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Abstract

This paper provides sufficient conditions for the nonparametric identification of the
regression function m () in a regression model with an endogenous regressor « and an in-
strumental variable z. It has been shown that the identification of the regression function
from the conditional expectation of the dependent variable on the instrument relies on
the completeness of the distribution of the endogenous regressor conditional on the instru-
ment, i.e., f(z|z). We provide sufficient conditions to extend known complete distribution
functions to complete nonparametric families without imposing a specific functional form.
We show that if the conditional density f(z|z) can form a linearly independent sequence
and coincides with an known complete density at a limit point in the support of z, then
f(z|z) itself is complete, and therefore, the regression function m (-) is nonparametrically
identified. We use this general result to provide specific sufficient conditions for complete-
ness in three different specifications of the relationship between the endogenous regressor
z and the instrumental variable z.
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1. Introduction

We consider a nonparametric regression model as follows:
y =m(z)+u, (1)

where the regressor x may be correlated with a zero mean regression error u. The param-
eter of interest is the nonparametric regression function m(-). An instrumental variable z is

conditional mean independent of the regression error u, i.e., E(u|z) = 0, which implies

+oo
Bl = [ mla) (ale)ds, (2)

—00

where the probability measure of z conditional on z is absolutely continuous w.r.t. the
Lebesgue measure. We observe a random sample of {y, x, z}, which take values in the state
spaces ), X and Z, respectively. This paper provides sufficient conditions on the conditional
density f(z|z) under which the regression function m (-) is nonparametrically identified from,
i.e., uniquely determined by, the observed conditional mean E[y|z]. We show that if the condi-
tional density f(x|z) can form a linearly independent sequence and coincides with an existing
complete density at a limit point in the support of z under appropriate assumptions, then
f(x|z) itself is complete, and consequently, the regression function m (-) is nonparametrically
identified. Our sufficient conditions for completeness impose no specific functional form on
f(x|z), such as the exponential family.

We assume the regression function m (-) is in a Hilbert space H of functions defined on
X the support of regressor x. This paper considers a weighted L? space £2(X,w) = {h() :
[ |h(a)Pw(z)de < oo} with the inner product (f,g) = [, f(#)g(z)w(z)dz, where the positive
weight function w(z) is bounded almost everywhere and [, w(z)dz < co. The corresponding
norm is defined as: ||f]|> = (f,f). The completion of £L3(X,w) under the norm || - | is a
Hilbert space.

One may show that the uniqueness of the regression function m(-) is implied by the
completeness of the family {f(:|z) : z € O} in H, where O C Z is a subset of Z the support
of z. The set O may be Z itself or some subset of Z. In particular, this paper considers

the completeness with the set O being a sequence {z; : k = 1,2,3,...} in Z. This case



corresponds to a sequence of functions {f(-|zx) : £ =1,2,...}. We start with the definition of

the completeness in a Hilbert space H.

Definition 1. Denote H as a Hilbert space. The family {f(-|z) € H : z € O} for some set
O C Z is said to be complete in H if for any h(-) € H

/ h(z)f(z|z)de =0 forallz€ O
X

implies h(-) = 0 almost everywhere in X. When it is a conditional density function defined

on X x Z, f(x|z) is said to be a complete densitym

The completeness introduced in Definition [1|is close to L?- completeness considered in |[An-
drews| (2011) with H = £L2(X, f,), where the density f, may be considered as the weight func-
tion w in L£2(X, w)ﬂ Andrews (2011)) constructs broad (nonparametric) classes of L2-complete
distributions that can have any marginal distributions and a wide range of strengths of de-
pendence. Depending on which regularity conditions are imposed on the regression function
m (-), a different versions of completeness can be also considered. For example, D’Haultfoeuille
(2011) considers bounded completeness in a nonparametric model between the two variables
with an additive separability and a large support condition. Regardless of whether the support
X is bounded or unbounded, such as the unit interval [0, 1] or the real line R, respectively,
the completeness in £2(X,w) is more informative for identification than the bounded com-
pleteness because a bounded function always belongs to the weighted L? space L£2(X ,w)E|
Therefore, we consider L2-completeness with a Hilbert space H = £2(X,w) in this paper.

In the extreme case where x and z are discrete, completeness is the same as a no-perfect-
collinearity or a full rank condition on a finite number of distributions of z conditional on
different values of z. Our results for continuous variables extend this interpretation. Suppose
that the family of conditional distributions in {f(:|z;) : k = 1,2, ...} is complete in £2(X,w).

Our linear independence interpretation implies that (1) there is no exact linear relationship

!The conditional density function f(z|z) has a two dimensional variation from 2 and z and we treat it as a
special class of the function form f(z,z) which can has a support like X x Z.

2This is under the assumption that the density function f, exists. Closely related definitions of L2-
completeness can also be found in |Florens, Mouchart, and Rolin| (1990), Mattner| (1996)), and |San Martin
and Mouchart| (2007)).

5In a bounded domain, bounded completeness may also be less informative than L2-completeness. For
instance, consider a function h(x) = Y4 over (0,1). Bounded completeness can not distinguish the case that
the difference of two regression function is h(x), i.e., h(z) = m(z) — m(z).



among the family of the conditional distribution {f(-|zx) : & = 1,2,...} or a conditional
distribution at each point z can not be expressed as a linear combination of others, and (2)
every function in £2(X,w) can be expressed in terms of linear combinations of the conditional
distributions in { f(+|zx) : K = 1,2,...}. In this general continuous case, the linear combination
may be a sum of an infinite number of functions.

The £2? completeness for the nonparametric regression model (1) suggests that identifica-
tion is achieved among functions whose difference with the true one is square integrable w.r.t.
the weighted Lebesgue measure. As an illustration, suppose that m(z) = a + fz. With com-
pleteness in £?(R,w), the regression function m can be identified within the set of functions
of the form {a + Bz + g(z) : g € L2(R,w)} Therefore, under our framework the functional
form of the regression function m may be very flexible. Notice that the function g can’t be
linear over R under bounded completeness, which implies that bounded completeness is not
enough to distinguish the true linear regression function m(x) = o 4+ Sz from another linear
function m(z) = & + Bz.

The uniqueness (identification) of the regression function m(-) is implied by the complete-
ness of the family {f(:|z) : z € O} in H for some set O C Z. This sufficient condition may be
shown as follows. Suppose that m(-) is not identified so that there are two different functions

m(-) and m(-) in ‘H which are observationally equivalent, i.e., for any z € Z

Elyls] = /X () (x]2)de = /X i)  (z]2)de. (3)

We then have for some h(z) = m(x) — m(z) #0

/ h(z)f(x|z)dx =0 for any z € Z
X

which implies that {f(:|z) : z € O} for any O C Z is not complete in H. Therefore, if
{f(:|z) : z € O} for some O C Z is complete in H, then m(-) is uniquely determined by E[y|z]
and f(x|z), and therefore, is nonparametrically identified.

The following two examples of complete f(z|z) are from Newey and Powell| (2003) (See
their Theorem 2.2 and 2.3 for detailsEI):

4Theorem 2.2 and 2.3 in [Newey and Powell (2003)) do not specify which functional space the completeness
is discussed. The definition of the completeness in page 141 of [Lehmann| (1986)) also does not specify the
functional space. However, he starts to specify the property of completeness for all bounded functions and call



Example 1: Suppose that the distribution of = conditional on z is N(a + bz,02) for
02 > 0 and the support of z contains an open set, then E [h(-)|z] =0 for any z € Z implies
h(z) =0 almost everywhere in X; equivalently, {f(z|z) : z € Z} is complete .
Another case where the {f(z|z) : z € O} is complete in H is that f(z|z) belongs to an
exponential family as follows:

Example 2: Let f(z|z) = s(x)t(z) exp [(2)7(2)], where s(x) > 0, 7(x) is one-to-one in
x, and support of u(z), Z, contains an open set, then E [h(-)|z] = 0 for any z € Z implies
h(z) = 0 almost everywhere in X; equivalently, the family of conditional density functions
{f(z|z) : z € Z} is complete.
These two examples show the completeness of a family {f(x|z) : z € O}, where O is an open
set. In order to extend the completeness to general density functions, we further reduce the
set O from an open set to a countable set with a limit point, i.e. a converging sequence in
the support Z.

This paper focuses on the sufficient conditions for completeness of a conditional density.

These conditions can be used to obtain global or local identification in a variety of models in-

cluding the nonparametric IV regression model (see Newey and Powell (2003); Darolles, Fan,|

[Florens, and Renault| (2011)); [Hall and Horowitz (2005)); [Horowitz| (2011)), semiparametric IV
models (see |Ai and Chen| (2003); Blundell, Chen, and Kristensen, (2007))), nonparametric IV

quantile models (see (Chernozhukov and Hansen| (2005); (Chernozhukov, Imbens, and Newey

(2007); Horowitz and Lee| (2007)), measurement error models (see Hu and Schennach| (2008));

'An and Hu (2009); |Carroll, Chen, and Hul (2010); |Chen and Hul (2006)), random coefficient
models (see Hoderlein, Nesheim, and Simoni| (2010)), and dynamic models (see [Hu and Shum
(2009)); |Shiu and Hu (2010)), etc. We refer to |D’Haultfoeuille| (2011) and Andrews (2011)) for

more complete literature reviews. On the other hand, (Canay, Santos, and Shaikh (2011]) con-

sider hypothesis testing problem concerns completeness and they show that the completeness
condition is, without further restrictions, untestable.

In this paper, we provide sufficient conditions for the completeness of a general conditional
density without imposing particular functional forms. If we consider the set O in Definition
as a sequence {z : k =1,2,3,...} in Z, then the completeness is determined by a sequence

of functions {f(:|zx) : ¥ = 1,2,..}. In a Hilbert space, a complete sequence contains a

it boundedly complete in page 144.



subsequence as a basis. Then, we utilize the results related to the stability of bases in Hilbert
space (section 10 of chapter 1 in|Young| (1980)) to show that a linearly independent sequence
is complete if its relative deviation from a complete sequence of function is finite. We then
show that two sequences of density functions have a finite deviation when they have the same
limit. Based on this observation, we may deviate from the existing complete density function
without losing the completeness.

We apply the general results to show the completeness in three scenarios. First, we extend
Example 1 to a general setting. In particular, we show the completeness of f(z|z) when z

and z satisfy for some function p () and o (+)
x=pu(z)+o(z)e with z L e.
Second, we consider a general control function
x = h(z,e) with z L ¢,

and provide conditions for completeness of f(z|z) in this case. Third, our results imply that

the completeness of a multidimensional conditional density, e.g.,

f(z1, 2|21, 22),

may be reached by the completeness of two conditional densities of lower dimension, i.e.,f(x1]z1)
and f(wz2[z2).

This paper is organized as follows: section 2 provides sufficient conditions for complete-
ness; section 3 applies the main results to the three cases with different specifications of the
relationship between the endogenous variable and the instrument; section 4 concludes the

paper and all the proofs are in the appendix.

2. Sufficient Conditions for Completeness

In this section, we show that a sequence {f(:|zx)} is complete if it can form a linearly inde-
pendent sequence and coincides with a complete sequence {g(-|z;)} at a limit point zo. We

start with the introduction of two well-known complete families in Examples 1 and 2. Notice



that these completeness results are established on an open set O instead of a countable set
with a limit point, i.e., a converging sequence. In order to extend the completeness to a new
function f(z|z), we first establish the completeness on a sequence of z.

As we will show below, the completeness of an existing sequence {g(z|z;) : k =1,2,...} is
essential to show the completeness for a new function f(z|z). An important family of condi-
tional distributions which admit completeness is the exponential family. Many distributions
encountered in practice can be put into the form of exponential families, including Gaussian,
Poisson, Binomial, and certain multivariate form of these. Another family of conditional
distribution which implies completeness is in the form of a translated density function, i.e.,
g(z|z) = g(z = 2)f]

Based on the existing results, such as in Examples 1 and 2 in the introduction, we may
generate complete sequences from the exponential family or a translated density function.
We start with an introduction of a complete sequence in the exponential family. Example 2
shows the completeness of the family {g(:|z) : z € O}, where O is an open set in Z. In the
next lemma, we reduce the set O from an open set to a countable set with a limit point, i.e.

a converging sequence in Z E|

Lemma 1. Denote O as an open set in Z. Let {z : k =1,2,...} be a sequence of distinct

zr € O converging to zg in the open set O. Define

9(x[z) = s(x)t(z) exp [u(z)7(2)]

on X x Z with s(-) > 0 and t(-) > 0. Suppose that g(-|z) € LX) for z € O and
i) w(+) is continuous with p' (z9) # 0;
ii) 7() is monotonic over X.

Then, the sequence {g(-|zx) : k = 1,2,...} is complete in L>(X,w), where the weight

s(z)? eXP[2(u(ZE>))T(m)+5|T(E)

function w(z) satisfies [, Dl gz < 00 for some 6 > 0.

Proof: See the appendix.

5The term used here is according to a definition in page 182 of Rudin| (1987), where the translate of f is
defined as f(x — z) for all z and a given z.

5Tt is important to show the completeness of a family defined on a countable set because all the statistical
asymptotics are based on an infinitely countable number of observations, i.e., the sample size approaching
infinity, instead of a continuum of observations, for example, all the possible values in an open set.



The restrictions on the weight function is mild and there are many potential candidates.
For example, since O is open and p (+) is continuous with p’ (z9) # 0, there exists some z € O
such that u(zo)7(z) + 0|7(x)| < w(Z)7(z) for § > 0. One particular choice of the weight
function is w(r) = s(z)? exp [2u(2)7(x)].

Another case where the completeness of g(z|z) is well studied is when g(x|z) = f. (z — z),
which is usually due to a translation between the endogenous variable x and instrument z as
follows

T =z-+¢e with z L e.

Example 1 suggests that the family {g(:|z) € H : z € O} is complete if O is an open set in Z
and ¢ is normal. Again, we show the completeness still holds when the set O is a converging

sequence. We summarize the results as follows.

Lemma 2. Denote O as an open set in Z. Let {z : k=1,2,...} be a sequence of distinct

zr € O converging to zg in the open set O. Define
g(xle) = fo(a — 2)

on R x Z. Suppose that g(-|2) € LY(R) for z € O and the Fourier transform ¢. of f- satisfies
0 < |ge(t)] < Ce0M (4)

for all t € R and some constants C, § > 0.
Then, the sequence {g(-|zx) : k = 1,2,...} is complete in L?(R,w), where the weight

function w(x) satisfies [ %ﬂg’lml)dd@ < oo for some &' € (0,0).

Proof: See the appendix.
Equation implies that the characteristic function is not equal to zero on the real line
and that the characteristic function has exponentially decaying tails. For example, the dis-
tribution of € may be normal, Cauchy, or their convolutions with other distributions. The
restriction on the weight function is also mild. For example, we may pick w(z) = 1/(1 + 22).
With the complete sequences explicitly specified in Lemma [T] and [2] we are ready to extend
the completeness to a more general conditional density f(z|z). Our sufficient conditions for

completeness are summarized as follows:



Theorem 1. Suppose f(-|z) and g(-|z) are conditional densities. For every z € Z, let
f(-|z) and g(-|z) be in a Hilbert space H of functions defined on X with norm || - ||. Sup-
pose that there exists a point zy with its open neighborhood N (z9) = {z € Z : ||z — 20|| <
€ for some small € > 0}C Z such that

i) for every sequence {z : k = 1,2,...} of distinct z;, € N (29) converging to zy, the corre-
sponding sequence {g(-|zr) : k = 1,2,...} is complete in a Hilbert space H;

i) g(+|z) is continuous at zy and ||g(-|z0)|| > O such that the relative deviation D(z) =
W is well-defined and Lipschitz continuous in z on N (20) and f(-|z) coincides with

g(-|z) at zo in H, i.e.,
1£(-|z0) — g(-|20) | = 0;

iii) there exists a sequence {zy : k =1,2,...} of distinct z, € N (20) converging to zy such
that the sequence {f(:|zx) : k = 1,2,...} is linearly independent, i.e.,
1

Zcif(a:|zki) =0 for all x € X implies c¢; =0 for all 1.
i=1

Then, the family {f(-|z) : 2 € N (20)} is complete in H.

Proof: See the appendix.
Condition i) provides complete sequences, which may be from Lemma [1] and Condition
ii) requires that the relative deviation D(z) = W is Lipschitz continuous in z on
N (20). When the Hilbert space H is the £2 (X, w), the relative deviation D(z) is Lipschitz
continuous if ||g(-|z0)|] > 0 and the first-order derivatives %f (-]z) and %g (+|z) are also in
L2 (X,w) for z € N (zo)m In the proof of Theorem 1, we show that the Lipschitz continuity of

D(z) implies that there exists a sequence {zx} converging to zp such that the total deviation

from the sequence {g(-|zk)} to {f(:|zx)} is finite, i.e.,

= 1712 = gClw)l
2 gl < )

Intuitively, this condition implies that the sequence {f(:|zx)} is close to a complete sequence
{g(+|zx)} so that the former sequence may also be complete.

The linear independence in condition iii) imposed on {f(-|z;)} implies that there are

"The proof of this claim is provided in the appendix.



no redundant terms in the sequence in the sense that no term can be expressed as a linear
combination of some other terms. This condition imposes a mild restriction on f(z|z) because
Equation Zfil c¢if(x|zg;) = 0 for all € X', which implies an infinite number of restrictions
on a finite number of constants ¢;. When the support of f(-|zx) is the whole real line for all

zk, a sufficient condition for the linear independence is that

lim f(x]zrq1)

= 0 for all &, 6
Al (6)

which implies lim,_,_ % = 0 for any m > 1 and for all z. If 21‘1:1 ¢if(+|z;) = 0 for

all z € (—o00,400), we may have

The limit of the right-hand side is zero as * — —oo so that ¢; = 0. Similarly, we may show
2,3, ...,cy = 0 for all 7 by induction. Notice that the exponential family satisfies Equation @
for appropriate choices of i, 7 and a sequence. When the support X' is bounded, for example,

X = [0, 1], the condition () may become

lim f(x]2141)

=0 for all £.
o o) 0 for all k& (7)

For example, the Corollary (Miintz) on page 91 in Young| (1980) implies that the family of
function {x*',x?2,2%,...} is complete in £2(]0,1]) if > i = oo. This family also satisfies
k=1

the condition for a strictly increasing {zx}. For an existing function g(z|z) > 0, we may

always have f(z|z) = 58;2 x g(x|z). If the existing sequence {g(-|zx)} satisfies Equation @,
ie., limg_s_oo g(gﬂéjz;:;) = 0, then it is enough to have 0 < <limm_>_oo J;E;"j;zg) < 0.

9(z|2k11)
g(z|zp)

Furthermore, when f(z|z) = h(x|z)xg(z|z), the condition @) is implied by lim,_,

h(z|zk+1)
h(z|zk)

0 and <limx_>_oo ) < 00. We may also consider

f(z2) = A(2) h(z|2) + [1 = A (2)] g(z]2). (8)

In this case, the conditional density f(:|z) is a mixture of two continuous conditional densities

h,g and the weight A\ in the mixture depends on z. At the limit point zy, f(:|z0) coincides

10



with g(+|z0) if lim,, ., A (2) = 0. The linear independence condition in Equation (6) holds

when h(z|z) and g(x|z) satisfy

lim M =0and lim
z——oo  g(z|21) T—— oog(x|zk)

< 00.

The advantage of this condition is that there are only mild restrictions imposed on the func-
tional form of h(z|z) and A (2).
Suppose the function f(z|z) is differentiable with respect to the variable x up to any finite

order. We may consider the so-called Wronskian determinant as follows:

f(z|zk,) f(x|2k,) f(x)2zk,)
A falon) L f(alan) e L )

If there exists an z( such that the determinant W (zg) # 0 for every {z, : i =1,2,..., 1}, then
{f(:|zx)} is linear independent.

Another sufficient condition for the linear independence is that the so-called Gram determi-
nant Gy is not equal to zero for every {z, : i = 1,2,..., I}, where Gy = det (Kf(]zkl), f(\zk])>]”) .
This condition does not require the function has all the derivatives.

We summarize these results on the linear independence as follows:

Lemma 3. The sequence {f(:|zk)} corresponding to a sequence {zy : k =1,2,...} of distinct
21 € N (20) converging to zo is linearly independent if one of the following conditions hold:
1) Ele ¢if(xlzg,) =0 for all x € X implies ¢; = 0 for all I.
2) for all k, limg_,_ % =0 or limg_,4, f(w(‘zl’;:)l) =0 for some xq;
3) J(alz) = L Fo(u(=)r(x)) with 1 (20) £ 0, 7(0) = 0, and LrFo(0) £0 for k= 1,2, ..

4) for every {zx, 11 =1,2,...,1}, det <[<f(|zk1)7 ("ij»]z’,j) # 0.

Proof: See the appendix.
In order to illustrate the relationship between the complete sequence {g(:|zx)} and the
sequence { f(-|zx)}, we present numerical examples of these two functions as follows. Consider

g(z|z) = 27 over £2([0,0.8]) for Z = (2, 5) We pick z; = 2= with 2, — zp = . Since

(lc+1)

11



—9(x2)
—~ fxi2)

z-axis X—axis

Figure 1: An example of g(x|z) and f(z|z) in Theorem

> i = 00, by the Corollary (Miintz) on page 91 in [Young (1980) the family of function

k=1
_1

{x*, 272 2% ..} is complete in £2([0,0.8]). Let f(z|z) = (1 - %(w — 1)) xz Since

lim {&lee) 0, our Theorem [I| implies that {f(:|z)} is also complete in £2([0,0.8]) with

a—0 J(@lzx)

g(x|z0) = f(z|z0) = /x. Figure 1 presents a 3D graph of g(z|z) and f(z|z) for (z,z) in

[0,0.8] x (2,2) to illustrate the relationship between the complete sequence {g(:|z)} and the

sequence {f(:|zx)}.

3. Applications

We consider three applications of our main results: first, we show the sufficient conditions
for the completeness of f(z|z) when x = u(z) + o (2) e with z L &; second, we consider the
completeness with a general control function z = h(z,¢); finally, we show how to use our

results to transform a multivariate completeness problem to a single variable one.

8Choosing such a particular function is only for a suitable illustration in Figure 1.

12



3.1. Extension of the convolution case

Lemma [2] provides a complete sequence when @ = z + . Using Theorem [I} we may provide
sufficient conditions for the completeness of f(z|z) when the endogenous variable z and the

instrument z satisfy a general heterogeneous structure as follows:
x=u(z)+o(z)e with z L e.

We summarize the result as follows:

Lemma 4. For every z € Z, let f(-|z) be in L1 (R). Let w be a weight function satisfying
the restriction in Lemma[3. Suppose that there exists a point zy with its open neighborhood
N (20) C Z such that

i) the characteristic function ¢.,(t) of f(-|20) satisfies 0 < |¢,(t)] < Ce M for all t € R
and some constants C', § > 0;

ii) %f (+|z) for z € N'(20) and B%f(-\zo) are in L2 (R,w);

iii) the function f(-|z) satisfies conditions iii) in Theorem/[l], i.e., there exists a sequence
{zr : k =1,2,..} of distinct z, € N (20) converging to zg such that the sequence {f(-|zx) : k =
1,2,...} is linearly independent.

Then, the family {f(-|z) : 2 € N (20)} is complete in L (R,w).

In particular, when

on R x Z, we assume
i’) the characteristic function ¢.(t) of f- satisfies 0 < |¢.(t)] < Ce0M;
ii’) p(-), o(-), and f-(-) are continuously differentiable with ' (29) # 0, o (20) # 0 and
fj;o \a:fé(a;)|2 dr < oo;
fe(z—c)

ii1’) limg s oo @ = 0 for any constant ¢ > 0.

Then, the family {f(-|z) : 2 € N'(20)} is complete in L2(R,w).

Proof: See the appendix.

The first part of Lemma [] implies that one may always make a sequence coincide with a

convolution sequence. Consider a sequence {f(-|z;) : k = 1,2, ...} with asequence {2z : k = 1,2, ...}

13



of distinct zp € N (29) converging to zp. We may always generate a convolution sequence

{9(-|zk) : k =1,2,...} where

g(xlz) = f (v — p(21) |20) with p(20) = 0 and 4 (20) # 0.

Condition i) implies that the sequence satisfies the conditions in Lemma [2] and is complete.
Condition ii) guarantees that the first-order derivatives % f(-]z) and % g (-|2) are in £? (X, w)
so that the relative deviation D(z) = W is Lipschitz continuous in z. Since D(zp) =

0 by construction, the condition ii) in Theorem [1] holds. Thus, the completeness holds for

{f(:|2) : 2 € N (20)}. In the heterogeneous case where = pu(z)+0 (2) €, a primitive condition

for the linear independence is that lim,_,_ ! Ef(j;)c) =0.

The main purpose of Lemma 4 is to provide sufficient conditions that are easier to check
and more accessible than conditions in Theorem 1. While the part (i) of Theorem 1 is a
generalized version of the condition (1), the part (iii) of Theorem 1 is equivalent to the
condition (2) by Lemma 3. This particular case immediately provide the completeness of
the normal distribution with heterogeneity which is complement to the normal distribu-
tion with homoskedasticity. Suppose € ~ N(0,1). Then, by Lemma 4 we have the family
{f(x|z) = Ulz)qb (x;&()z)> 1z € ./\/(zo)} is complete in £2(R,w). This result is new to the

literature and provides the identification for models with heterogeneity. On the other hand,

2(2—3)
(2—0.62)

malized coefficient. We have shown {f(-|zx) : k = 1,2,...} is complete in £2([0,0.8]) in the

consider a conditional density function f(z|z) = ¢, (1 - (x — 1)) x* where ¢, is a nor-
end of Section 2. Therefore, our results have shown many complete DGPs that are not pre-
viously known. Another point to emphasize is that we only need this 0 < |¢.(t)| < Ce 9l
restriction at the limit point zg not over all z. Any distribution containing a normal factor,
say a convolution of normal and another distribution, satisfies this tail restriction.

We may then consider the nonparametric identification of a regression model
y=a+ pr+u, Eulz]=0, (11)

with x = p(2)+0 (2) e and € ~ N (0, 1). Here the true regression function m(x) is linear, which

is unknown to researchers. We have shown that the family {f(x]z) = U(IZ) 0] (x;é‘z()z)) izeN (zo)}

is complete in £2(R,w), which implies the above linear model is uniquely identified among all
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the functions in £2(R,w). Notice that the bounded completeness is not enough for such an

identification.

3.2. Completeness with a control function

We then consider a general expression of the relationship between the endogenous variable x
and the instrument z. Let a control function describe the relationship between an endogenous

variable x and an instrument z as followﬂ
x = h(z,e), with z L €. (12)

We consider the case where x and € have the support R. Without loss of generality, we assume
€ has a standard normal distribution with the cdf ®. It is well known that the function A
is related to the cdf Fy, as h(z,¢) = Fx_|z1 (@ (¢) [2) when the inverse of I, exists and h is

strictly increasing in €. Given the function h, we are interested in what restrictions on h are

sufficient for the completeness of the conditional density f(z|z) implied by Equation (12)).

Lemma 5. Let N (z9) € Z be an open neighborhood of some zg € Z and w be a weight
function satisfying the restriction in Lemma @ Let Equation (@ hold with h(zp,e) = ¢,
where € has a standard normal distribution with the support R. Suppose that

i) for z € N (20), the function h(z,e) is strictly increasing in & and twice differentiable in
z and ¢;

ii) for z € N (29), the functions f(-|z) and %fﬂz) are in L2(R,w), where f(x]z) =
G Fe (7 (z2)) 5

iii) there exists a sequence {zy : k =1,2,...} of distinct z, € N (20) converging to zy such
that the sequence {f(-|zx) : k = 1,2, ...} is linearly independent; in particular, such a sequence
exists if for any Z # Z in N (20), limes_o [R(Z,€) — h(Z,€)] # 0, and %h(zo,s) % 0 as
£ — —00.

Then, the family {f(-|z) : 2 € N'(20)} is complete in L2(R,w).

Proof: See the appendix.

9Here we call h the control function without assuming that the TV z is independent of (u,¢) as in the usual
control function approach.
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Condition 1) guarantees that the conditional density f(x|z) is continuous in both z and
z around zp. The condition h(zp,&) = ¢ is not restrictive because one may always redefine
e. Therefore, f(x|z) satisfies f(z|z0) = f: (x), which may be considered as a limit point in
the translated family such as {g(z|z) = fe (x —p(2x)) : k = 1,2,...} with u(29) = 0, i.e.
f(z]z0) = g(x|z0). We may then use Theorem [1] to show f(z|z) is complete. Condition ii)
implies that the deviation D(z) = W is Lipschitz continuous in z. Condition iii)
guarantees the linear independence of the sequence {f(-|zx)}.

Lemma 5| implies that key sufficient assumptions for the completeness of f(z|z) implied by
the control function in Equation is that the control function h is invertible with respect
to € around a limit point in the support of z and linearly independence of the sequence

{f(-|zx) : k =1,2,...}. Our results may provide sufficient conditions for completeness with a

general h. For example, suppose % i (z0) < 0, we may have

J
h(z,e) =p(z) + e e+ Z (z = 20)% by (¢),

=0
where h; (-) are increasing functions. The function h may also have a nonseparable form such

as

h(ze) = p(2) +1n|(z — 20)* + exp(s)] .

3.3. Multivariate completeness

When the endogenous variable x and the instrument z are both vectors, our main results
in Theorem [I| still applies. In other words, our results can be extended to the multivariate
case straightforwardly. In this section, we show that one can use Theorem [I| to reduce a
multivariate completeness problem to a single variate one. Without loss of generality, we
consider x = (x1,x2), z = (21,22), X = &1 X Xa, and Z = Z; X Z5. One may show that the
completeness of f(x1|z1) and f(x2|z2) implies that of f(z1|z1) X f(x2|z2). Theorem [1] then
implies that if conditional density f(z1,x2|z1, 22) coincides with f(z1]z1) X f(x2]22) at a limit

point in Z then f(x1,x2|z1,22) is complete. We summarize the results as follows:

Lemma 6. For every z € Z = Z1x 2y, let f(+|z) and g(-|z) be in a Hilbert space H of functions
defined on X = X1 x Xy with norm || - ||. Suppose that there exists a point zo = (210, 220) with

its open neighborhood N (z9) C Z such that
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i) for every sequence {z : k=1,2,3,...} of distinct z;, € N (209) converging to zg, the
corresponding sequence { fy ., (-|21x) + k = 1,2,3,...} and {fp,)2 (22x) : kb = 1,2,3,...} are
complete in Hilbert spaces H of functions defined on Xy and Xs;

_ ||fm|z('7"zlyz2)_le\zl("Zl)fIQ\ZQ("ZQ)H

ii) the relative deviation D(z1,z9) = oo (oo ey ()]
T1l1#1 r2122

z = (21722) on N(ZO) with fl“z('a '|Z10,220) = f1‘1|21('|’210)f1‘2|22('|220)~

15 continuous n

iii) there exists a sequence {zx : k =1,2,3,...} of distinct z, € O converging to zy such
that the sequence { fy). (-, |21k, 221) : K = 1,2,3, ...} is linearly independent,
Then, the sequence { fy.(-; |21k, 221) + b = 1,2,3, ...} is complete in the Hilbert space H of

functions defined on X1 X Xs.

Proof: See the appendix.

In many applications, it is difficult to show the completeness for a multivariate conditional
density. The results above use Theorem [I|to extend the completeness for the one-dimensional
sequences {fy |-, (‘[21x) : & = 1,2,3,...} and {fp,.,("|22x) : & = 1,2,3,...} to the multiple
dimensional sequence {f,.(-, |21k, 22k) : K = 1,2,3,...}. The key assumption is that the
endogenous variables are conditionally independent of each other for some value of the instru-

ments, i.e.

fx|z('a "Zl()a 220) = fxl\zl ('lzlo)fxz\@("ZQO)' (13)

We may then use the completeness of one-dimensional conditional densities f,,|., (|z1x) and
fas)2 (+]22k) to show the completeness of a multi-dimensional density f,). (-, |21k, 22¢). There-
fore, Lemma [6] may reduce the dimension as well as the difficulty of the problem.

What we need for the multivariate case (Lemma @ in equation includes two steps:

first, we need the independence between x; and x2 only at z = 2, i.e.,
x1 Lo | 2= 20; (14)
The second step requires with zp = (210, 220)

fa112(-120) = fa112, (1210) and fo, ). (-[20) = fa2 (+]220)-

This step is for simplicity and convenience because f,,|.(-|210,220) and fy,.(-|210, 220) are

already one-dimensional densities and we may re-define the two sequences in condition i) in
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Lemma |§| corresponding to f;,|.(+|20) and fg,.(+|20). Such a simplification is particularly
useful when one can find an instrument corresponding to each endogenous variable.

The completeness of a conditional density function f(x|z) implies there exists a sequence
of conditional density function {f(z|zx) : k = 1,2,3,...} as a basis. At these points z; =
(z1k, 22 ), an intuitive idea of Lemma 6 is the fact that the tensor product of univariate
basis are multivariate basis. With the completeness of the sequence of product function
o)z Cl21k) fao| 2 (22k) + kB = 1,2,3,...}, we can utilize the main perturbation result, Theo-
rem 1, to extend the result to other sequence of function close to the sequence of the product
function. At these "small” perturbation sequences, {f;.(,"|21k,22¢) : K = 1,2,3,...} can
be nonseparable and satisfy the condition For example, set f,,, (x1]z1) = %e*mlzl and
fao|zs (T2]22) = ée_mz? where 21, 20 > 0 and z1, 72 € {0}URT. Applying the results of Lemma
1 (a generalized version of Example 2) to these two density functions, we can obtain the com-
pleteness of the two families {f, ., (|z1x) : k = 1,2,3, ...} and {fo,2,(-|22¢) : b = 1,2,3,...}
where 21y, and 29, are distinct sequences converging to 1. Then, consider { fw| 2oy |21k 22k) =
Zlckziz’“%e_(1’1Zlk+x22%+(21k—1)(Z2k_1)x1x2) : k =1,2,3,...} where ¢, is a normalized coefficient.
This family has satisfied the conditions (i) and (ii) of Lemma 6 with zp = (1, 1). If the fam-

ily is linear independent then Lemma 6 ensures its completeness. Suppose that there exists

c1, ..., Cm such that
—(z121m+x222m+(21m—1) (22m—1)z122) 4o+ cme—(x121m+r2z2m+(21m—1)(Z2m—1)931$2) -0

cie

Differentiating the equation m — 1 times and plugging (z1, z2) = (0,0), we obtain

c1+...+¢cm = 0

12k, + ... +cmak, = 0
—1 —1

clzz —|—...—|—cmzzjn = 0
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Rewrite the above equation as

1 1 1 c1 0
2k Zko 2 cg [ [ O
m—1 m—1 m—1

2 2y cee 2 Cm 0

The first matrix is the Vandermonde matrix and its property implies the linear independence
of the family. Therefore, the multivariate result provides more results than the product case

at zg and may not be too restrictive.

4. Conclusion

We provide sufficient conditions for the nonparametric identification of the regression func-
tion in a regression model with an endogenous regressor z and an instrumental variable z.
The identification of the regression function from the conditional expectation of the depen-
dent variable is implied by the completeness of the distribution of the endogenous regressor
conditional on the instrument, i.e., f(z|z). Sufficient conditions are then provided for the
completeness of f(z|z) without imposing a specific functional form, such as the exponential
family. We use the results in the stability of bases in Hilbert space to show that if the relative
deviation from a complete sequence of function is finite then f(z|z) itself is complete, and

therefore, the regression function is nonparametrically identified.

5. Appendix: Proofs

5.1. Preliminaries

Let £2(X) = {h(-) : [ |h(z)|?dz < o0,} be a L* space with the following inner product
(f,9) = [ f(z)g(x)dz. We define the corresponding norm as: || f||* = (f, f). The completion
of £2(X) under the norm || - || is a Hilbert space, which may be denoted as H. The conditional

density of interest f(x|z) is defined over X x Z. If z only takes values from a countable set
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in Z then f(x|z) can be considered as a sequence of functions { f1, f2, f3,...} in H with

fk‘ = f(‘zk)v

where {z; : k =1,2,3,...} is a sequence in Z. The property of the sequence {fi} determines
the identification of the regression function in .

We then introduce the definition of a basis in a Hilbert space.

Definition 2. A sequence of functions { f1, fa, f3,...} in a Hilbert space H is said to be a basis

if for any h € H there corresponds a unique sequence of scalars {c1,ca,cs,...} such that

h=>cpfr
k=1

The identification of a regression function in Equation actually only requires a sequence
{f1, f2, f3,...} containing a basis, instead of a basis itself. Therefore, we consider a complete
sequence of functions {fi, fo, f3,...} which satisfies that (g, fx) = 0 for & = 1,2, 3... implies
g=20.

In fact, one can show that a basis is complete and that a complete sequence contains a
basis. Since every element in a Hilbert space has a unique representation in terms of a basis,
there is redundancy in a complete sequence. Given a complete sequence in a Hilbert space,
we can extract a basis from the complete sequence. One of the important properties of a
complete sequence for a Hilbert space is that every element can be approximated arbitrarily

close by finite combinations of the elements. We summarize these results as follows.

Lemma 7. (1) A basis in the Hilbert space H is also a complete sequence.

(2) Let W be a closed linear subspace of a Hilbert space. Set W+ = {h € H : (h,g) =
0 for all g € W}. Then W+ is a closed linear subspace such that, W @ W+ = H.

(3) Given a complete sequence of functions { fi, fa, f3,...} in a Hilbert space H, there exists

a subsequence {ry1,ra,73,...} which is a basis in the Hilbert space H.

Any function f in a Hilbert space can be expressed as a linear combination of the basis
function with a unique sequence of scalars {ci, c2, 3, ...}. Therefore, we can consider ¢, as a

function of f. In fact, ¢, () is the so-called coefficient functional.
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Definition 3. If {f1, fo, f3,...} is a basis in a Hilbert space H, then every function f in H

has a unique series {c1,ca,cs,...} such that

F=Y"calf) fu-

n=1

Each ¢, is a function of f. The functionals ¢, (n = 1,2,3,...) are called the coefficient

functionals associated with the basis { f1, fa, f3,...}.

It is clear that ¢, is a linear function of f. The following results regarding the coefficient

functionals are from Theorem 3 in section 6 in Young (1980).

Lemma 8. If{f1, f2, f3,...} is a basis in a Hilbert space H. Define ¢, as coefficient functionals

associated with the basis. Then, there exists a constant M such that
L<fall - llenll < M, (15)

for all n.

In our proofs, we limit our attention to linearly independent sequences when providing
sufficient conditions for completeness. The linear independence of an infinite sequence is

considered as follows.

Definition 4. A sequence of functions { f, (:)} of a Hilbert space H is said to be w—independent
if the equality
oo

chfn(x):Ofor allz e X

n=1

is possible only for ¢, =0, (n=1,2,3,...).

It is obvious that the w—independence implies that linear independence. But the converse
argument does not hold. A complete sequence may not be w—independent, but it contains a
basis, and therefore, contains an w—independent subsequence.

Our proofs also need a uniqueness theorem of complex differentiable functions. Let w =
a + ib, where a, b are real number and i = \/—1. Define C = {w = a+ib: a,b € R} and it is

called a complex plane. The complex differentiable function is defined as follows.
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Definition 5. Denote 2 as an open set in C. Suppose f is a complex function defined in Q.

If zg € Q and
o 1)~ 1)

Z—20 zZ— 20

exists, we denote this limit by f'(z0) and call it the derivative of [ at zo. If f'(20) exists for

every zg € 0, f is called a complex differentiable function in €.

To be more precise, f'(zy) exists if for every £ > 0 there corresponds a ¢ > 0 such that

f(z) = f(=0)

— f(20)| < e forall 0 < |z — 2] < 0.
Z— 20

A complex differentiable function has a large number of interesting properties which are
different from a real differentiable function. One of them is the following uniqueness theorem,

as stated in a corollary on page 209 in Rudin| (1987).

Lemma 9. If g and f are complex differentiable functions in an open connected set Q0 and if

f(2) = g(z) for all z in some set which has a limit point in Q, then f(z) = g(z) for all z € Q.

5.2. Proofs of completeness of existing sequences

Proof of Lemma Set t(z) = 1 is for simplicity. In order to use the above uniqueness
result of complex differentiable functions, we consider a converging sequence {zx : k = 1,2, ...}
in Z as the set with a limit point. Since p () is continuous with u' (z9) # 0 for some limit
point zg € Z, there exists 6 > 0 and a sequence {zj : k = 1,2, ...} converging to zy such that
{u(zr) 1 k=1,2,...} € (u(z0) — 0, u(20) + 0) C (N (20)) be a sequence of distinct numbers

converging to an interior point 1(zo) € (N (20)). In addition, since g(x|z) € L}(X) for 2z € O,

/X s(zx) exp [u(z0)T(x) + 0|7 (z)|] dx < 0.

2 eXP[2(u(Z?))T(fE)+5\T(I)I)}

dr < oo.

Choose a weight function w(z) satisfying [, s@)

Given hg € £2(X,w) and §; < 6. Consider a complex function with the following form

Fw) = /X 5(2)e" ™ ho (2)da, (16)
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where the complex variable w is in the vertical strip R = {w : u(z0) — 61 < Re(w) <
w(zo) + (51}H Let w = a + ib, where a,b are real numbers. Applying Cauchy-Schwarz

inequality to Eq. (L6]), we have for a € (u(z0) — &1, p(z0) + 61)

f)f <] [ st@er@hoepts] a7
<(f W!hou)w(xw?dwf
< ([ e e )
. ( /X s(x)eu;;z;(lx/);alv(:c>||h0( (o) /2dx)
o (AP w0 [ oogoris) < o

This suggests that f(w) defined in Eq. exists and is finite. Suppose n € C such that
In| < d2 and 61 + 92 < 0. Given w € R. Consider the difference quotient of the integrand in
Eq. , we have

(wtm)7(2)p, — wr(z)p,
x)e z) — s(x)e x
ewr (@) (enm(z) _ q
st 2 el

n

e (2)+02|7(x)|

< so) |5, | [ho(@)
2

e(wtd2)7(z) 4 o(w—052)7(x)

< s(x 5 ‘ho(x)‘
2

et(20)7(2)+(d1402) ()]

< 2s(x 5 ho(z)|,
2

e w@) 1)

where we have used (i) apply the inequality |¢<——1 *1] < & for |z| < §3 to the factor (c

)

and (ii) w € R. The right-hand side is integrable when 51 + 02 < § by a similar derivation in

Eq. . It follows from the Lebesgue dominated convergence theorem that

n—0

f(w) = hm/ Q(z,n)dx —/ hm Q(z,n)dr = /X s(z)7(2)e" T ho(z)dx.

10A holomorphic (or analytic) function defined with a similar function form in a strip is also discussed in
the proof of Theorem 1 in Section 4.3 of |[Lehmann| (1986). The proof provided here is close to the proof of
Theorem 9 in Section 2.7 of [Lehmann/ (1986).
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Therefore, the function f defined through the integral is holomorphic.

The condition [, s(x)etH)™ @ hy(z)dz = 0 is equivalent to f(u(z)) = 0 by Equation
. This implies that the complex differentiable function f is equal to zeros in the sequence
{u(z1), u(z2), p(23), ...} which has a limit point u(zp). Applying the uniqueness theorem
(Lemma [9) quoted above to f results in f(w) =0 on {w : pu(20) — 81 < Re (w) < p(20) + 61 }-

If X is a bounded domain, we extend hg to a function in £2(R,w) by

~ hy ifze X,

0 otherwise.

We also extend s(z) and 7(z) to functions in R, §(x) and 7(z) respectively with the following

properties, §(z) > 0 and 7/(x) # 0. In particular, choose w = u(2) + it for any real ¢, we have

flw) = /s(x)e“(i)T(x)ei”(x)ho(aj)d:c:O
X

I
8
g
=
8
=
—~
8
~—
U
8

The last step implies that the Fourier transform of hg(z) is zero on the whole real line.
And Eq. implies hg € £'(R). By the uniqueness Theorem 9.12 in Rudin (1987) for
iLo € £1(R), we have izo = 0 and therefore the function Ay = 0. This shows that the sequence
{g(-|z) = s()t(z)eM#) ™) - k= 1,2, ...} is complete in £2(X,w). QED.

Proof of Lemma Choose a sequence of distinct numbers {z;} in the support Z
converging to zg € Z. Pick 0 < § < § and choose a weight function w(z) satisfying
S de < oo Suppose that [ fe (z — z1) ho(z)dz = 0 for some hy € L*(R,w).

Consider

9(2) = /X ho(2)fe (x — 2) dz,

'L A specific choice of the weight function is w(z) = exp (=26, |z|) for 0 < &, < &'.
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which is a convolution. Let ¢, stands for the Fourier transform of g as follows:

o0

bolt) = / ¢t7g (2) dz

—00

= / eit(x(xz))/ ho(z) fe (x — 2z) dzdz
X

—00

_ /X ¢t ho () < / Z () £ (2~ 2)) dz> do

= Ono(t)d—e(t)
= Do (1)Pe(—1)-

We have g(z) = o= [0 e "¢y, (t)de(—t)dt. We define

2w J—o0

flw) = / g (D) —t)dr,

— 0
for

w=2z+1bfor z,b € R and |b <d—7,

where § is in Equation (4). Consider

‘f(w)\z = ’/Z e’“wmo(t)(z)g(_t)dt’z

ebt

[t o e)iste) )

/O; |¢6(—t)|2 Li?;dt) (/Z |¢h0(t)\2w(t)dt>

<

IN
Q ——~

<o [T a) ([ eorena)
< /_ Z e;ii/;tldt) ( /_ Z on (1) Peo(t)dt) < o0

by én, () € L2(R,w) since hg € L2(R, w)E Since the right-hand side is finite, then f(w) exists

and is finite in R = {z+1b: [b| < §—¢'}. To prove f(w) is analytic (complex differentiable) in

123ee Theorem 9.13 on page 186 in [Rudin| (1987).
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R, we consider the difference quotient at a point wg = 29+ ibg in R. For |n| < §; < d — " — by,

e~ w0t gy () e (—t) — e~ pp. (1) pe(—1)

Q)| = )
= [ g o)
< [T 00
<[P o)
o(botan )]

<90 | el 1/2

<o oot
20 [ elbo+d1=0)[t]

= 0 w(t)1/2

[ENOIORS

where we have used the inequalities || < %lla‘ for |2| < 41, and |p<(t)] < Ce M. The
condition by + 01 — & < —4&' and ¢p, (t) € L2(R,w) make the right-hand side integrable. Since
the quotient is bounded above by an integrable function, the Lebesgue dominated convergence

theorem implies

f(w) = lim h Q(t,n)dt = /OO %li% Q(t,n)dt = —it /OO e pp (8) pe(—t)dt.

=0 J_ —00 —00

Thus, f(w) is analytic (complex differentiable) in R = {z 4+ ib: |b] < § — ¢'}. Consequently,
the fact that f(w) equals zero for a sequence {z1, 22, 23, ...} converging to zp implies that f(w)
is equal to zero in R by the uniqueness theorem cited in the proof of Lemma 1. This suggests
that f(w) is equal to zero for all w = z on the real line, i.e., [*_ e "¢y, (t)¢pe(—t)dt = 0 for all
z € R. Since [ |ony (t)de(—t)|dt < ([ |dny ()P 21t at)V2([72 |pe(—t)PeXrltlat) /2 <
00, ¢y (t)de(—t) € LY(R). Thus, the characteristic function ¢p,(t)¢e(—t) = 0 for all tm
By Eq. (4), i.e., ¢c(t) # 0, we have ¢p,(t) = 0 for all ¢ € R so hg = 0. The family
{g(z]2) = fo(x — 21) : k = 1,2,...} is complete in L2(X,w). QED.

5.3. Proof of Theorem [1I
We prove Theorem [I] in three steps:

1. The total deviation from a complete sequence {g(-|zx)} to the corresponding sequence

13See Theorem 9.12 on page 185 in [Rudin| (1987).
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{f(lze)} is

Z 1f(-zk) — ’Zk)H_ (18)

lg(-[ze)
We prove that if the total deviation from a basis to an w— independent sequence is
finite, then the latter sequence is also a basis. This result is summarized in Lemma

as the cornerstone of the proof of Theorem
2. Condition ii) implies that the total deviation in Eq. is finite.

3. A linearly independent sequence {f(:|zx)} in a normed space contains an w— indepen-
dent subsequence {f(-|z,)}. Finally, for a complete sequence {g(-|zx,)} and the w—
independent sequence {f(:|2x,)} , Equation and Lemma imply that the sequence
{f(-|zx,)} is complete, and therefore, {f(-|z) : z € N (20)} is complete.

Step 1: We prove that if the total deviation from a basis to an w— independent sequence
is finite, then the latter sequence is also a basis. This result is summarized in the following

lemma as the cornerstone of the proof of Theorem

Lemma 10. Suppose that
i) the sequence {e, (1) :m=1,2,...} is a basis in a Hilbert space H;
ii) the sequence {f, () :n=1,2,...} in H is w—independent;
i) 30, ||fn‘(‘~e)n—(f)r|b|(')\\ < 0.

Then, the sequence {f,(-) :m=1,2,...} is a basis in H.

Proof of Lemma As in the proof of Theorem 15 on page 45 of [Young (1980), we

consider for any function f € H
f= Z cn(f)en,
n=1

where ¢, (f) is the so-called coefficient functional corresponding to the basis {e,}. It is clear

that ¢, (f) is a linear function of f. Define an operator T': H — H as

Tf=> cnlf)(en— fn)-
n=1
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It is clear that T is linear. Since ¢y (ey) =1 and cx(e,) = 0 for k # n, we have
Te, = ch(en) (en — fn) =€n — fn-
n=1

By using the triangle inequality and the definition of functional, we have

1Tl = = fn)
< Z”Cn(f) (en — fa)ll
n=1
< (Z len — fall ||Cn”> 111

n=1

Lemma [ suggests that

1 < [len| [lenll < M.

Therefore, we have

Tl < (Z femfel nuncnn) 191
< (Z ”ﬂ;{””)nfu

The relationship above implies that the linear operator T is bounded if

which will be shown in the next step to be implied by condition (iii). We then show that T’

is a compact operator. Set

N
Tnf = calf)(en = fa)-
n=1
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Consider

[e.9]

Z en(f) (en — fn)
n=N+1

Y lealf) (en = fu)ll

n=N+1

( i llen = fall ||cn||> I1F1-

n=N+1

(T =To)fll =

IN

IN

Follow the previous derivation of |7 f]|, we can obtain

(T = To) fIl < M( > He”_f"”> £l

2 T

lTenll
that ||T" — T,|| — 0. Since each Ty has finite dimensional range and ||T' — T|| — 0 as N — oo,

This implies that |[(T"— T},)|| < M (ZZO:NH len =] ) Assumption iii) of Lemma 10 suggests

T is an compact operatorE

Next, we show that Ker(I —T) = {0}, i.e., (I —T) is invertible. Consider

0 = (I-T)f
= =Y calf)(en—fn)
n=1

—= Z en(f)en — Z en(f)en + Z cn(f)fn
n=1 n=1 n=1

= Z Cn(f)fn
n=1

Since {fn ()} is an w—independent sequence, we have ¢,(f) = 0 for all n, and therefore,
0= —-T)f implies f = 0.
Therefore, T' is a compact operator defined in a Hilbert space H with Ker(I —T) = {0}.
By the Fredholm alternative, this shows that (I —T) is a bounded invertible operatorE
Since T' is bounded, (I — T') is also bounded. Therefore, we have shown that (I — 7)) is a

bounded invertible operator. Clearly, we have (I —T') e, = f,. Consider any h € H. Then,

11f an bounded linear operator T is the limit of operators of finite rank, then T is compact. See Exercise
13 on page 112 in [Rudin| (1991)).
15See the Fredholm alternative in [Rudin| (1991), Exercise 13 on page 112.
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oo
(I — T)~'h has an unique series expression (I — T)"'h = 3 c,e, since {e, ()} is a basis.

n=1
o0
Since (I —T) is bounded, applying (I — T') to the expression above results in h = > ¢, fn.
n=1

This series expansion is unique because { f,, (-)} is w-independent. The argument above shows
that every element h € H has a unique series expansion in terms of f,,. Thus, {f, (-)} is also

a basis for H. QED

Step 2: We show condition ii) implies Equation , ie.,

=171 = gClw)l
) T I (1)

We choose a sequence {z; : k = 1,2,...} C N (20) converging to zgp € N (z0). In other words,

zp is a limit point in NV (zp). Define

1) — gCl2)]
D@ = aml

for z close to zp. Condition ii) imply that D(z) is Lipschitz continuous at zg with D(zg) = 0.

Then, we have for some constant C and z close to zg

1£C12) = gCD _ oy s i
o~ P = Do) < Clz =zl

Therefore, we may choose |z — 29| = O(k™P) for p > 1 so that Equation holds with
Yorey D(zr) = O(>°32, k7P) < co. Thus, there exists a sequence {z : k = 1,2,...} converging

to zg such that Equation holds.

Step 3: Condition iii) implies that there exists a linearly independent sequence in
{f(-|zr)}. According to the second Theorem in |[Erdos and Straus (1953), any linearly in-
dependent sequence in a normed space contains an w— independent subsequence. We obtain
an w— independent subsequence {f(-|zx,)} in {f(-|2x)}

We then show that the w— independent subsequence {f(:|zy,)} is complete in the Hilbert
space H. Since the sequence {zy, } corresponding to {f(-|zx,)} is a subsequence of {2} and also

converges to zp, condition i) implies that the corresponding sequence {g(-|zx,)} is complete in
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the Hilbert space defined on X. The two sequences also satisfies Equation ie.,

1S (lzk) — 9(l2e)
Z lg(:lze)

< 0. (20)

Let {e,} denote a basis contained in the complete sequence {g(-|zx,)} and {f,} be the cor-
responding subsequence in {f(-|zy,)}, which is also w— independent. Then {e,} and {f,}
also satisfies > 2, W < 00. Lemma |10 implies that {f,} is a basis and therefore

len

{f(:|zk,)} is complete in the Hilbert space H. Since the sequence {z;} is in N (2p), the family
{f(-|z) : 2 € N (20)} is complete in the Hilbert space H. QED.

5.4. Proof of a Sufficient Condition for Lipschitz Continuity
Proof: For z € N (zp),

[D(2) = D(20)| < e1]D(2) = D(20)[|D(2) + D(20)]

= c1|D(2)? — D(z0)*|

1£Cl2) = g1l llg(l20)1* = 1 (-120) = g([z0) Pl g(-12)1

= l9C12)IPlg(120) 2
= 2 g (o)

NZd@)|lz — =

=2 g (J20)]

where d(z) = [[f(+2) —g([2)|1Pllg(-]20) > = [/ (-|20) — g(-[20)[*lg(-]2)||*, and Z is some point in
N (20). D(z) is Lipschitz continuous if the function d(z) has a bounded derivative at Z. This
holds because for some function h(-|z) € £2 (X, w) with %h“z) € L2 (X,w) the derivative of

|h(-|2)||* w.r.t. z is finite due to the Cauchy-Schwarz inequality as follows:

52 (k)

Furthermore, if X' is bounded, we only need %h (|z) to be bounded. QED.

< 2[¢l2)] | 52hc)
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5.5. Proof of the linear independence

Proof of Lemma (3): We have for z >0 and 0 € X

f(z]z) = %F@(Z’ X )

with
1 1 1
W(0) = H1;I=1 (Zklw> % det k1 Zko 2k,
(21 (o) E

According to the property of the Vandermonde matrix, the determinant W (x) is not equal to
zero when Fy(x) has all the nonzero derivative at z = 0 and z;, are nonzero and distinctive.

We may also generalize the above argument to show {f(:|zx)} is linear independent with

flalz) = 2 Fo(u()r(2))

where p/(z) # 0 and 7(-) is monotonic with 7(0) = 0. While the restriction p'(z) # 0
guarantees that p(zy) are different for a distinct sequence {zx} around zg, the condition 7(-)

is monotonic ensures that the linear independence for any x is the same as that for any

I I
T(x). If > cif(-]zk;) = 0, then it is equivalent to ) Ci%Fo(u(Zki)T(-)) = 0. This implies
i=1 =1

I
> ci%Fo(u(zki)T) =0 for all 7 € 7(X). Thus, we may show the determinant of W (x) of the
i=1

the function f(z]z) is nonzero at x = 0. QED.

5.6. Proof of completeness in applications

Proof of Lemma Let NV (209) be an open neighborhood of zy. Since the characteristic
function ¢,,(t) of f(-|z0) satisfies Equation in Lemma [2 we may generate a complete
sequence {g(x|zx) = f (x — u(2x) |20) : k = 1,2, ...} satisfying condition i) in Theorem [1| with
p(z0) = 0 and ' (29) # 0. We have f(+|z0) = g(-|z0) and ||g(:|z0)|| > 0 due to |¢p,,(t)| > 0.
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As discussed below Theorem |1} when the Hilbert space # is the £2 (X,w), the relative
deviation D(z) is Lipschitz continuous if ||g(:|z0)|| > 0 and the first-order derivatives % f(lz)
and %g (-]2) are also in £2 (X,w) for z € N (z). This is because the derivative of || f(]2)]?

w.r.t. z is bounded by the Cauchy-Schwarz inequality as follows:
0 9 0 9

o (Iree) aZ/ﬂxz ol

‘/Qf x|z) 1/2 a:\z)w(a;)l/Qdac

2£(12)) Hazf( :

IN

For g(z|z) = f (x — u(2) |20), we have

P9y = Lrw—u()l)

= i n) ) (4 (2).

The condition ii) of Lemmaimplies that % g (-|z) isin £2 (X, w) so that the relative deviation

D(z) = W is Lipschitz continuous in z. Since D(zy) = 0 by definition, the condition

ii) in Theorem [I] holds. Thus, the completeness holds for {f(-z) : z € N (z0)}.

We then consider the special case f(x|z) = ﬁfe <$_

o(2)

). Without loss of generality,
we set 0 (z9) = 1 because we may always redefine ﬁfs (%ZO)) as fe (z). Since p(-) is
continuous with ' (z9) # 0, the sequence {pu(z) : k = 1,2,3,...} C u(N (20)) may be a
distinct sequence converging to y (z0) € p (N (20)). Applying the results in Lemma[2| with the
sequence {u (zx) : k = 1,2,3,...}, we may show that {g(z|zx) = fe (t —p(2)) : k=1,2,...}
is complete. We then extend the completeness of {g(z|z;) = fe (z —p(zx)) : £k =1,2,...} to
{f(x|zx) = U(ik)fa (z;é‘z(:)’“)> :k=1,2,...}. Since o (29) = 1, we have f(x|z0) = g(z|20).
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We then check f(-|z) € L2(R) for any 2z € N (z9). We have for some constant Cy, Cs

sl = [ | (5e?)
“ [ et (567
1

9
_ cl/X ) o
Co 2
a(zo)/R|f5 (e)|” de.

The last step is due to the continuity of o (-) and o (zg) > 0. Since |¢.(t)| < Ce !l we

2
w(x)dx

2
dx

IN

IN

have [p ¢ (t )|?dt < oo, the last expression is finite, and therefore, f(-|2) is in £2(R,w) for
z € N (2).

In order to show the Lipschitz continuity of D(z), we show %f (:]2) is also in L3(R,w).
We have

e = g () (587) ()
) G

The function £ f(-|z) for = € N () is in £2 (R) because of condition ii’). It follows that

these 2 5 f (+|2) are in £2(R,w). Therefore, the total deviation

55 (22 - @ - ()

Diz) = Ao

is Lipschitz continuous in z.

We show the linear independence of {f(-|zx)} as follows:

(zk+1 fe <maé:f1+)l) )
s (56

im L&)
z——oo  f(x|zk) T——00

O'(Zk
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where

g (t) et - (o - i)
f- (55 - (55Hs)
£ (xféi(z)k) _ ([U(zk+1)*U(zk)]x*(a(')zlw(rl)N(*)zk)+‘7(zk)ﬂ(zk+l)))
- e EEnrIE
) g (53)

(5t )
()

If o/ (z) =0, i.e., 0 (2k+1) = 0 (2x), we may pick zj such that p(zx11) > p(zg) so that the

last inequality holds because f. (x) decreases as x — —oo. If 0/ (z) # 0, we may pick zj such

that o (zx+1) < o (2) and therefore ([U(zkﬂ)—U(Zk)]ﬂf—a(zkﬂ)M(Zk)+0(zk)u(zk+1)) > ¢ > 0 for

o(2)o(2k+1)

some constant ¢ as © — —oo. Therefore, condition iii’) implies that condition (2) in Lemma
Bl holds.

Finally, Theorem [1| implies that the family {f(:|z) : z € N (20)} is complete in £L2(R,w).
In fact, the proof of Theorem [l| suggests that the sequence {f(:|zx) : k = 1,2,...} is also
complete. QED.

Proof of Lemma [5 Without loss of generality, we assume %h(zo,e) <0ase— —o0.
Then we choose distinct zx 1 zo such that |z — 20| < kip for some p > 2. We use the
complete sequence {g(x|zx) = fe(x —p(zx)) : k = 1,2,...} with pu(z0) = 0 and p' (20) # 0
from Lemmal[d] This implies that g(z|z0) = f: (z) = f(z]20) because h(z0,¢) = e. In addition,
the normality assumption of e suggests {g(-|zx) : k¥ = 1,2,...} is complete in £3(R,w) for a
weight function w by Lemma [2l Then the complete sequence {g(-|z;) : k = 1,2, ...} satisfies
the condition i) in Theorem

We may check that the family {f(z|z;) = ‘a%hfl(zk,x)‘ fe (R (zp,2)) 1 k=1,2,..}isin
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L?(R,w). Consider for some constant ¢; and z € N (2)
oh
[1aitar= [|P2ED g m1,)
R R

B Oh(z,¢€) Oh(z,¢€)
() =
/3M ik
o Oe

—1
<Q/F%“’ e (2)2d
_a -
=2 [ Erde <

2
dzx

\fe( )|* de

Oh( zo,z-:)

The last step is because conditions i) and the normality assumption of € imply ‘ >

C > 0 and [ |f- (¢)]?de < co. That means f(z|2) € L2(R) for z € N (z0). Since a weight
function is bounded, f(z|z) € L%(R,w) for 2 € N (2). The condition ii) of Lemma [5| implies
that %f (|z) and %g (-]z) are in £2 (R,w) so that the relative deviation D(z) = W
is Lipschitz continuous in z. Since D(zp) = 0 by definition, the condition ii) in Theorem
holds.

We show the linear independence of { f(-|2x) } and the corresponding CDF sequence {F'(+|z)}

as follows. We consider

i F@lzen) o P (2, @)
z——o0 F(z|2) v=—00 F(h™!(zy, x))
_ oy T Grw) = (P @) = hT (240, 7))
T——00 Fs(hil(zknx)) ‘

Since the function h(z,¢€) is strictly increasing in ¢ for z € N (z), this implies that

hil(zk,w) — h71(2k+1,w)

ek = h™ (211, b2k, €8))

= ep — h 7 (2hg1, P(2ks1se) + [h(zks ek) — A(Zkt1,8)])-

Since %h(zo,s) < 0 and zx T 29, we have h(zg,er) — h(zgs1,6x) = ¢ > 0 for g — —o0.
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Using h(z,¢) is strictly increasing in €, we have

h_l(zkv l’) - h_l(zk+17 l’)
= &k — h_1(2k+1, h('zk-‘rla 5]6) + C,)
= er— b (zhe, h(2rp,€0)) + 0

= e,—€ex+c#0

for some constant ¢ > 0 as e, — —oo. Given F; is increasing, we may pick z; such that ¢ > 0

to have
lim F((L’|Zk+1) T Fa(h_l(zbm) — C) -0
a——oco F(x|zk) a——oo  F.(h=Y(zk, 1)) ’
The last step is because F. satisfies lim,_,_ o E EFS;)C) = lim, oo fif(i;)c) = 0 by L’Hopital’s

rule and ¢ is normally distributed. Therefore, condition (2) in Lemma |3 holds. Theorem
then implies that completeness of {f(:|z) : 2 € N (20)} in £? (R,w). QED.

Proof of Lemma @: Without loss of generality, we consider = (x1,x2), 2 = (21, 22),
X =X x Xy, and Z = Z; X Zy. Condition i) implies that {f;, ., (-[21x) : = 1,2,3,...} and
{faz)20 (|22) : K =1,2,3, ...} are complete in their corresponding Hilbert spaces.

We then show the sequence {f;, |2, (-|21k) fag|2, (-|22k) : & = 1,2,3,...} is complete because
{far)z Clzig) B =1,2,3,...} and {fy,)2, (-|z2) : k= 1,2,3, ...} are complete in corresponding

Hilbert spaces. Consider

//h(acl,xg)f(xl\zl)f(x2|zg)dx1d:):2 = /(/h(xl,xg)f(xl\zl)d:m) f(z2]2z2)dxo
= /h’ (w2, 21) f(w2]22)dzs.

If the LHS is equal to zero for any (21, 22) € Z1 X Zs, then for any given 21 [ b’ (z2, 21) f(x2|22)dxs
equals to zero for any zy. Since f(x3]z2) is complete, we have h' (x9,21) = 0 for any x5 € Xy

and any given z; € Z;. Furthermore, for any given xo € Xo, b/ (x2,21) = 0 for any 21 € 2
implies h(x1,z2) = 0 for any 71 € X}. Therefore, the sequence {f,, |2, (:|21x) frs|z, (-|22k) 1 & =
1,2,3,...} is complete. We then apply Theoremto show that the sequence { fy, 2,(21,25 (5 *[215 22k)
k=1,2,3,...} is complete because it is close to a complete sequence { f,|., ([21k) fas|2, (-|22k)

k=1,2,3,..}. QED.
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