz(3)1 {~ € supp (T) }.

Similarly, setting
Vyels rx() 2EXIZ =l = [ fL{r 2 A} di,
supp

we get

(25) vy € int(I7), ric(7) = f()1 {7 € supp (T) }

We extend both derivatives r{, and 7% to be 0 on the complement of int(I). The extension of the
derivatives are the natural extensions when supp (f) C Iz since, for example, for any zy in Iz such
that zo > ~ for every ~ in supp (f), E[Y|Zy = 2] = E[A] + E[B] and when z3 < « for every ~ in
supp <f>, E[Y|Zy = 23] = E[A] and the derivatives are 0. Note that

/Oo rx(7)dy =P(T € I).

—00
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This yields
oo/
~ oo Ty (Mdy
E[B[T € I7] = f(;;‘@;
f —oo X (v)dvy
It corresponds to the average treatment effect for the sub-population whose unobservables vary in
a range that can be apprehended by the variation of the instrument. Under the supplementary

assumption that supp (f) C Iz this is the MTE for the whole population. Similarly, it is easy to

revisit the derivations of Section 2.2 and get for example that

N O e /oo e—itbj:l {fAJrBf} (t.7)

(2.6) forer,® =5 | | "% R dtfryer, (DY
frrer ) = oS

where Vv € int(Iz),

(2.7) Filfarnr| 07 = OEXEY |2 = 4

(2.8) Fi[£a5] 67) = —0E[0 - X)e™ |2, = 1],

JF1 stands for the partial Fourier transform with respect to the first argument and we use the notations
faipts fap, and fg3 for the joint densities of respectively (A+ B,f), (A,f) and (B,f). We will
also use the notation F5 to denote the partial Fourier transform with respect to the second argument

which will be « in the sequel. Recall the definition of the partial Fourier transform:
o0

Fiffar ) = [ e taponda,

—00

Fa [fA,f} (z,w) :/

T
o € fap(@dy.

We denote by F the usual Fourier transform, for example,

Flfag] ) = [ @01, ) o

The conditional density of the treatment effect given by (2.6) coincides with the density of the treat-
ment effect for the whole population if and only if supp (f) C Iz, i.e. the instrument has enough
variation to capture all the heterogeneity in the population. The assumption supp (f) C Iz could be

casily tested as it is enough to check that | I, iy (y)dy = 1.
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2.5. Principles of Estimation. To focus on the central innovation in this paper, we consider now
the case of one instrument and limited support, as in the previous subsection (in the case of many
instruments, we advocate the use of several unobservables, see below).

The integral over ¢ in (2.6) is the Fourier transform inversion formula. The inverse Fourier trans-
form of a ratio of characteristic functions is a classical structure for an estimator in deconvolution
problems where one observes A+ B where A and B are independent and one knows the characteristic
function of the error A. Optimal rates for deconvolution problems under various smoothness assump-
tions on the densities of A and B are given in Fan (1991), Butucea (2004) and Butucea and Tsybakov
(2007).

Here we are reasoning conditional on the unobservable f, because A and B are independent
given r only. Conditional deconvolution also appears in Evdokimov (2010). In this article the density
of the second equation unobserved heterogeneity parameter [ acts as a mixing distribution. So we
are dealing with conditional deconvolution in a nonparametric mixture context. The degree of ill-
posedness should hence related to the decay to zero of the partial Fourier transform ‘]:1 [ f A,f} (t, 7)‘
in ¢ in a certain sense.

A second difference to standard deconvolution is that the distribution of A is unknown but
estimable. This is a particular case of an inverse problem with an unknown but estimable operator, also
encountered in econometrics in the case of nonparametric instrumental variables (see, e.g. Carrasco,
Renault and Florens (2007)). This situation in a deconvolution problem has been studied in Diggle
and Hall (1993), Neumann (1997) and later by Johannes (2009) and Comte and Lacour (2009). They
obtain mathematical results when a preliminary sample allows to estimate the characteristic function
of A via the empirical characteristic function® at rate 1 / V/N. In there setting A + B is observed
on a second sample and the characteristic function of A + B is again estimated via the empirical
characteristic function. Neumann (1997) and Comte and Lacour (2009) obtain lower bounds, under
various smoothness assumptions on the densities of A and B, that account for the extra difficulty of
estimating the characteristic function of A. The estimator of Comte and Lacour (2009), which is built

on that of Neumann (1997), is adaptive.

_ 1 X
oa(t) = i Z exp (ita;) .
i=1
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A third difference is that we neither observe A+ B but can estimate the partial Fourier transform
Fi [ fay Bf] (t,) solving an inverse problem (see next paragraph). Up to our knowledge, this case has
never been studied before. In Evdokimov (2010) A + B is observed and the empirical characteristic
function of A + B in classical deconvolution problems is replaced by the Nadaraya-Watson type
estimator of the characteristic function of A + B given [. This is not possible here.

In this article we use (2.7) and (2.8) to estimate the partial Fourier transform 7 [fAJrBf} (t,7)
and Fi [ f A,f] that replace the characteristic functions in the classical deconvolution problem. The
mixing distribution fx is estimated estimating the two quantities in the ratio in (2.6). Estimation
of the numerator is also the estimation of the derivative of a regression function. Estimation of
derivatives of regression functions is typically an ill-posed inverse problem. Note also that in the
case of degenerate design (points where the density is zero) the rates of estimation of regression
functions can be degraded as for inverse problems, see for example Gaiffas (2009) and the references
therein. Gaiffas (2009) proposes an adaptive procedure for the sup-norm using local polynomials and
a selection rule similar to Lepski’s method. However, up to our knowledge, there are no results for
the estimation of derivatives in the presence of random and possibly degenerate design or extensions
to an inverse problem setting (the case of Section 3). The case of degenerate random design is a
situation encountered in an inverse problem setting in both Hoderlein, Klemeld and Mammen (2010)
and Gautier and Kitamura (2009) where regressors are unbounded and degeneracy occurs at “infinity”
for many designs of interest.

To summarize, our proposed estimator is computed in the following way:

(1) Step 1: Fy [fAJrB 1:} and F; [fA 1:} (t,7) are obtained by estimating the derivatives of the two

regression functions. There are many estimators of derivatives of regression functions.®

6 For example, local polynomials estimators (see, e.g., Fan and Gijbels (1996) and Tsybakov (2009)) can be used. In

the case of (2.7) the estimator is obtained as follows

N

F1 [fAJrB,f] (t,7) £ NLh?V

-1 Z2i — Y Z2i — 7Y
618N7U< hn )K< hn >

: EN:U 22i — Y U z2i — 7 TK 22i — 7
NhNi:1 hn hn hn '

K is a kernel, hy a bandwidth, e1 a row of size [ + 1 with all coordinates being 0 but the second one which is equal to

2V Wy (v) where Wi(7y)
1

1=

[I>

T
Uu) = (1,u,u2/2!,...,ul/l!) and B~

1 and ! > 1, in practice I = 2 is used for the estimation of one derivative.
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(2) Step 2: Compute the following integral (in practice this is carried out numerically)”

—

(2.11) EBE;(I); v) & % /_Z e MK (t hyn) }j;%;\ﬁg’}f}(t,’y)l { .7:1/[];1:] (t,’}’)‘ > tN,m} dt
1|JaAr

where N is the sample size, hy  is a bandwidth going to zero with N, K a kernel (a typical
kernel that we will use in Section 4 is K(t) = 1{|t| < 1} with hy, = 1/R]E\gm, it amounts to
truncation of high frequencies), ty~ a proper trimming factor. It has the same structure as
that of Neumann (1997) ©. hy .~ depends on v because of the possible different decay rates of

L —

F1 { f A,f] (t,7) for different values of v. When F; [ f A,f} is known, K avoids dividing by small

—

values of Fp [ f Af] and Fq [ f Af] is small for large values of the frequency t.

(3) Step 3: Rely on plug-in estimators of the numerators and denominators of the estimable mixing
density 'y (7v)/ f_ 'y (7)d~y. The numerator could be obtained by estimating the derivative
of the choice probability and the denominator by integrating it numerically.” If we denote the

corresponding estimator ff/ﬁ;e\lz’ the global estimator is given by

(2.12) fB\FEIz / fB\F fF|I‘eIz (7)d.

Because the last integral with respect to 7 in (2.12) should in practice be carried out numerically
using a quadrature method, (1) and (2) need only to be carried a finite number of times. Section 4

considers the asymptotic behavior of this estimator.

7 Alternatively the two following more simple estimators are possible

—

o —

(29) Fari =5 [ efbtwmn{ Fi st > evas
A

(2.10) Jg}(b; v) = % /oo e 'K (t hi ) M(m)dt.
- 7|t

(2.10) is in the spirit of Diggle and Hall (1993) and the asymptotic analysis and tuning of the bandwidth is known to
be tricky, see, e.g. Neumann (1997).

8 In Neumann (1997) and Comte and Lacour (2009) because the characteristic function of A is estimated at rate
l/m, tn,t,~ could be taken equal to N2 independent of ¢ and 5.

9 Under the assumption that supp (f) C Iz the denominator is equal to 1 and we get the distribution of the treatment
effect for the whole population. In that case the denominator does not need to be estimated. Recall that this could be

tested.



16 GAUTIER AND HODERLEIN

To obtain marginal relevant treatment effect simply replace dy by w(7,8)dy above. The as-

ymptotic analysis in that case is the same as without the weight w(~y, ) when the weight is bounded.

3. THE MULTIVARIATE UNOBSERVABLES CASE

In this section, we extend the previous framework to cover models with a higher dimension of
unobservables at the expense of being linear in the instruments. We show how to obtain the MTE,
which is now a function of several unobservables, and extend the approach to obtain the distribution

of treatment effects, including a discussion of the respective assumptions.

3.1. MTE and ATE in the Case of Multivariate Unobservables and Instruments in the

Selection Equation.

3.1.1. Model and Assumptions. Compared to the univariate unobservable in the selection equation,
which results in a model that has more of the flavor of a reduced form model, we formalize our (more
structural) model with several unobservables and as many instruments as follows:

Y =A4+ BX
(3.1)

X =1{DT2,+VZ < Z3}

where Z1 = 1, and D is now a vector of unobservables of dimension L — 2 . As discussed previously
and in Gautier and Kitamura (2009), imposing that one coefficient in the selection equation has a
sign is sufficient for identification of the distribution of the (scaled) random coefficients vector in this
equation. To account for scale invariance, we divide the latent equation in (1.2) by this coefficient. We
get the second equation of (3.1) when the coefficient of Z3 is negative, otherwise change Z3 in —Zs.
We use the notation I' = (DT, V)T for our random vector of scaled first stage (selection equation,
abbreviated FS) unobservables. Observe that this only makes a difference if L = dim(Z) > 2, or
else we are generally back in the previous model. We introduce the notation S = (Z2,1)/[|(Z2,1)]|
and U = Z3/||(Z2,1)||, so that the FS becomes X = 1{I'7S < U}. Note that the support of S is
necessarily included in a hemisphere H, while U is a scalar which can be positive and negative.

It is possible to do everything below assuming working with a vector I of norm 1 in (1.2) as
in Gautier and Kitamura (2009). We decide to present this different scaling in order to present a
new approach to deal with problems involving a random coefficients binary choice. This alternative
approach shares many similarities with HV. With this normalization the natural operator is no longer

the Hemispherical transform but the Radon transform (see, e.g., Helgason (1999)).
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Theorem 3.1 below involves the Radon transform which is defined for f € L'(RF71), s in a
hemisphere of the Euclidian space R“~! and v in R through

RﬂwU=P‘KWMAw

where Ps, = {y: ~Ts = u} is an affine hyperplane of dimension L — 2 in RE~! and dp,, is the
Lebesgue measure on Ps ,,. Mathematical results regarding this integral transformation (among which
its injectivity, an inversion formula involving the adjoint of the Radon transform and the projection
theorem) can be found in Natterer (1996) and Helgason (1999). Statistical inverse problems involv-
ing this operator on the whole space appear in several problems from tomography (see for example
Korostelev and Tsybakov (1993) and Cavalier (2000)) but also when one wishes to estimate distribu-
tion of random coefficients in the linear model with random coefficients (see Hoderlein, Klemeld and

Mammen (2010)).

Assumption 3.1. Let (2, F, P) be a complete probability space on which are defined the random
vectors (Y, X, S,U,A,B,T) : Q@ = YXx X xSxUxAxBxGYCRX =1{0,1},SCS2U C
R,ACR,BCR,GC R where L is an integer. The causal model is defined by equations (3.1)
where the realizations of (Y, X,S,U) are observable whereas those of (A,B,f) are not.

Assumption 3.2. (i) (A, B,T) are independent of Z. (ii) The distribution of A =Y, and the
distribution of B =Y, —Yy given I =~ have moments of order one and E[B|T = 1fs(-) € LYRETY),
(iii) The conditional density of B given I = v is in LY(R) N L?(R) for almost every -~ and
E[e*|T = ]fz(-) and E[e" BT = | fx(-) are in L'(RF1).

Assumption 3.3. There exists a ball B centered at 0 such that supp (f) C B C supp (SU).

This assumption allows to deal with instruments with limited support as long as the unobserved

heterogeneity varies within a limited range.

Theorem 3.1. Make assumptions 3.1, 3.2 (i) and (ii) and 3.3. Then, defining the arguments of R~*
below as 0 outside the support of (S,U), the following formula holds

R [LEY|(S,U) = ()] (v)
R [FEX|(S,U) = ()] (7)

u

Q
<

E[BIT =] =

Q)

where R™! is the inverse of the Radon transform (see, e.g. page 15 of Helgason (1999)).
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Remark 3.1. Suppose that in the case of Section 2, instead of regressing on P, we regress on Z (Z,

since Z; = 1), then we would obtain that

_ 0,E[Y|Zy =

(7! (p)).

3.2. The Distribution of Treatment Effects in the Multivariate Unobservables and In-

struments Case.

3.2.1. Parameter of Interest. In exactly the same setup as defined above in equation (3.1), we will be
concerned with the distribution of treatment effect for the same subpopulation as the one considered

by HV. More formally, we are interested in recovering

fB|f‘(b§’Y) = fyl_y0|f‘(b§ 7),

for any b € supp(Y1 — Yp), and any v € G. To emphasize the parallels to above, we call this the
Distribution of Treatment Effects at the Margin”, and abbreviate it DITEM. The interpretation is
also quite similar to HV: For the subpopulation defined by [ = v, it provides us with a measure for
the effect of treatment. However, this measure is now the distribution of effects. As mentioned in the
introduction, the distribution of effects is different from the effect of treatment on the distribution.

We will study this object under an additional identifying assumption
Assumption 3.4. A L B|T

Recall that if A = a(Up,Usz) and B = b(Uy,Us), a sufficient condition for assumption (3.4) is
that [ = Uy , and Uy L Ul\f. In words, there is a common driving factor that causes endogeneity
in the selection models, and it is given by . In contrast to before, this is now an entire vector of
unobservables and it is more realistic that this vector accounts for a potentially complicated structure
of heterogeneity and correlation. Recall again that it does not mean that A L B. In fact, unless there
is no endogenous selection, in general there will be dependence between Y, and Y; — Yy. In other
words, there is endogenous selection into treatment, but as far as it is endogenous, it is captured by
the vector I'.

To recover the ccf of B at I' = v, we require the following condition:

Assumption 3.5. Extending as zero outside the support of (S,U) the conditional expectation in the

argument of R~! below,

Y(t,7) € R x supp (f) , R PE[e“Yu —X)|(S,U) = (s,u)]| (7) #0.

ou
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This assumption is the analogue of the technical assumption 2.5 and is the classical assumption

in deconvolution problems. Indeed we will see in the proofs that this corresponds to E[e“ﬂf =] ff:y

3.2.2. Main Result. These assumptions allow us to characterize the DITEM.

Theorem 3.2. Let assumptions 3.1, 3.2 (i) and (iii), 3.3-3.5 be true. Defining the arguments of R~
below to be zero outside the support of (S,U), the following formulas hold

ey = L[ i BTU[HE[EVX](S,U) = ()]] (7)
42 an) =5 | e e xis 0 = T o™
(3.3) fr) = B | 52 BLX18.0) = 0l] o)

Note the parallel to above: if we do not take the conditioning and derivative wrt p, but wrt z,

we obtain:

dt.

1 /°° _ith 0,710k [XeitY|Z:z]
T ) ¢ o a.E[1l- X)et"|Z = 2]

3.3. Estimation. The overall estimator is the same as in Section 2.5 and just requires an adaptation

fyv (b;7(2))

of Step 1. We thus only present two possible ways to estimate the inverse of the derivatives of regression
functions which appears in the numerator and denominator of (3.2) and in (3.3). We simply present
the estimation of fg , the estimation of the numerator and denominator of (3.2) are the same.

A classical regularized inverse of the Radon transform is given by:

(3.4 RO 2 [ K™y = w5, wdudo(s
where R is a smoothing parameter and
R
(3.5) Yu € R, Kp(u) 2 2(27)~(=D / cos(tu)t-=2dt.
0

This suggests using as an estimator of the inverse Radon transform of a derivative of a regression

function

f2(7) = Ry

in the case of the estimation of fx (for example), where a%IE[X |(S,U) = ()] is an estimator of the
derivative of the regression function and R is chosen adequately.

The following second estimator is easy to compute but only works in specific situations. We
introduce

" R
Vu e R, Kp(u) 2 2(2r)~ L1 / sin(tu)ttdt.
0
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it is such that Kj(u) = K p(u) where K is defined by (3.5). Note that 1im )y 00 K (u) = limyy 00 Kp(u) =

0 by the Riemann-Lebesgue Theorem. We make the following assumption

Assumption 3.6. (i) Vs € H, supp (fU‘S(';S)) = R. (i) For almost every s in H, u
E[X|(S,U) = (s,u)]Kr(u) and u— 0,E[X|(S,U) = (s,u)]Kr(u) are in LY(R) and u — E[X|(S,U) =
(s,u)] is continuous and limy,) o E[X[(S,U) = (s,u)]|Kgr(u) = 0.

This Assumption allows to justify an integration by parts argument for the regularized inverse

counterparts of (3.3).

Proposition 3.1. Under Assumption 3.6,

VR e R, ¥y e RFY Ry! [(%E (X|(S,U) = (-)]} (y)=E [

Kp(8Ty - U)X
fis,n (S, U)

The trimmed sample counterpart estimator is given by

- Kpr (sfy—w)w
(36 r 2 oY 1 { [ i)

r
L)

where ﬁs?) is a plug-in estimator of f(g ;). We classically introduce trimming to avoid dividing
by denominators too close to 0. t]f\,, RFN are trimming and smoothing parameters that should be
adequately chosen.

For the estimation of the partial Fourier transforms in the numerator and denominator of (3.2)
simply replace above x; by respectively e®¥iz; and —e®¥i (1 —x;). Because of possible different smooth-
ness, the trimming and smoothing parameters should be adjusted as well for both the numerator and
denominator.

Note that estimators already'! exist if we normalize I to be of norm 1 using Gautier and

Kitamura (2009) and Gautier and Le Pennec (2011).

10 The trimming could be suppressed to obtain convergence in probability results when f(s ¢ is bounded from below.
This is not compatible with Assumption 3.6 (i). Note the similarity between the introduction of trimming here and in
the deconvolution problem (via the kernel and trimming factor that accounts for estimation error on the denominator).
When f(s 1) is unbounded from below the rates are degraded.

LI There is an easy analogue for the estimation of the partial Fourier transforms.
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4. ASYMPTOTIC ANALYSIS

1/p
We denote by || f|l, = (ffooo f(b)pdb) for p € [1,00) the classical LP norms and by || f||c the
essential supremum norm, also called sup-norm for simplicity. We consider in this paper an upper

bound on the squared L2 risk for simplicity. C'is a constant whose value can change from line to line.

4.1. Estimation of fp. We will start with a proposition that relates the estimation of fp with the
estimation of fz and of f BIF- Take w : supp (f) — R a weight function. We will make the following

assumptions.

Assumption 4.1. w™! Jp el (supp (f))

Assumption 4.2. w fB\f cL? (R X supp <f>)

Proposition 4.1. Let assumptions 3.1, 3.2 (i) and (iii), 3.3-3.5, 4.1 and 4.2 be true, then

| (Famn) = faptsn) wio)|
—1 2 e 2 — 1 2

(4.1) 31w 12, || (P9 = Faptan) ) wio| ) +8]| (Fr = i) w||||ppCmw)|

2 2

|7 sl <3| (- 1) |

e ) 2

2
2

We now consider convergence in probability in order to easily handle the various plug-in terms,

especially of f(g ) in the second estimator in Section 3.3, and multiplications.

4.2. Estimation of f BT In order to work with smoothing and trimming factors in (2.11) that are
independent of ¢ and ~, we work with sup-norm consistency of the estimators of the partial Fourier

transforms.

Assumption 4.3.

teR, j:slipp(f) 7 E‘;f} — A {fA+B,1:] = Op (ra4B,N)
sup |1 {fAf] - Fi {fA,f] =0, (ran)
teR, ~esupp(F)

Unlike deconvolution situations with noise observed on a preliminary sample, each rate is
nonparametric and it is the rate of estimation in an inverse problem. As mentioned in Section 3.1.1,
we have used a scaling giving rise to the Radon transform to present an approach to the estimation
of f different from that of Gautier and Kitamura (2009). However, we could rescale I' to be on the
sphere and inverse the hemispherical transform to obtain fr and the partial Fourier transforms in

(2.6), this is done in Section 5.1 . The minimax rates of estimation as well as an adaptive estimator



22 GAUTIER AND HODERLEIN

are given in given in Gautier and Le Pennec (2011) in the case of an estimator of fr. In the proposition

below we use the notation ¢ B\f(t3 ) for the ccf of B given T for I = v evaluated at t.

Proposition 4.2. Let assumptions 3.1, 3.2 (i) and (iii), 3.3, 3.5 and 4.3 hold. Take ty;, = 74 N-

The following upper bound holds

(4.2)

|(Fopt0) = £ps0) w)[, = 0, (/supp(f) /_C: [(1 ~ K (t b)) o)
K(t hyq)?

‘]:1 [fAf] (t,y

2
2 2 2
5 (TA+B,N+ ‘@53@(75;7) 7"A,N) w*(7y)dtdry
)

Besides the integral in v, the upper bound is the same as in Comte and Lacour (2009) where
ri +p.n and 7‘124 n are respectively 1/v'N and 1/v/ M, with M is the sample size of the preliminary
sample used to estimate the characteristic function of A. Here, these parametric rates are replaced
by ill-posed inverse problems nonparametric rates. The first term in the upper bound is the square of
the approximation bias.

Because ‘qu‘f(t;v)‘ < 1, we obtain as a corollary of (4.2)

‘2

(4.3) H (Eg}(,*) - fB‘f('Q*)) w(*)Hz =0, </supp(f) /_Z [(1 — K(t h]\/ﬁ))2 ‘¢B|f(t;7)

K(t han)Z
17 [£a] )]

D) (7”,24+B,N + 7324,1\/) w(y)?dtdy

When supp (f) is bounded, we can take w = 1 above. Another sensible choice is to take w = ( fl:)a for
‘2

some « € (0, 1] ensuring integrability. Note that when o = 1, the following term ‘qﬁB'f(t; 7) fr(7)

2
‘]:1 [fo} (t,y)‘ appears.
More precise rates could be obtained making smoothness assumptions implying specific rates
7"124 +p.n and 7‘%’ n as well as a smoothness assumption on f BIF and an assumption on the decay rate

to zero of ‘]:1 { fa 1:] (t; 7)‘ An adaptation of classical ellipsoids for f BT is

As raw(L) = {f conditional density on R given v € RF71:

/ o /_00 | FLA1E) P (1 + )0 exp (2alt]”) dtw?(v)dy < L2}
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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). The case where w =1 and w = f5 are the more natural ones.

When K (t) = 1{|t| < 1} and we take hy - of the form 1/R%, the square of the approximation
bias can be bounded in the following way

/supp(f) /_Z ‘¢B|1:(t;7)w(7)‘2 dtdy < L* ((R]f\?f)? + 1)

exp (—2& (RE)T> .
The assumption on the decay rate of ‘]—"1 [ fa 1:} (t; ’y)‘ strengthens the assumption 3.5.

Assumption 4.4. There exits s(y) > 0, b(y) > 0, n(y) € R (n(y) > 0if s(v) =0) and ko(vy), k1(y) >
0 such that

(1) ()]
(2)

Ro(1) (14202 exp (b)) < |7 [£4 7] (1.)] < )1+ )70 exp (b))

(3) or
Bo(1) (1 + 2710 exp (<b()It ) < | A [o45] (67| < k() (0 + 27702 exp (~b(m) 1)

Proposition 4.3. Let assumptions 3.1, 3.2 (i) and (iii), 3.3, 3.5 and 4.3 hold. Assume either (1):
supp (f) is bounded, w = 1, and fB\f belongs to Ajs . 4.1(L) and Assumption 4.4 (2) with constants
independent of v, or (2): w = f, fB|f belongs to As a1 (L) and Assumption 4.4 (3) with constants
independent of v. Take ty;~, = ra,n. The following upper bounds hold:

(1) {®)]
(2) if s =r =0, then

2 2941

+ 7’1247]\[ (Rﬁ )

_9§ max(n—9,
=0, (BR) ™ + i (RR) )

[ (Pt = fea0) w| = 0p ((RER)™ 4 80 (12 (BE)™™ 7 442 (RO

(4) if s =0 and r > 0, then

(4.6) H (JCB/TF(‘;*) - fB|f(‘§*)> w(*)Hz =0, ((Rﬁ)_% e 2B 42y (RBP4 riu\,) ;
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(5) if s> 0 and r > 0, then
(4.7)

[ (Fo) — fpon) we)|s = 0 (RR) ™ e 143 (RE)™ ™ M 119 (RE))

where
A (Rﬁ) _ (Rﬁ)min(1+277—s,2(77—5)) eZb(Rg)Sl{S > 7’} 4 (Rﬁv)ma)(@(??—é),(]) 62(b_a)(Rﬁ)sl{r — s b > a}
+1{{r > s}U{r =s,b <a}}.

5. APPENDIX

5.1. An alternative approach to the identification and estimation of the partial Fourier
transforms. In this section we assume that P(I' = 0) = 0, we rescale I" in (1.2) to be of norm 1 and

denote by S = X/||X||. Consider for example the case of Fi [far].

E[(1 — X)e'™|S = 5] = E[(1 — X)e*|S = 5]

= E[e"] — E[1{sTy > 0}¢"] (using (1.3))
=B = [ 16"y > 0} (B [Far) (1) dota)
= B[] H (A [far] (4:)) ()

(51) = SEM] (B [fax] (1)) ()

where ¢ is the spherical measure on the sphere SE~! of the Euclidian space RY, H is the hemispherical
transform (see, e.g., Gautier and Kitamura (2009)) and f~ is the odd part'? of a function f.

If we assume full support of the regressors then the (i) of the following assumption holds.

Assumption 5.1. (1) [(1)]
(2) The rescaled vector of instruments S has a density with respect to o and its support is the
whole hemisphere HY = {s ¢ SL=1: sT(1,0,...,0) > 0}.
(3) T has a density fr with respect to o which is defined point-wise and has support included in

some hemisphere H = {s € SF=1 . sTn > 0}, where n is a vector of norm 1 that does not

need to be known.

12 0Odd, respectively even, functions are the closure in L (SLil) of continuous functions such that Vs € S¥~1, f(=s) =
—f(s), respectively Vs € SL™1 f(—s) = f(s). Bach function in L?(SY™) is the sum of its odd and even part. We denote

by L244(S%™!) the subspace of L?(S?!) of odd functions.
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Assumption 5.1 (3) is slightly weaker than the assumption we made in Section 3.1.1. Equation
(5.1) yield that, under Assumption 5.1 (3), E[(1 — X)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 5.1 (2)) through

VSEH+,RMLﬁ:EMl—ka%S:ﬂ—%EWM]

Vs € —HT, Ra(t,s) = —Ra(t,—s).

It is remarkable that E[e"4] is also identified in this model. This is due to the smoothing properties
of H. Indeed (see, e.g., Gautier and Kitamura (2009)), because Ra(t,-) belong to H (L2, (S 1)), it
is continuous and odd. Thus for any point § on the boundary of H*, Ra(t,5) = —Ra(t,—3). This
yields

(5.2) lim  E[(1-X)eY|S=s]+ lim E[(1-X)e™Y|S = s] = E[e"4].

s—3, s€eH+ s——38, seH+

Because the right hand side does not depend on §, a more efficient estimation takes into account all
these relations for all § on the boundary of HT. Given an estimator &(t) of E[e?4], we can get an
estimator of Fi [far] with the same formulas as in Gautier and Kitamura (2009) or Gautier and Le
Pennec (2011) replacing 2y; — 1 by 2(x; — 1) + &(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

(5.3)

FTrl ) = max | —2 T”Z’:l X(2p+1,2TW)h(2p+1,L) [ 1 XN: (26 - Ve +6a(1) G0 (T) .
1[JA T\ = ol 11 B AT - ) )
S & e+ LB \ N5 max (fs(s:),m )

where [SI1) = I??L—L//;) is the surface measure of S¥=1, h(n, L) = %’?&L_E)z!)((::f__;))!, v(L)=(L—-2)/2,

—1)P|SE—21.3--(2p— e
A2p+ 1,L) = ((L_I)II;‘(SLH)'}'?LJ?;;_II)), x(n,T) = ¢(n/T) where ¢ : [0,00) — [0,00) is infinitely

differentiable, nonincreasing, such that ¢ (z) = 1if x € [0,1], 0 < ¥(z) < 1if z € [1,2], ¢(x) = 0 if

x > 2, and C¥(-) are the Gegenbauer polynomials'®. T is the smoothing parameter, my a trimming

factor and fs an estimator of the density of S.

5.2. Proofs.

13 The Gegenbauer polynomials are given by
[n/2]

ity =>" %(%)“*22 v>-1/2,neN
=0

where (a)o =1 and for n in N\ {0}, (a)n =ala+1)---(a+n—1)=T(a+n)/T(a).
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5.2.1. Proof of Theorem 2.2. Consider the conditional expectations:
E[(1-X)e™|P=p] =E[(1 - X)e"e"BX|P =p]

Note that (1 — X)e"4e*BX = (1 — X)e4. Hence

~E[1-X)e|P=p] = -E[1-X)e"|P=p]
= -E[(1-X)E[¢"4|V,P] |P = p]
= —-E[1-X)E [eimﬂ/] |P=p|] (from Assumption (2.3) (i))

1
= —/ E [V =v]dv (because V|Z ~ U(0,1))
P

1 ) D )
= —/ E [V = o] dv+/ E [V = v] dv
0 0
Differentiating with respect to p produces
—0pE [(1 - X)eY|p = p|=E [eitA|V =p|
Similarly,
. p .
E[Xe™|P=p| = / E [V = o] v
0

p ) )
= / E [e”Ae”BW =] dv
0

P .
= / E [e”’A]V =v]E [e“B\V =] dv (from Assumption (2.4))
0

Differentiating wrt p produces
HE [Xe™ |P=p] =E [eitA|V =p|E["P|V =p].
As a consequence,

E [ X |P = p]
GpR [(1 = X)e™'|P = p]

) [eitB|V = p]
Q.E.D.
5.2.2. Proof of Theorem 2.3 and Theorem 2./. Like in the proof of Theorem 2.2 we can check that
OE [XY?|P =p| =E [B*|V = p|] + 2E[AB|V = p| + E [A*|V = p]
and
HE [XY?|P =p| — 0,E [(1 — X)Y?|P =p]

= E[B*V =p| +2E[AB|V = p| + E [A’|V = p] — E [A’|V = p]
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= E[B*V =p| +2E[AB|V =p].

Since
(5.4) [E[AB|V = p]| <E[AB||V = p| < VE[B?V = p|E[A?|V = p],
we get

{0 [XY2|P = p] —9,E [(1 = X)V?|P = p] —E[B}|V = p]}*

IN

E [A2|V :p]

4R [B?|V = p]
= GE[(1-X)Y?|P=p].

Theorem 2.1 yields that
(VW(B\V =p) = E [XY?|P =p| + (QE[Y|P =p])’ + 0, E [(1 - X)V?|P = p]>2
<49E[(1 - X)Y?|P =p] (Var(BIV =p) + (9,E[Y|P = p])°) .
thus
(Var(B|V =p) — OE [XY2|P =p| + (QE[Y|P =p])* -9, E[(1 - X)Y? P = p]>2
< 40,E [(1 — X)Y?|P =p| 9,E [XY?P =p].
The bounds obtained are sharp because the only inequality comes from (5.4) and there could equality

in the inequality.

Q.E.D.

5.2.3. Proof of Theorem 3.1. Similar computations as before yield
BIYI(S.0) = (s.0] =ElA]+ [ EIBIF = s/p()10"s < s
B+ [ [ BIBE =), (),

where the last identity holds because the Lebesgue measure on RY~! is the product of the Lebesgue

measure on R“~2 and on R. As a consequence, for (u, s) in supp (U, 9)),

D RIY(S,U) = (s,)) = & [BIBIF = 10)] (sw)

and

D RIX|(S,0) = (s,w)] = R[] (s, ).

The equations in integral form imply both that, on the support of (S,U), the derivatives of the left

hand-side regression functions exists and that they are images via the Radon transform of well defined
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LY(RE~1) functions. Assumption 3.3 implies that R [E[B\f = ]ff()] (s,u) and R [fz(-)] (s,u) are 0
outside the support of (S,U) so 0 is the natural extension for the left hand side expressions outside
the support of (S,U). Based on these extensions, it is now possible to apply the inverse operator R~

This yields that

R [%E[Yl(b’, U) = (-)]] (7) = E[BIT = 4]f=(7)

and
R S BIXI(5.0) = 0] ) = fr(0),
Q.E.D.

5.2.4. Proof of Theorem 3.2. The proof is very similar to that of Theorem 2.2 and we first show that

a%E [V X|(S,U) = (s,u)] = R[BHT = ()] (5,u)

= R[E[™T = BT = ()] (s, ),

where the second equality follows from the conditional independence assumption (3.4).

Moreover

DR (1= X)|(5,0) = (5,u)] = R [BEE = 1:0)] (5w
Equation (3.3) has been proved in the proof of Theorem 3.1.
Q.E.D

5.2.5. Proof of Proposition 3.1. Consider the case of the numerator in (3.2). The result is based on
the following computations.
1|0 ;
Rt | 5 [ X1(5.0) = 0] | )
u
= / Kp(s™y —w)E [eitYX|(S, U) = (s,u)] dudo(s)
supp(S)

fs,v) (85 u)

= K sty —WE [ X|(S,U) = (s,u
/supp((S,U)) A | (5,0) = (s ) fso)(s,u)

B / E IN(R(STW —u)e'™ X
supp((S,U)) f(S,U) (S,U)

IN(R(STV —U)e™ X
fsn(S,0)
where for the first equality we use the integration by parts formula and Assumption 3.6.

Q.E.D.

dudo(s)

(S,U) = (S,’LL)] fs,) (s, u)dudo(s)

(using the law of iterated conditional expectations)

(55) =E [




5.2.6. Proof of Proposition 4.1. The proposition is a direct consequence of the relations ab — ab
(@—a)(b—"b)+a(b—0b)+ (@ —a)b, (a+b+c)? < 3(a®+ b2+ 2) and the Holder inequality.
Q.E.D.

5.2.7. Proof of Proposition /.2. We introduce the notations
— A 1 o0 b
fpp®7) = o= K(t hny)e ™ ¢ gt y)dt,
| 2 o |

|7 [fa] 6] > ra

Fi [fAf] (t,7) ! F1 [fAf} (t:7)

1

R(t,y) £

The following decomposition holds by means of the Plancherel identity:

2

| o= 1) 0, = 4| (o = 1) €59
2 [*  K(thyy)?
T /_00 ‘]:1 [fAj] (t,7)

2

—

(J:l [fA-i-B,f“] —F [fAJrBfD (t,7)

2
dt

‘2
T 2
(fl [fA-i—B,f] -/ [fA+B,f}> (t,y)‘ dt

2 [ Ko7 [fan] €] 1RGP

2 o
2 [ K o iR

We conclude using Lemma 5.1 below and the fact that by conditional independence
2 2
B fasne] €0 | [far] @)

‘]:1 [fAf] (E’Y)‘A: ‘fl [fAf} (t,7)

s

Q.ED.

Lemma 5.1 below is an adaptation of the lemma of Neumann (1997). Denote by

2 1 min | 1, AN '

Lemma 5.1.

sup {9, 7) TR} = Op(D).

teR, 'yEsupp(F)

29
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5.2.8. Proof of Lemma 5.1. We distinguish between two cases.
Case 1: Let t and 7 be such that ‘.7-"1 [fA f] (t,’y)‘ < 2ry n. Then, Pt y)~1 <2

—

Filfar) )
Fi [fA,f] (t,v)‘ |R(t,7)|. By definition of R(t,7),

fl/[];f} (t,’y)‘ < TA7N}, while

<]:1/[f:f} -7 [fAf}> (t,7)

and

it suffices to upper bound in probability

‘]—"1 [fA,f} (t,’y)‘ |R(t,v)| <1 on the event {

on the complementary event

7 [far] 0| IRED] < ram)™

{

—

Fi [fA,f] (t,’y)‘ > TA7N}. This yields
sup {vt, N R} = 0p(1).
(t77): ‘]:1 |:fAyf‘1| (t77)‘<27‘A,N

—

Fi [fA,f} (t,7)

2
Case 2: Let now t and v be such that ‘]:1 [fA 1:} (t,y)‘ > 274 n. Then, (t,y)~! <2 (T’AJV)_I

2
and it suffices to upper bound in probability (14 ) " ‘]—'1 [fA 1:] (t,y)‘ |R(t,7)].
By definition of R(t,~),

(rar) ™ |71 [1a5] )| 1R

< eaw ™ |7 [far] ] (1

]:1/{}:%] (@’Y)‘ < TA,N}

4

—

Fi [fAf] (tﬁ)‘ > TA,N}

£ [fag) 6 = 7 [14] )

fl/[af] ()

Using -
1 _ 1 . ‘(fl {fA,f] — 7 [fA,f]> (m)‘
Fi|far) (m)‘ Rl e R W)‘ 2 [£ae] )
we obtain

2
(ram) ™ |1 [Far] )] 1RG )

< (ran) A [fA,f} (fﬁ)‘ 1{ fl/[;[:,f} (t,7)

< T“A,N}

—

Filfap| ) =7 [fap] 7) 2)
; 1

—

Fi far] 6 = 72 [Fa] )] +

< T“A,N}

—

Fi [fA_f} (tv 7)

+(ran)”!

> TA,N}

—

Fu|far] @)

< (ran) A [fA,f} (fﬁ)’ 1{ fl/[;[:,f} (t,7)
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+ <(7“A,N)1 ‘fl/[f:f} (t.,y) —F [fA,f} (M)}

—

fl/{f:f} (t,7) —F1 [fA_f} (M)r) 1 {‘fl [fA,f} (M)' > TA,N} :

+(ran) "’

From the definition of the upper bound on the rate r4 y, the last term in the sum is, uniformly in ¢
and ~ such that ‘]:1 [fA f} (t, 7)‘ > 2r4 N, bounded in probability.

Moreover, because ‘.7-"1 [fA f] (t,’y)‘ > 2ranN,

|7 | <ran} <2 {| (7 [ra] = [ras] ) €] 2 [ [12e] 2] - o}
<1 {|(% [rag] - 5 [fag] ) )| 2 | [ra] ] 2}

(7 [rag] - 7 [1a] ) €2

7 14z @)

IN

2

which yields

—

fl/[f:f} (tﬁ)' < TA,N} <(ran)”" ‘(}‘1 [fAf] - F [fAf]> 7))

a7 g ]

thus the first term is also, uniformly in ¢ and + such that ‘]:1 [fA 1:] (t,y)‘ > 2ra N, bounded in
probability.
Q.E.D.

5.2.9. Proof of Proposition 4.3. The proposition follows from adapting the upper bounds in Comte
and Lacour (2009), (4.2) and the assumptions made.
Q.E.D.
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