MULTIVARIATE SMOOTHING VIA THE FOURIER INTEGRAL THEOREM AND FOURIER KERNEL

Multivariate Smoothing via the Fourier Integral Theorem and
Fourier Kernel

Nhat Ho* MINHNHATQUTEXAS.EDU
Department of Statistics and Data Sciences

University of Texas
Austin, TX 78712, USA

Stephen G. Walker S.G.WALKERQMATH.UTEXAS.EDU
Department of Mathematics
Department of Statistics and Data Sciences

University of Texas
Austin, TX 78712, USA

Editor: Francis Bach, David Blei, and Bernhard Schélkopf

Abstract

Starting with the Fourier integral theorem, we present natural Monte Carlo estimators of
multivariate functions including densities, mixing densities, transition densities, regression
functions, and the search for modes of multivariate density functions (modal regression).
Rates of convergence are established and, in many cases, provide superior rates to current
standard estimators such as those based on kernels, including kernel density estimators and
kernel regression functions. Numerical illustrations are presented.
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1. Introduction

Nonparametric function estimation allows for a data driven form for the estimator with lit-
tle to no constraints on shape. Early work included kernel density estimators; Rosenblatt
(1956) and Parzen (1962) and regression estimators; Nadaraya (1964) and Watson (1964).
Other nonparametric estimators include those of a mixing density, Laird (1978), hazard and
cumulative hazard functions and other related functions.

While there are many approaches to function estimation, such as polynomials, basis func-
tions and splines for regression functions; see Donoho and Johnstone (1998), Fan (1993), Fan
and Gijbels (1996), Green and Silverman (1994), Stone (1985), Tibshirani (2014), Tsybakov
(2009), Wahba (1990), and Wasserman (2006), kernel methods remain popular.

Contribution. The main contribution of the paper is multivariate kernel smoothing, and, in
particular, for regression and mode clustering, which have found applications in statistics and
machine learning; Li et al. (2007); Chaudhuri and Dasgupta (2010); Rinaldo and Wasserman
(2010); Brabanter et al. (2011); Chen (2016); Chen et al. (2016a); Arias-Castro et al. (2016);
Feng et al. (2020). The Gaussian kernel is used almost exclusively and a number of authors
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advocate its use in the multivariate setting. However, even in the bivariate case, a number of
issues arise regarding the covariance matrix; see Wand and Jones (1993, 1994). Some authors
advocate a diagonal matrix, e.g., Wand (1994), for the ease of computation reasons, though for
regression function estimation such a plan can be problematic. On the other hand, selecting
a bandwidth covariance matrix is also a non trivial problem; see Wand (1992), Staniswalis
et al. (1993) and Chacén and Duong (2018).

In the one dimensional case, a number of authors have considered various kernels, K (u),
the main condition being that

/ZK(u)du—l.

With this in mind, the Fourier kernel is given by K (u) = 7~ sin(u) /u, and has been mentioned
and looked in early work by Parzen (1962) and Davis (1975) for density estimation.

For reasons unclear to us, there is no, as far as we can ascertain, use of the Fourier kernel
for regression smoothing or mode hunting. The Gaussian kernel dominates here due to the
possibility of incorporating a covariance structure in the multivariate case when there are
multiple predictor variables. There seems little room for such a covariance matrix within the
Fourier kernel. However, as we shall highlight, there is no need for one in the multivariate
case; a product of Fourier kernels suffice, which is not so for the Gaussian kernel.

First we will introduce the key idea lightly and then be more formal. The unique aspect of
the Fourier kernel is that is satisfies the Fourier integral theorem; i.e., for all suitable functions
m(z), with 2 € RY,

1

d . -
m(y) =~ lim / T S = 23)) oy (1)

There are two distinct features with equation (1). First, the product of sin functions does not
converge to a single point mass when R goes to infinity, which is different from the multivariate
Gaussian kernels or other popular multivariate kernels. Therefore, the approximation based on
the product of sin kernels in equation (1) is non-trivial. Second, the product of sin kernels over
dimensions in equation (1) preserves the covariance or dependence structure, automatically,
lying within m(z). There is no need to seek out a covariance or dependence structure, as there
is with the Gaussian kernel which does not satisfy equation (1). Hence, for the Gaussian kernel
to preserve good approximations, the product of independent kernels over the dimensions
would need some attention, such as the inclusion of a covariance structure.

It could well be that the lack of ability of placing a covariance structure suitably within
the Fourier kernel is the reason why it has not been looked at in multidimensional problems.
However, we have just argued, through equation (1), it is not required. Furthermore, equation
(1) provides a natural Monte Carlo estimator for m(-).

To be more formal, consider the Fourier integral theorem in one dimension,

R poo
m(y) = % ngléo /R /OO cos(s(y — x)) m(x) dx ds, (2)

for m € Ly(R). This is an application of the Fourier and Fourier inverse transforms; see
for example Wiener (1933). Hence, an approximation based on the choice of a finite R, and
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integrating over s, yields

T J_oo y—x

In particular, if m = pg is a density function, and X,...,X,, are an i.i.d. sample from py,
then a Monte Carlo estimate of the density is

For(z) = 1 Zw
=1

nm Tz — X;

The extension to higher dimensions R? is a simple procedure, based on

po(y) = cos( —x))po(z) dx ds, (3)

d R 500 Rd

where now = = (z1,... ,:cd). Proceeding along similar lines, and making multiple use of the
expansion of cos(A + B), we get

po( ~ lm & /RdHSHI ]yj_xj))po(l')dilf (4)

R—o0 7T — Xy
and
sin(R zj))
(o) = -1 3 [ B X)) ®)
=1 j5=1
where © = (z1,...,24) and X; = (Xj1,...,X;q) for all i. So note the natural use of the

product of one dimensional Fourier kernels. We call the estimator fn r as Fourier density
estimator.

The same basic idea equally applies to nonparametric kernel regression; so suppose we
observe (X;,Y;)" ; such that Y; = m(X;) + o¢;, with E€ = 0 and Vare = 1. Then, as before,
m satisfies equation (2), and we can again approximate one side with the following term;

1 /°° sin(R(y — 2))
T J_ oo y—x
The Monte Carlo estimate of the right side then yields

m (.T}) _ Z?:l Y;KR(:U - Xl)
it Yy Kr(z — X;)

mr(y) = m(x) di.

where Kpr(u) = sin(Ru)/u. This estimator can be considered as the Fourier version of the
Nadaraya—Watson kernel estimator for nonparametric regression.

Again, the extension to the multivariate case (multiple predictors) follows along the same
lines which led to equation (5). That is,

d
> i1 Yi [Tjoy Kr(x; — Xi)
: .
Yo [ Kr(z — Xij)

o~

mMn.R (l’) =

(6)

3
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There is no need for any setting of a covariance structure between variables.

While noting the sufficiency of the product of kernels, we demonstrate that when the data
density function is suitably smooth, the mean (integrated) square errors of the Monte Carlo
estimators have faster convergence rates than those from standard kernel density estimators.
Improved rates for other types of functions are also demonstrated.

Organization. The paper is organized as follows. In Section 2, we study the mean inte-
grated square error (MISE) of the Fourier density estimator and its derivatives under various
tail conditions of the true density function. Then, we also provide (uniform) confidence inter-
val of the true density function based on the Fourier density estimator. In Section 3, we study
an application of Fourier integral theorem to estimate mixing density under the deconvolu-
tion settings. We further extend the idea of Fourier integral theorem to the nonparametric
regression, mode hunting applications, and dependent data in Sections 4-7. Illustrations with
the proposed Monte Carlo estimators are in Section 8. Proofs of key results are in Section 9
while the remaining proofs are in Appendix A. We end the paper with some discussion with
future work in Section 10.

Notation. For any n € N, we denote [n] = {1,...,n}. For any set X', we denote Diam(X)

the diameter of set X'. For any vector z = (x1,...,14) € R? we denote
el = s el el

the maximal norm of z. For any r > 1 and any set X', we denote C"(X) the set of functions on
X that have bounded integrable continuous derivatives up to the r-th order. For any z € R¢
and subset A of R%, we define d(z, A) = inf e 4 ||z —y|2. For any symmetric matrix M € R?*¢,
we denote \;(M) as the i-th largest eigenvalue of M, i.e., Ay (M) > M(M) > ... > Mg(M).
For any subset A of R? and r > 0, we denote A®7 = {y : minge ||z —y|/2 < r}. The notation

X2yvand X %y respectively mean X converge to Y in probability and distribution. For
any sequence a, and by, the notation a,, = O(b,) means that a,, < Cb, for all n > 1 where
C' is some universal constant. Furthermore, the notation a, = o(b,) means that a,/b, — 0
as n — oo. Finally, we denoted by pg a true (density) function and py the Fourier transform

of po.

2. Fourier density estimator

In this section, we assume X1i,..., X, € X C R? are an i.i.d. sample from py and we would
like to estimate the density function pgy based on the Fourier density estimator ]‘A’n R given in
equation (5). Based on equation (4), we know that when R goes to infinity, the bias of J/‘;L r(x)
goes to 0. However, we would like to investigate the vanishing rate of the bias. To do that, we
first define two important tail behaviors on the Fourier transform of the density function py,
which serve as sufficient conditions for the Fourier transform to be integrable and to obtain
the vanishing rate of the bias.

Definition 1. (1) We say that py is upper-supersmooth (lower-supersmooth) of order « if there
exist universal constants C,C",C1,Cy such that as long as we have the following inequalities
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for almost all x € RY

d
Upper-supersmooth: lpo(z)] < Cexp | —C4 Z |z ] |,
j=1
d
Lower-supersmooth: 1po(x)| > C'exp | —Co Z ||
j=1

Here, py denotes the Fourier transform of py.
(2) The density po is upper-ordinary smooth (lower-ordinary smooth) of order [3 if there exist
universal constants ¢, ¢ such that for almost all x € R?, we have

d
1
Upper-ordinary smooth: po(z)] < c- —_
d 1
Lower-ordinary smooth: po(z)| > ¢ - —_
Y |p0( )‘— ]];[1(14"%6)

Popular examples of upper-and lower-supersmooth densities include multivariate Gaussian,
multivariate Cauchy distributions, and their mixtures. The examples of upper-ordinary
smooth densities include continuous density functions that have continuous and integrable
partial derivatives or product of univariate Laplace distributions. For the lower-ordinary
smooth densities, the examples include multivariate Laplace distribution and univariate Beta
distribution. Finally, we would like to note that under the univariate setting of the den-
sity po, we can slightly relax the upper-ordinary smooth condition in Definition 1 as follows;
Ipo(z)| < ¢/|z|? for almost all 2 € R. This relaxation allows the upper-ordinary smooth def-
inition to cover more popular univariate distributions, such as Beta distribution. Later, our
results for upper-ordinary smooth univariate settings can be understood to also hold under
this relaxation as well.

2.1 Risk analysis with Fourier density estimator

Based on the smoothness definitions of py, we have the following result regarding the bias and
variance of the Fourier density estimator f, gr:

Theorem 1. (a) Assume that py is an upper—supersmooth density function of order a > 0
and ||pol|co < 00. Then, there exist universal constants C' and C' such that while R > C', for
almost all x we find that

B [fun(@)] - pole)| < CRP =00 exp (01 RY),

N Po|loo Rd
e [fato] < k= 2

)

where C1 s the universal constant associated with the supersmooth density function py from
Definition 1.
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(b) Assume that po is an upper—ordinary smooth density function of order 5 > 1 and ||po||eo <
oo. Then, there exists a universal constants ¢ such that for almost all x we obtain

‘E [fn,R(a:)] —Po(x)‘ < #’

~

Polloc RY
e o] < I 2

The proof of Theorem 1 is given in Section 9.1. Given the result of Theorem 1, we have the
following upper bounds on the mean integrated squared errors (MISE) of the Fourier density
estimator me:

(i) When pg is an upper—supersmooth density function of order o > 0, we have

MISE(F,.0) = | [(E [Fonl@)] ~po(@))” + var [ﬁL,RmH da

lpollss ~ R?
< CQRmax{Q—Qa,O} exp (_201Ra) + Pojlcc  fr
- md n

where C' and C} are the constants in part (a) of Theorem 1. The choice of R that minimizes
the upper bound of MSE is the solution of the equation

ol R

C2Rmax{2—2a,0} eXp(—chRa) ; ]
s n

Therefore, we can choose R such that 2C] R* = logn. With this choice of R, we have
)max{d/a,Q/a—2}

MISE(ﬁz,R(m)) < (CQ + ”p0||oo> (10gn ,

d n

which is better than the well-known MISE rate n=%®+4 for the kernel density estimator
(KDE), when the density function py has bounded second derivatives (Wasserman, 2006;
Tsybakov, 2009).

(ii) When py is an upper—ordinary smooth density function of order § > 1, we find that

- & pollee R
MISE(fa,r(2)) < 20557 + o™

where ¢ is the constant given in part (b) of Theorem 1. Hence, by choosing R such that

~ _ __2(8-1) _
RH2B=1) = 21 /|| po| 0o, we obtain MISE(f,, r(z)) < Cn~ 2G-D+d  where C' is some univer-
sal constant. As long as 8 > 3, the MISE rate of f,, r is also better than the rate p—4/(4+d)
of the KDE, when the density function has bounded second derivatives.

2.2 Concentration of Fourier density estimator

In this section, we first provide concentration bounds for Fourier density estimator fn r(7)
under various smoothness assumptions of the true density function py for almost all z € X.
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Proposition 1. For almost all x € X, there exist universal constants C and c such that:
(a) If po is an upper—supersmooth density function of order a > 0 and ||po|leo < 00, then for
any R > C" where C' is some universal constant, we obtain

(

Here, Cy is universal constant given in part (a) of Theorem 1.
(b) If po is an upper—ordinary smooth density function of order B > 1 and ||po|lcc < 00, then

P < Fur(@) —Po(ﬂf)‘ >c (Rl_ﬂ + Rdlog(2/5)>> < 6.

n
Proof. An application of the triangle inequality yields

For(@) = E [For@)]| + [ [Fur(@)] = po(a)] -
Denote Y; = # H;.lzl Sln(z(fijxjfw for all 4 € [n]. It is clear that |Y;| < R? for all i € [n] and

var(Y;) < CR? (cf. Theorem 1) where C' > 0 is some universal constant. For any ¢ € (0,C],
an application of Bernstein’s inequality shows that

1 & nt?
Pl |- Y, -E[Vi]|>t] <2 — _
<n; vl 2 ) eXp( 2CRd+QRdt/3>

By choosing t = C'\/R%log(2/§)/n, where C is some universal constant, we find that

p( Zt)ga.

Combining the above probability bound with the upper bounds of )E []?n R(ac)} — Do (x)‘ from

-~

MM@m@ﬂzccwmkw%m(Cﬂﬂ+ me@m)>§d

n

Faunl@) = po(a)| <

1 n
—§ Y; — E[Yq]
n

=1

Theorem 1, we reach the conclusion of the theorem.

The results of Proposition 1 only hold for point—wise € X. In certain applications,
such as mode estimation, it is desirable to estab/l\ish the uniform concentration bound for the
Fourier density estimator f,, g, namely, sup,cx | fn.r(2)—po(z)|. Our next result provides such
a uniform concentration bound when X is bounded and the density function pg is continuous.
Note, the assumption that py is continuous is to guarantee that the bounds of the bias in
Theorem 1 hold for all x € X.

Theorem 2. Assume that X is a bounded subset of R?. Then, there exist universal constants
C and c such that the following holds:

(a) When pg is a continuous upper—supersmooth density function of order a > 0 and ||po||co <
0o, for any R > C" where C' is some universal constant we have

P (sup ﬁz,R(w) —po(:ﬁ)‘ >C (Rmax{l—a,()} exp (—ClRa) + \/Rd log R (log(2/5))>> <4
reX

n
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Here, Cy is universal constant given in part (a) of Theorem 1.
(b) When po is a continuous upper—ordinary smooth density function of order B > 1 and
lpollec < 00, we obtain

(sl e+ P
TeEX

n
Proof. By the triangle inequality, we have

~

n,R(T) —po(fv)‘ < sup
xeX

sup
reX

Fon(@) = E [Fur(@)]| + sup [E [ fun(@)] - o).

TeEX

To bound sup,¢ y me(x) —-E [ﬁlR(a:)] ‘, we use Bernstein’s inequality along with the brack-

eting entropy under IL; norm of the functions in the space X (Wainwright, 2019). In particular,
by denoting Y; = # H?Zl % for all i € [n], we have |Y;| < R? and E(]Y;]) < 1 for

all i € [n]. Therefore, when ¢t < 2CR?, we find that

P <sup
reX

where the functional space /' = {f, : R = R : f.(t) = Wd ]_[Z 1 Sm(zf# forall z € Xt €

R?} and NV (t/8, F',L1(P)) is the bracketing number of the functional space F’ under Ly (P).
For any functions f,, and f,, in F', we can check that

~

) = ()| > 1) < NG (8.7 () e (000

[for () = foa(y)] < AR |21 — ]2,

for all y € R%. Since X is a bounded subset of R?, we obtain that

d
4dV/d - Diam(X)RdH)
; .

Ny (t/8, F',Li(P)) < (

Putting the above results together, by choosing

t= C_'\/Rd (log(2/0) + d(d + 1) log R + d(log d + Diam(X)) /n,

where C' is some universal constant, we have

P (sup
zeX
The above uniform concentration bound of sup,cy

bounds of sup,cx )E [ﬁlR(x)} — po(z)

rem. O

~

n,R(T) —Po(w)‘ > t) < 4.

and the upper

For(@) = E [ Jor(@)]

in Theorem 1 lead to the conclusion of the theo-
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2.3 Derivatives of Fourier density estimator

In this section, we provide the risk analysis for the derivatives of the Fourier density estimator
fn,r- This analysis is useful for our study with mode estimation in Sections 4 and 6. For
any r > 1, the mean integrated squared errors of the r-th derivatives of the Fourier density
estimators are defined as follows:

MISE(Y' fur) = [ E[IV"Founla) = V'o(a) 3] do
— [12 [V Fot@)] - Vi) B + [ B (19" Forle) ~ B [V Frla)] 18] do

The first term can be thought as mean-squared bias while the second term can be thought
of as the mean-squared version of the variance (or in short mean-squared variance). The
following result provides upper bounds for the mean-squared bias and variance of V' f,, r(x)
for estimating V'po(x).

Theorem 3. For any given r > 1, assume that py € C"(X). Then, the following holds:

(a) When pg is an upper—supersmooth density function of order o > 0, there exist universal
constants {C!}r_, and {C;}'_; such that while R > C', where C' is some universal constant
and 1 <i <7, we find that

sup [ [7Fo(0)] — ¥'pu(o) s < CLRPSCH exp ("),
e
N i _ R2itd
sup E ||V fu,n(e) — E |V for(@)] 1] < G- —,
TEX n

where C1 s the universal constant associated with the supersmooth density function py from
Definition 1.

(b) When po is an upper—ordinary smooth density function of order > 1+ r, there exist
universal constants {c;}i_, such that for any 1 < i <1 we obtain

i i Ci
Sup 1B [V fo ()] = Fpof)llmes < 55y
R N _ R2i+d
sup E [V fo,n(@) — E [V fon(@)] 3] < G-
xeX n

The proof of Theorem 3 is in Section 9.2. Given the results in Theorem 3, we obtain the
following results with the MISE of V’"ﬁ%R:

(i) When py is an upper—supersmooth density function of order o > 0, the result in part (a)
in Theorem 3 demonstrates that

MISE(V" o) < (Cp)? R*>E0H =000 exp (—2C1 R®) 4 C. R+ /n,

where C!. and C, are given constants in part (a). This upper bound suggests that we can
choose R such that 2C1 R* = logn. Then, we have

MISE(V" fo,r) < C ™t (log n)mad(d2n/a2(tr—a)/a},
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where C' is some universal constant.
(ii) When pg is an upper—ordinary smooth density function of order 5 > 1+ r, we have

2

C

+ C R2r+d/n

where ¢, is given constant in part (b). By choosing R such that R¥2(8-2) = 2 /C,., we obtain
_2(B=—r=1)

MISE(V" fn r) < cen” 4+20-1)  where ¢ is some universal constant. When 8 > r + 3, then the
MISE rate of the r-th order derlvatlves of the Fourier density estimator is better than the
MISE rate n~%/(4+27+4) of the KDE estimator when the density function py € C"(X) (Chacén
et al., 2011).

Thus, we have provided the uniform upper bounds for the difference between E [Vrfn, R(az)}

and V'po(x). In certain applications, such as mode estimation (cf. Section 4), it is also im-
portant to understand the concentration behaviors of V' f,, r(x) around V"po(z) uniformly
for all x € X. The following result provides the bounds on these behaviors when X is a
bounded subset of R

Theorem 4. For any given r > 1, assume that pg € C"(X) and X is a bounded subset of R?.
Then, there exist universal constants C' and ¢ such that the following holds:

(a) When pg is an upper—supersmooth density function of order a > 0, as long as R > C’
where C' is some universal constant and 1 <1 < r, we find that

(supHV fnr(x) — Vipo(x)’

TeEX

> C (Rmax{1+ia,0} exp (_CIRQ)

N \/ Rld+2) logR(IOg(2/5))>> <,

n

where C 1is the universal constant in part (a) of Theorem 3.
(b) When pg is an upper—ordinary smooth density function of order 5 > r+1, for any 1 < i <2
we obtain

reX n o

: . R(d+2i)1 R 2/5
(bup HvlfnR T) — Vzpo(fv)‘ oz <R—5+(z+1> +\/ og R (log(2/ )))) <g

The proof of Theorem 4 is in Section 9.3.
Based on the result of Theorem 4, we can choose the radius R similar to those in the

discussion after Theorem 3 and obtain the similar uniform upper bounds for the concentration
of V" f, r(z) around V"pg(z) for any r € N.

2.4 Confidence interval and confidence band of Fourier density estimator

In this section, we study the confidence interval and confidence band of py based on the Fourier
density estimator.

10
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2.4.1 CONFIDENCE INTERVAL

In order to establish the point-wise confidence interval for py(x) for each x € X, we first study
the asymptotic property of the following term as n — oo:

Frun(@) - po() Forl@) ~E [fur@)] E[far@)] - pol@)

v/ var(fo,r(z Vvar(fur(z) i \/var(fo,r(z))

For the term A;, from the central limit theorem, as n — co we obtain

Vi () “E[un@]) 4
Var(Y) R

= A1 + As. (7)

(8)

where Y = d H] 1 sm};(z77XXJ)) and X = (X 1,...,X4) ~ po. From the result of Theorem 1,
var(Y) — 0 as R — oo. The non-asymptotic upper bound on the variance of Y in Theorem 1
provides a tight dependence on R but not on other constants. To obtain a tight asymptotic
behavior of var(Y'), we assume that py € C'(X) and X is a bounded subset of R?. Then,
simple algebra shows that E?(Y) < ||po||%. Furthermore, from the Taylor expansion up to

first order we have

1 L e S LI (o)

S )]

Collecting the above results, we find that limg_ .o var(Y)/R? = po(z)/7%. Combining this
result with the central limit theorem result in equation (8), when py € C1(X) and R — oo we

obtain that
J (Funte) ~E [Fon)]) 4 7 (0.262) )

For the term A, when pg is an upper—supersmooth density function of order o > 0, the result
of part (a) of Theorem 1 shows that

C - Rmax{l—a,o} exp (_ClRa)
var(me(x))

where C' and C are some universal constants. By choosing the radius R such that 2C1 R* =

logn and the MISE rate of f, g is at the order n™1 (up to some logarithmic factor), we have

Ao — 0 as n — oo. Putting the above results together, we obtain the following asymptotic
result of equation (7) when py is an upper-supersmooth density function.

Ao

IN

)

Proposition 2. Assume that pg is an upper—supersmooth density function of order o > 0
and py € CH(X) where X is a bounded subset of R?. Then, for each x € X, by choosing the
radius R such that R* = C'logn where C is some universal constant, as n — oo we have

\/E (Fur(@) = po(@)) 4 N <0’ pgf(:)> |

11
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The result of Proposition 2 suggests that we can choose the radius R such that the MISE rate
of fn r obtains the best possible rate n~! (up to some logarithmic factor) and no bias term
in the limit of fn r to po(z). Tt is different from the standard kernel density estimator when
we essentially need to undersmooth the estimator, i.e., we choose the bandwidth to trade-off
the MISE rate and the bias term (Wand and Jones, 1994; Wasserman, 2006). It shows the
benefit of using Fourier density estimator for estimating the density function pg when it is
upper—supersmooth.

Based on the result of Theorem 2, for any 7 € (0,1) we can construct the 1 — 7 point-wise
confidence interval for py(x) as follows:

deo (.CU)

fn,R(x) =+ zl*T/Q nﬂ'd

)

where 2;_. /5 stands for critical value of standard Gaussian distribution at the tail area 7/2.
Note that, since po(x) is generally unknown, we can replace the above confidence interval by
the following plug-in confidence interval:

CIl_T(x) _ ]/C;Z,R(l’) + 217/2\/Rd maX{fn,R(fL'); 0} ) (10)

Since max{ﬁhg(m),()} is a consistent estimate of po(z) as R* = O(logn) and n — oo, the
confidence interval CI;_,(x) in equation (10) satisfies

li_>m P(po(z) € Cli_r(z)) > 1 — .

Therefore, CI;_(x) is also a valid 1 — 7 confidence interval of po(z) for each x € X.
When pg is an upper—ordinary smooth density function of order 5 > 1, the result of part
(b) of Theorem 1 leads to the following bound of As:

Cc
ROV var(fo,p(x))

Ay <

)

where c¢ is some universal constant. If we choose the optimal radius R4+2(6-1) = O(n) such
that the MISE of f,, gr(z) obtains the best possible rate (cf. the discussion after Theorem 1),
Ay goes to ¢(z) as n — oo where ¢(x) is some universal constant depending on po(x) and
can be possibly different from 0. Plugging this result and the result (9) into equation (7), as
RH2(5=1) = O(n) we have

i (P = (o) 4 4 (e, 2852

Therefore, under the upper-ordinary smooth setting of pg, we need to undersmooth the Fourier
density estimator, i.e., we choose R¥t2(5—1) = o(n), as the standard kernel density estimator to
make sure that ¢(x) = 0. It can be undesirable as the MISE rate is not optimal if we choose
sub-optimal radius, which means that the Fourier density estimator becomes less precise.
As a consequence, under this case of pg, we may only use the asymptotic result for A7 in
equation (9) to obtain a point-wise confidence interval for the expectation of f, gr.

12
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2.4.2 CONFIDENCE BAND

In this section, we establish the confidence band of py based on the bootstrap approach,
which has been widely employed to construct the confidence band based on the standard
kernel density estimator; see Section 3 in Chen (2017) for a summary of this method. We
will only focus on the upper—supersmooth setting of py since the argument is similar for the
upper-ordinary smooth case of pg. We first define a Gaussian process used to approximate

the uniform error sup,cy )fn r(z) —E [fn R(az)} ‘ We denote the function class

d i
{fa: RY 5 R: fu(t) —idH _))) forallxeé\,’tERd} (11)

Then, we define a Gaussian process B on F with the covariance matrix given by:

cov(B(f1, f2)) = E[f1(X) f2(X)] — E[f1 (X)] E[f2(X)], (12)

for any fi, fo € F. We denote the maximum of the Gaussian process B as follows: B :=
VvV R%sup rer IB(f)|- Then, we have the following result regarding the approximation of

sup |fon(@) = E [ Fun(@)] |
reX
based on B.

Proposition 3. Assume that X is a bounded subset of R and pq is upper-supersmooth density
function of order a > 0. Then, as R* = C'logn where C' is some universal constant depending
on d and n — oo we have

P(\/Rdi‘éE

where C' is some universal constant.

(7+d)/8
fnR( ) — [fnR ”<t> ]P’(B<t)’§0/(logz)l/8’

sup
>0

Proof. The proof of Proposition 3 is based on the tools developed from the seminal works
of Chernozhukov et al. (2014a,b). For the simplicity of the presentation, given the functional
space F defined in equation (11), we define the following empirical process:

- = (Z f(X) - E [f<X1>]> 7 (13
i=1

for any f € F. We first show that F is a VC-type class of functions. Indeed, for any x1, 29 € X
we have |fi, (t) — fu, ()] < dR|lz1 — x2||2, for all ¢ € RY. Since & is a bounded subset of RY,
we have

d
4dv/d - Diam(X)R2>
t 9y

sup Nz (t/8, F, P) < sup N (t/8, F,La(P)) < (
P P

13
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where N3 (t/8, F, P) is the t/8-covering of F under Ly norm. Since the envelope function of
Fis 1/m?, it shows that F is a VC-type class of functions.

In order to facilitate the ensuing discussion, we denote A = %d\/&Diam(X YR2. Direct
calculation shows that sup;czE [f*(X)] < 1/R%* = 0% Furthermore, we can choose the
envelope function of F to be 1. Then, for any v € (0,1), an application of Corollary 2.2
in Chernozhukov et al. (2014b) shows that

3/4 2/3 1-2/3
IP>< Ko | voRw o Kn >§C<7+k’i”>, (14)

N 2p1/a T G121/ T 4173 1/6
where C'is some universal constant. Here, K,, = cd(lognVlog(A/c)) where ¢ is some universal
constant. Since R = O(logn), as n is sufficiently large, we find that

2/3
P ( > Clﬂmg;rz)> < Coy,

~1/3 Rd/3,1/6
where C7 and C3 are some universal constants depending on d. The above result is also
equivalent to

su
(’ VR eR

Combining the above result (15) with the result of Lemma 2.3 in Chernozhukov et al. (2014b),
for any v € (0,1), when n is sufficiently large we obtain that

P(,/Rdsup

where Cs and Cy4 are some universal constants. From Dudley’s inequality for Gaussian process,
we have E [B] < Csv/logn where Cj5 is some universal constant. Putting the above results
together, by choosing ¥ = R¥®8(logn)7/® /n'/®, we obtain the conclusion of the proposition. [J

sup Gy (f) — sup [B(f)[| >
feF feF

sup Gy (f) — sup [B(f)|
feF feF

RY6(logn)?/3
fnR [fnR H— ' >01W < Cyy. (15)

Rd/G logn 2/3
For(@) — [fnR ”<t> P(B<t)‘§CgE[B]W+C4%

sup
>0

The distribution of B depends on the knowledge of the unknown density function pg.
Therefore, it is non-trivial to construct confidence band for E [ In, R] based on the result of

Proposition 3. To account for this issue, we utilize bootstrap idea. In particular, we denote
X7,..., X} the iid. sample from the empirical distribution P, = %Z?:l 0x,. Then, we
construct a Fourier density estimator R based on X7,..., X}. Our next result provides the

asymptotic behavior of sup,¢ y fan( x) — fn,R( )) given the data Xi,..., X,.

Proposition 4. Assume that X is a bounded subset of R and pq is upper-supersmooth density
function of order a > 0. Then, as R = C'logn where C is some universal constant depending
on d and n — oo we have

}P’<\/;sup f r(z )—ﬁz,R(l‘)‘<t}X1,...,Xn> _P(B<t)’:(9p <W>.

sup
t>0

14
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Algorithm 1 BOOTSTRAP_FOURIER_ESTIMATOR
Input: Data Xq,...,X,.
. *(1) *(1) *( *(B)
Step 1. Drawing B bootstrap samples (X; /,..., X, /),...,(X; /..., X;) from the
empirical measure P, = %Zzﬂzl 0x;-

Step 2. Contructing Fourier density estimators f;(}{), .. .,f;(lf) from the B bootstrap
samples.

Step 3. Computing T; = /77 SuPzex fnR( x) — fnR( )‘ for i € [B].

Step 4. Choosing 7, (z) such that + Zi:l Yty 5m_(x)y = T foreachz € X and 7 € (0,1).
Step 5. Constructing the uniform confidence interval for py(x) as follows:

~ Rd
UCL () = fo,r(2) £ m—r(2) o (16)

Output: UCI_.(z).

The proof of Proposition 4 is in Appendix A.4.
The results of Propositions 3 and 4 suggest the bootstrap procedure in Algorithm 1 for

constructing the confidence interval UCI;_,(z) in equation (16) for E {fn R(a:)} uniformly for
all x € X. The following result showing that UCI;_,(x) is a valid 1 — 7 confidence band for
Do:

Corollary 1. Assume that pg is an upper—smooth density function of order a > 0 and X is
a bounded subset of RY. When R® = Clogn where C is some universal constant, for any
€ (0,1) we obtain that

lim P (po(x) € UCL_r(x) forallx € X) >1—1.

n—oo
The proof of Corollary 1 is a direct consequence of Propositions 3 and 4 and the fact that
sup,ecx A2 — 0 in equation (7) as n — oo when R® = O(logn); therefore, it is omitted.

3. Estimating a mixing density with deconvolution

In this section we employ the idea of Fourier density estimator to the deconvolution prob-
lem. For previous works on estimating a mixing density via maximum likelihood, see the
works (Laird, 1978) and Lindsay (1983), and for deconvolution approaches (Carroll and Hall,
1988; Zhang, 1990; Stefanski and Carroll, 1990). These latter papers only consider the one—
dimensional case and we demonstrate improved rates of estimating mixing densities. Specifi-
cally, throughout this section, we assume that po(x f@ g9(0)do, ie., Xy,..., X, are
i.i.d. samples from pg which is the convolution between f and g. Here © is a given subset of
R?. In the deconvolution setting, the function f is corresponding to the density function of
“noise” on R?, which is assumed fully specified. Popular examples of f include multivariate
Gaussian or Laplace distributions with a given covariance matrix. The mixing density g is
unknown and to be estimated. Finally, we assume throughout this section that X = R% and
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f is a symmetric density function around 0, namely, f(z) = f(—z) for all z € R% This
assumption is to guarantee that the Fourier transform f(s) of the function f only takes real
values.

Using the insight from the Fourier integral theorem, we define the following Fourier de-
convolution estimator of g as follows:

cos(s ( ))
i) =y Z/ RR) £(s) ' (4

Since f(s) € R for all s € R%, the Fourier density estimator n,r(0) € R for all € ©. As long
as po(s)/f(s) is integrable, from the inverse Fourier transform we find that

90) = G /Rd/Rd jcosts Ez) cos(s (0=2)) 4. g (18)

for almost surely 8 € ©. Note that, when we further assume that g is continuous, the inverse
Fourier transform in equation (18) holds for all # € ©. In summary, under these assumptions,
we have limp_, E [g5,r(0)] = g(0) where the outer expectation is taken with respect to X
that has density function py.

3.1 Risk analysis with Fourier deconvolution estimator

Similar to Section 2, we would like to study upper bounds on the bias and variance of g, r(6)
under various smoothness settings of the density functions f and g. We first consider the
setting when f is a lower—supersmooth density function. Under this setting, to guarantee
that po(s)/ f(s) is integrable, f needs to be lower—supersmooth density function with a certain
condition on its growth.

Theorem 5. Assume that f is a lower—supersmooth density function of order ay > 0 and g
is an upper—supersmooth density function of order ag > 0 such that ag > a1 and ||gl|eo < 00.
Then, there exist universal constants C and C' such that while R > C', we have

[E [30,7(0)] — 9(0)] < CR™ =020 exp (—~C1 R*2)

2d 2 o
var [gn,r(6)] < C - R eXp(nC2dR )7

for almost all 6 € © where C1 and Ca are constants given in Definition 1.

The proof of Theorem 5 is in Section 9.4. Based on the result of Theorem 5, when f and
g are respectively lower—supersmooth and upper—supersmooth density functions of order «q
and ag, the MISE of the Fourier deconvolution estimator g, r satisfies the following bound:

2d a1
MISE(G ) < C2R™(2-202.0) oy (—2C, R¥2) 4 C - & eXp(iCQdR L )

where C, C, Cy are given in Theorem 5. When ay > a1, the bound of MISE in equation (19)
suggests that if we choose R such that (2C7 + 2C2d)R** = logn, the MISE rate of g, r

16



MULTIVARIATE SMOOTHING VIA THE FOURIER INTEGRAL THEOREM AND FOURIER KERNEL

C

becomes Crn~ 031 (up to some logarithmic factor) where C' is some universal constant. It
suggests that when ag > a1, the MISE rate is polynomial in n, which is much faster than the
known non-polynomial rate 1/(logn)? of estimating mixing density when the noise function f
is supersmooth (Zhang, 1990; Fan, 1991) where v > 0 is some constant. A simple and popular
deconvolution setting when as > «y is when f is multivariate Gaussian distribution and g is
continuous Gaussian mixtures, i.e., g(6) = [ f(0|u, X)dH (1, X) where f(.|p, X) is multivariate
Gaussian distribution with location and covariance p and ¥ and H is a prior distribution on
(0,%).

Our next result is when f is a lower—ordinary smooth density function, such as multivariate
Laplace distribution.

Theorem 6. Assume that f is a lower—ordinary smooth density function of order 51 > 0.
Then, the following holds:

(a) When g is an upper—supersmooth density function of order o > 0 and ||g|lcc < 00, there
exist universal constants C and C" such that as long as R > C', we have

B [§n,2(0)] — 9(0)| < CR =00 exp (~C1 R?)

R(2+2p1)d

var [/g\n,R<9)} < C- T?

for almost all 6 € © where C1 is a constant given in Definition 1.
(b) When g is upper-ordinary smooth density function of order So > 1 and ||g||cc < 00, there
exists universal constants ¢ such that for almost all 8 € © we obtain

C R(2+2/81)d

E[9n,r(0)] = 9(0)| < g, varlgnr(@)] < C-—

The proof of Theorem 6 follows the same argument as that of Theorem 5; therefore, it is
omitted. Based on the results of Theorem 6, we have the following bounds with the MISE of
the Fourier deconvolution estimator:
(i) When f is lower-ordinary smooth function of order ; and ¢ is upper-smooth function of
order a > 0, we obtain
2 d
MISE(Gn,r) S(?2RHMX@‘2aﬁ}exp(—2CﬁfFﬂ-+(7‘fﬁ—tfgf,

n
where ¢, C,C; are given in part (a) of Theorem 6. By choosing the bandwidth R such that
201 R* = log n, the MISE rate of g, r becomes Cn~! (log n)max{(ﬂa)d/a’@da)/a} where C is
some universal constant. It is also faster than the best known polynomial rate of estimating
mixing density function g when f is ordinary smooth function (Fan, 1991). A popular example
for this setting is when f is a multivariate Laplace distribution, which is a lower—ordinary
smooth density function of second order, and ¢ is a multivariate Gaussian distribution, which
is an upper—supersmooth density function of second order.

(ii) When f is lower-ordinary smooth function of order ; and g is upper-ordinary smooth
function of order 2 > 0, the upper bound for MISE of g, r becomes

2 R(2+281)d

MISE(§n.5) < Fargy +C
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where ¢ and C' are constants in part (b) of Theorem 6. With the choice of R such that
2(82—-1)
R2(B2=1)+(24260)d — 4y we obtain MISE(g,, r) < cn 2(2=1D+2F251)d where ¢ is some universal

constant. Examples of this setting include when both f and g are multivariate Laplace
distributions.

3.2 Derivatives of Fourier deconvolution estimator

Similar to the Fourier density estimator, we also would like to investigate the MISE of the
derivatives of the Fourier deconvolution estimator, which are useful for our study with mode
estimation of mixing density function (see Section 4.2 for an example). We first start with the
upper bounds for the mean-squared variance and bias of V"g,, r when f is lower-supersmooth
density function.

Theorem 7. Assume that f and g satisfy the assumptions of Theorem 5. Furthermore,
g € C"(©) for given r € N. Then, there exist universal constants {C}}i_, and {C;}I_; such
that as long as R > C" where C' > 0 is some universal constant and i € [r], we have

sup [E [V'G, 5(6)] — Vig(0)llmax < CLR™ 41020} exp (— 0y R*2)

00
in i _ R2(Hd) oxp (205 d R
SuglE [IV'Gn,r(0) —E [V'Gnr()] 3] < C; n( 2 )’
S

where C1 and Csy are constants associated with supersmooth density functions given in Defi-
nition 1.

The proof of Theorem 7 is in Section 9.5. The results of Theorem 7 demonstrate that the
MISE of V"g, g for any r € N can be upper bounded as follows:

MISE(V" §n.r(0)) < CLRP>{2(r+1=02).0} oy (_201 R%?) 4 C, R+ exp(2C5d R™).

Therefore, by choosing the radius R such that (2C] 4+ 2C2d)R*? = logn, the MISE rate of

V" Gn.r becomes Cn~ cirtaa (log n)max{2(T+1 a2)faz2(d+r)/az}t which is still polynomial up to

some logarithmic factor, where C' is some universal constant.
We now move to our next result with the upper bounds of variance and bias of Vg, r
when f is lower-ordinary smooth density function.

Theorem 8. Assume that f is a lower—ordinary smooth density function of order 51 > 0 and
g € C"(O) for given r € N. Then, for any 1 < i < r, the following holds:

(a) When g is an upper—supersmooth density function of order ac > 0, there exist universal
constants {C{}i_, and {C;}7_, such that as long as R > C' where C' is some universal
constant, we have

sup |[E [V, r(0)] = V'9(6)llmax < CIR™ 17D exp (~C1RY),
0cO

R(24281)d+2i

E [||V'Ga,r(0) = E [V'Gur(9)] 3] < i,
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where C1 is a given constant with upper-smooth density function from Definition 1.
(b) When g is an upper—ordinary smooth density function of order By > 1+ r, there exist
universal constants {c;}i_, such that

c

zlelg |E [V gan(Q)] = V'g(0)]|max < R (it1)

= = ) _ R(2+2p1)d+2i
S E (V50 n(60) — E [V n(0)] 3] < G
Ie) n

The proof for Theorem 8 is similar to that of Theorem 7 when the density function f is
upper-supersmooth; therefore, it is omitted.

The result of part (a) of Theorem 8 suggests that the optimal choice of the radius R
satisfies 2C1 R = logn when f is lower-ordinary smooth density function of order 5; > 0
and ¢ is upper-supersmoth density function of order o > 0. Under this choice of R, the
MISE of V", r has convergence rate of the order Cn~! (log n)maX{Q(”l*O‘)/a’((2+251)d+%)/°‘},
which is parametric up to some logarithmic factor, where C' is some universal constant. On
the other hand, when f is lower-ordinary smooth density function of order 5; > 0 aind g is

upper-ordinary smooth density function of order 82 > 1+ r, by choosing R = n2#2-1+0+81)d)
__ Bo—(r+1) . X
the MISE rate of V"g, r becomes én~ P2-1#0+5d where ¢ is some universal constant.

4. Nonparametric mode clustering

In this section, we consider an application of Fourier (mixing) density estimators to mode
clustering problem (Azzalini and Torelli, 2007; Chacén and Duong, 2013; Chacén, 2015; Chen
et al., 2016b). We first study mode clustering via the data density in Section 4.1. Then, we
consider another approach to study mode clustering via a mixing density function when the
data density is assumed to be a mixture; Section 4.2.

4.1 Mode clustering via data density

We assume that Xi,..., X, are i.i.d. samples from the unknown distribution P admitting
the density function py supported on X C R4 When py admits a second order derivative, we
say that x is the local mode of py if

Vpo(z) = 0 and Ay (Vpo(z)) < 0

where recall that A1 (V2pg(z)) denotes the largest eigenvalue of the Hessian matrix V2pg(x).
We define M the collection of local modes of the true density function py and K = | M| the
total number of local modes of py. For the mode clustering problem via data density, we
would like to estimate the local modes of py in M and the number of local modes K. To
do that, we first obtain the Fourier density estimator fn gr for pg. Then, we calculate the
local modes of fn R, Which serve as an estimation for the local modes of py. Note that, in the
multivariate setting, the local modes of fn r can be determined by the well-known mean-shift
algorithm (Fukunaga and Hostetler, 1975; Comaniciu and Meer, 2002; Arias-Castro et al.,
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2016). Finally, the total number of total modes of fn Rr can be used as an estimation for the
total number of local modes K.

In order to faciliate the ensuing discussion, we denote M,, the collection of local modes
of the Fourier density estimator fn r and K, the number of local modes of fn r. We use the
Hausdorff metric to measure the convergence of local modes in M,, to those of M (Chen,
2016), which is given by:

H(Mp, M) = max{ sup d(xz, M), sup d(x,/\/ln)} .
TEMy zeM

We impose the following assumptions on the density py so as to establish the consistency of
K, to K as well as the convergence rate of M,, to M under the Hausdorff metric:

Assumption 1. There exists universal constant \* < 0 such that A\g(Vpo(z)) < ... <
A (V2po(z)) < N* for any x € M.

Assumption 2. The density function py € C3(X) and ||V3po(x)| < C for some universal
constant C' for all x € X. Furthermore, there exists universal constant n such that {x :

IVpo(z)|| < my M(Vpo(2) < 2} C M@ % where \* is constant in Assumption 1.

Note that, Assumptions 1 and 2 had been employed in (Chen, 2016) to analyze mode
clustering via data density based on kernel density estimator. The idea of these assumptions
is as follows. Assumption 1 is to guarantee that the Hessian matrix V2po(z) is not degenerate
at each local mode x € M. Assumption 2 is to make sure that for any points that have quite
similar behaviors to local modes, they should also be close to these local models.

Given Assumptions 1 and 2 at hand, we proceed to only provide the result with mode
clustering when the density function pg is upper-supersmooth as the result when the density
function pg is upper-ordinary smooth can be argued in the similar fashion (see our discussion
after Proposition 5).

Proposition 5. Assume that Assumptions 1 and 2 hold. Furthermore, pg is upper-supersmooth
density function of order a and X is a bounded subset of R®. Then, for any § > 0, when
R > C and n > cR*%2) 1og(R)1og(6/5) where C and ¢ are some universal constants, the

following holds:
(a) (Consistency of estimating the number of modes) We have

P(K, #K)<d

(b) (Convergence rates of modes estimation) There exists universal constant c¢1 such that

d+2
P <H(Mn,/\/l) <¢ <Rmax{2—a70} exp (—C1R) + ng(z/a))) >1-4,

n

where Cy is a constant associated with upper-supersmooth density function in Definition 1.

20



MULTIVARIATE SMOOTHING VIA THE FOURIER INTEGRAL THEOREM AND FOURIER KERNEL

The proof of Proposition 5 is in Appendix A.1.
A few comments with Proposition 5 are in order. First, given the result of part (b), we
can choose the radius R such that C1 R® = logn/2. Then, the convergence rate of H(M,,, M)

max{2/a—1,(d+2)/20)} " where € is some universal constant. That para-

—2/(d+6) of estimating

becomes C_’n_% (log(n))
metric convergence rate of estimating modes is faster than the rate n
modes from kernel density estimator (Chen, 2016).

Second, when pg is an upper—ordinary smooth density function of order 5 > 3, with the
similar proof argument as that of Proposition 5, we can demonstrate that when R is sufficiently
large and n > &R?(%+2) log R1og(6/5) where ¢ is some universal constant, the following hold:

. / dt2
P(K, # K) <4, and P(H(Mn,/\/l) < R‘;l_ﬁcg,/Rl(T’:‘%f(?/fS)) S1_4

where ¢} and ¢, are some universal constants. Therefore, under the upper-ordinary smoothness
setting of pg, we can choose R such that RF—2H(d+2)/2 — \/n. Then, the convergence rate

_ B2
of H(M,, M) is at the order of n 20-2+d+2_ If we further have § > 4, that convergence
of modes estimation under the upper-ordinary smooth setting of pg is faster than the rate
n~=2/(4+6) from kernel density estimator (Chen, 2016).

4.2 Mode clustering via mixing density

In this section, we assume that the density function pg of Xy, ..., X,, takes the mixture form
po(x) = [g f(x—0)g(h)df. Here, the density function f is known and only the mixing density
function ¢ is unknown. When g is the mixture of Dirac delta functions, it is well-known
that we can cluster the data based on estimating the support points of these Dirac delta
distributions. For general g, we would like to take this perspective of clustering and estimate
the modes of g so as to cluster the data.

Since the mixing density g is unknown, we use the Fourier deconvolution estimator g, r
in equation (17) to estimate g and then use the local modes of g, r to estimate those of g.
To ease the presentation, we denote M’ and M, respectively the set of all local modes of g
and gy r. Furthermore, we denote K’ = |M’| and K], = | M/, | respectively as the number of
local modes of ¢g and g, g.

Since the proof techniques are similar for different smoothness settings of f and g, we
only focus on the setting when both f and ¢ are supersmooth densities. The following result
establishes the consistency of K], and the convergence rate of H(M/,, M’) when n goes to
infinity.

Proposition 6. Assume that the mizing density function g satisfies Assumptions 1 and 2.
Furthermore, f is a symmetric lower-supersmooth density function of order oy > 0 while
g s upper-smooth density function of order as > 0 such that as > «y. Then, for any
§ > 0, when R > C and n > cR* 42+ exp(2C5d R ) log(6/6) where C' and ¢ are some
universal constants and Cy is a given constant associated with the lower-supersmoothness of
f in Definition 1, the following holds:
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(a) (Consistency of estimating the number of modes) We find that
P(K], # K') <.
(b) (Convergence rates of modes estimation) There exists universal constants c1 such that

P (H(M;, M) < ¢y RPax{2=a2.0t oy (— 0y RO2)

2(d+1)+a a
e \/R 1 exp(2C5dR 1)10g(2/5)> S1_s

n

where C is a given constant associated with the upper-supersmoothness of g in Definition 1.

The proof of Proposition 6 is in Appendix A.2.

Given the result of Proposition 6, we can choose (2C] + 2C2d) R*? = logn. Then, the con-
vergence rate of H(M’,, M') is at the order of n~C1/(2C1+2C2d) (yp to some logarithmic factor)
where C7 and (5 are respectively the constants associated with the upper-supersmoothness
and lower-supersmoothness of g and f. This polynomial convergence rate is much faster than
the non-polynomial rate of using deconvolution estimators for mode clustering from the kernel
density estimators (Fan, 1991).

5. Nonparametric regression

In this section we consider an application of the Fourier integral theorem to the setting of
nonparametric regression. We assume that Y; = m(X;) +¢; for all i € [n] where €1, ..., ¢, are
i.i.d. additive noises satisfying E(e;) = 0 and var(e;) = 2. In our model, the function m is
unknown and to be estimated. We consider the random design setting, namely, X;,..., X, €
X C R? are i.i.d. samples from some density function pg. Furthermore, to simplify the
argument later, we assume the additive noises €1, ..., €, are independent of the observations
X, X,

Based on the Fourier density estimator studied in Section 2, we propose the follow-
ing Fourier nonparametric regression version of Nadaraya—Watson kernel estimator, named
Fourier regression estimator, for estimating the unknown function m:

d  sin(R(z; =X
B Yim Yi- Iljm % a(z)

S H?:1 sin(R(z; —Xij)) ﬁLR(x)’

fL’j—Xij

(20)

m(x) :

where a(z) = % oY H‘;Zl W and fn R is the Fourier density estimator given
in equation (5). One notable advantage of the Fourier regression estimator m is that both
its denominator and numerator can automatically capture the dependence between the co-
variates of Xq,...,X,,, without the need to model a covariance matrix, as it is in the stan-
dard Nadaraya—Watson Gaussian kernel (Wasserman, 2006; Tsybakov, 2009). Therefore, the
Fourier regression estimator is convenient to use as we only need to choose the radius R.
Another benefit of using the estimator (20) for estimating the function m is that it can

have parametric MSE rate when the density function py of the observations Xi,..., X, is
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upper-supersmooth. Indeed, under this setting of pg, we have the following upper bound
regarding the MSE of m(x).

Theorem 9. Assume that pg is an upper—supersmooth density function of order a > 0 and
lPolloo < 00. Furthermore, assume that the function m is such that |m? x pollec < o0 and

d
[ po()| < C-Q(Itl, - ., [ta]) exp (_Cl (ZI%I“)) : (21)

i=1
where C' is some universal constant, Cy is given constant in Definition 1, and Q(|t1], ..., |td|)

is some polynomial in terms of |t1],...,|tq| with non-negative coefficient. Then, there exist
universal constants C', (C1)3_, such that as long as R > C" we have

CiRmax{Z deg(Q)+2—2a,0} eXp(—chRa) + Cé (m(x)—l—lCé)Rd

m —m(z))?
E [(7(x) ~ m(z))"] < i s ,

where J(R) =1 — (Rmax{2_2a’0} exp (—2C1 R%) + w> /5 ().

The proof of Theorem 9 is in Section 9.6.

We have a few remarks with Theorem 9. First, the assumptions with the unknown function
m in Theorem 9 is quite mild. It is satisfied when pg is a multivariate Gaussian distribution
and m is a polynomial function or polynomial trigonometric function. Second, by choosing
the radius R such that 2C1 R* = logn, the rate of the MSE of m(z) becomes

2deg(Q)+2—2a 4

< C(m(z) + Cq) ‘ (log n)maxt «  a
P
py() n

where C' and C] are some universal constants. Therefore, we have parametric rate of MSE
of m(z) for each x € X when pp is an upper—supersmooth density function and m satis-
fies the assumptions in Theorem 9. This rate is also faster than the well-known MSE rate
n~1/(4+d) of Nadaraya-Watson regression kernel when both py and m have bounded second
order derivatives (Wasserman, 2006; Tsybakov, 2009).

Based on the result of Theorem 9, our next result provides the point-wise confidence
interval for m(x) based on the Fourier regression estimator m(x).

Proposition 7. Assume that the assumptions of Theorem 9 hold and X is a bounded subset
of R, Then, for each x € X, as R* = Clogn where C is some universal constant and
n — oo, we have

2
n o, _. d o
n - w0, —7 ).
i () = i) ¥ (0, )
The proof of Proposition 7 is in Appendix A.5.

Based on the result of Proposition 7, for any 7 € (0, 1) we can construct the 1—7 point-wise

confidence interval for m(z) as follows:

o2Rd

m(x) 1—1/2 m7
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where z;_; /5 stands for critical value of standard Gaussian distribution at the tail area 7 /2.
Since the noise variance o and the value of po(z) are unknown, we utilize the plug-in esti-

mators for these terms. For po(z), we can use fn r(x)| as plug-in estimator. Note that, we

do not use max{ﬁ% r(z),0} as a plug-in estimator for po(x) in this case since the inverse of

this estimator will be infinity as long as ﬁl r(z) < 0. For 02, the common plug-in estimator
is as follows (Hall and Marron, 1990; Wasserman, 2006):

L (T Y (X))
n — 2trace(L) + trace(LT L)’

where the matrix L € R™"*"™ satisfies

Hd Sin(R(Xl'quju))
u=1 Xiu _Xju

k=1 u=1 X“L _Xku

Given these plug-in estimators, the 1 — 7 point-wise confidence interval for m(z) becomes

Lij =

NPCI,_,(z) (22)

where R* = O(logn). In the random design setting, constructing the confidence band for the
function m based on the Fourier regression estimator is complicated due to the involvement of
the Fourier density estimator fn r(x) in the denominator of m(z). We leave the development
of confidence band of the function m for the future work.

6. Nonparametric modal regression

In this section, we consider an extension of local mode estimation to the regression set-
ting (Sager and Thisted, 1982; Chen et al., 2016a; Feng et al., 2020). It is different from the
traditional conditional mean nonparametric regression being considered in Section 5. In par-
ticular, assume that Y € J) C R is the response variable while X € X C R? is the predictor
variable. In nonparametric modal regression, we would like to study the conditional local
mode at X = z, which is given by:

[ . Opo, o 9%po
M($) T {y . 83/ (l’,y) - O> ayg (xay) < 0}7

where po(z,y) is the joint density between X and Y. Since pg is unknown, we utilize the
Fourier density estimator to estimate it, which admits the following form:

d . ;
H sm(];('xj —Xi5)) | sin(R(y — Yz)) (23)
i j

~ 1 &

j=
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Note that, even though Y; and X; are not independent, their dependence can be captured via
the Fourier integral theorem; therefore, the estimator (23) is comfortable to use as we only
need to choose the radius R. The corresponding conditional local mode at X = z based on
the estimator f, g is given by:

. .
M () = {y : %T;R(ar,y) =0, 65;? (z,y) < 0} : (24)

Similar to the mode clustering setting, we would like to establish the convergence rates of
local modes in M,,(x) to those in M(z) based on the Hausdorff metric for all z € X. To
facilitate the later discussion, we denote the modal manifold collection as follows:

S={(z,y): z€ X, ye M(z)}

We impose the following assumption with &, which had been employed in the previous
work (Chen et al., 2016a):

Assumption 3. The modal manifold collection S = UfilSZ- where the modal manifold S; =
{(z,mi(x)): = € A;} for some modal function m; and open set A;.

The Assumption 3 is to guarantee that the number of local modes of p(z,y) for each z € X
is finite. Furthermore, under this assumption, we can rewrite M(x) as follows:

M(z) ={mi(z),...,mr(x)}.

When the true density pg is second order differentiable, the modal functions m; are also
differentiable and the set of local modes M (z) is smooth under Hausdorff metric (cf. Lemma 1
in Chen et al. (2016a)). To guarantee that the decomposition of the modal manifold collection
S in Assumption 3 is unique, we need the following non-degenerate assumption regarding the

curvature around the critical points, i.e., those when %—T(az, y)=0:

Assumption 4. For any (z,y) € X x Y such that %—?(x,y) = 0, we have |%2;’20 (z,y)] > \*
where A* > 0 is some universal constant.

Given Assumptions 3 and 4 at hand, we have the following result regarding the uniform
convergence rate of M, (z) to M(x) under the Hausdorff distance:

Proposition 8. Assume that Assumptions 3 and 4 hold. Furthermore, py € C3(X x))) where
X and Y are bounded subsets of R? and R respectively. Then, the following holds:

(a) When pg is an upper-supersmooth density function of order o > 0, there exists universal
constant C such that

reX n

d+3
P (sup H(My(z), M(z)) < C | Rm&2=00) exp(—CLRY) + \/R logRlog(Q/(S)]) >1-4.

Here, Cy is a given constant associated with upper—supersmooth density function in Defini-
tion 1.
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(b) When pg is an upper-ordinary smooth density function of order 3 > 3, there exists uni-
versal constant ¢ such that
) 18
The proof of Proposition 8 is in Appendix A.3.
The result of part (a) of Proposition 8 indicates that by choosing the radius R such that
C1R* = logn/2 where C is given in part (a), we have

(log n)max{z—l,d;f’}
\/ﬁ .

R84 \/Rd+3 log Rlog(2/0)
n

P (sup H(Mp(z), M(x)) < ¢

reX

sup H(My(z), M(x)) = Op <

zeX

Therefore, we can estimate the local modes of M(x) with parametric rate when the joint
density function py of (X,Y) is supersmooth. That parametric rate is also faster than the
rate n~%/(4*7) from kernel density estimator in Chen et al. (2016a). On the other hand,
when pg is upper-ordinary smooth density function, by choosing the radius R such that
R = nl/28+d=1) "the result of part (b) shows that the rate of sup,ey H(Mn(x), M(x)) is
at the order of /Iognn~(F=2)/(2B+d=1) Tt ig also faster than the rate n=2/(¢*7) from kernel
density estimator in (Chen et al., 2016a).

Furthermore, since the results of Proposition 8 hold for all z € X, the conclusions in parts
(a) and (b) still hold for [ . H(My(z), M(x)), i.e., the MISE of H(M,(x), M(x)). Finally,
we also can construct the confidence interval and confidence band for H(M,,(z), M(x)) based
on the previous argument with confidence interval and band in Section 2.4.

7. Dependent data

In this section, we discuss an application of the Fourier integral theorem to estimate the
Markov transition probability when the data X1,...,X, € X C R? are a Markov sequence
with stationary density function py and transition probability distribution f(- | -). This relies
specifically on the Fourier integral theorem and the Monte Carlo estimate and the ergodic
theorem. A unique combination involving the Fourier kernel.

For the density function pg, we can use the Fourier density estimator ﬁl R in equation (5).
Since we can write f(y | ) = p(x,y)/po(z) where p(-,-) is the joint stationary density of
(Xi, Xiq1), we can also use the Fourier density estimator to estimate the joint stationary
density p. An estimate of the transition probability distribution based on the Fourier integral
theorem is

sin(R(z—Xij)) | sin(R(y—X(i41)5))
1 Z H] 1 z—X;j y— X(z+1)j

—d sin(R(z—X;;))
s SINUINE—A45))
ZZ 1 Hj 1 r— X”

We refer the estimator p, r to as Fourier transition estimator. To study the MSE of the
Fourier transition estimator p, r(x) for each € X', we impose a mixing condition on the
transition probability function of the Markov sequence (X1,...,X,,). In particular, we define

Pnr(y | ) = (25)
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the following transition probability operator (Th)(z) := [ h(y)f(y | )dy, for any bounded
function h : X — R. Then, we denote the L, norm of the operator T as follows:
[Th = E[RX)] 2
‘T‘Q = Sup )
1 = E[A(X)] |2

where the expectations are taken with respect to X ~ po and ||h||3 = [(h(x))?po(z)dz. Tt
is clear that |T7]o < 1 for all j € N. We impose the following assumption on the transition
probability operator 7 so as to guarantee geometric ergodicity (Yakowitz, 1985; Rosenblatt,
2011):

Assumption 5. There exist T € N and n € (0,1) such that the transition probability operator
T satisfies |T7 |2 <.

As an example, and as pointed out in Rosenblatt (2011), Assumption 5 is satisfied when the
stationary density function is a standard multivariate Gaussian distribution and the transition
probability density is

(26)

fly ) @ d/Q H m exp(—(y; — njz;)?/(2(1 = 1)),

for some 7ny,...,n4 € (0,1). Then, we can verify that |T |y < H;lzl 7732"

For the simplicity of the presentation of the results, we only focus on studying the MSE of
Pn,r(2) when both the stationary density function py and the stationary joint density function
p are upper—supersmooth.

Theorem 10. Assume that the stationary density and joint density functions pg and p are
respectively upper—supersmooth density functions of order ay > 0 and as > 0, such that
max{||pollec |P|lcc} < o0. Furthermore, the transition probability operator T satisfies As-
sumption 5. Then, for almost all x,y € X, there exist universal constants Cy,Ca,c1,co such
that as long as R > C' for some universal constant C, we have

P~ ) — 7))2 C(p%($)+p2($,y)) max{Z(lfo_z),O}eX o Rde
E[(By | 2) = fly|2)?] < AT R) (R p(=C1R%) + >

where & = min{ay, as} and J(R) =1 — (cRmaX{Q*QO‘l’O} exp (—c R™) + B log (nR) ) /pE(z).

The proof of Theorem 10 is in Section 9.7.

A few comments with Theorem 10 are in order. First, the assumptions of Theorem 10 are
satisfied when pg is standard multivariate Gaussian distribution and the transition probability
distribution f(.|.) takes the form (26). Under this example, both the stationary density and
joint density functions pg and p are upper—supersmooth of second order. Second, the result
of Theorem 10 indicates that we can choose the radius R such that R® = O(logn). Then,
given that choice of R, the MSE rate of the Fourier transition estimator is at the order of
(log n)max{2(1=a).2d} /Tt is faster than the MSE rate n~1/(24+4) of kernel density estimator
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for estimating transition probability density function from Markov sequence data (Yakowitz,
1985). Finally, since the Fourier transition estimator p, r is constructed based on Fourier
integral theorem, it already preserves the dependence structure of the Markov sequence data.
It is different from the standard kernel density estimator where the choice of covariance matrix
is non-trivial to choose.

We note in passing that the idea of Fourier integral theorem can also be adapted to the
nonparametric regression for Markov sequence in the similar fashion as when the data are
independent in Section 5. We leave a detailed development of this direction for the future
work.

8. Illustrations

In this section, we provide experimental results illustrating the performance of Fourier esti-
mators developed in the previous sections. In the first one we highlight the difference between
using the Gaussian kernel and the Fourier kernel in the nonparametric regression setting.
This is in the multivariate setting and in many instances, such as (Chen et al., 2016a), even if
there is a dependence between variables, a product of independent Gaussian kernels is used.
On the other hand, a consequence of the special Fourier kernel and its connection with the
Fourier intergral theorem, a product of independent Fourier kernels work and are adequate
even when modeling dependent variables.

The next two examples involve multidimensional regression models. To report the good
estimation properties using the Fourier integral we present a curve on the surface of the
regression function. We also consider estimation of a mixing density, specifically the gradient
of the density which would allow us to search for the modes, opening up the possibility of
modal regression. A further example indeed is concerned with modal regression. We conclude
the section with dependent data, specifically Markov sequence data.

8.1 Example 1.

First we make a comparison between the Fourier regression estimator and the multivariate
Gaussian estimator based on a diagonal covariance matrix. With the sample size n = 1000,
we generate the data from the model with (X;;1) as independent standard normal and X;3 =
Xi1 4+ 0.1 x Z;, where the (Z;) are also independent standard normal. Then

Y, = Xfl —3X;2 +¢€;, € ~ standard normal.

We then compare the Fourier kernel estimator mg(z) in equation (6) when R = 9 with the
Gaussian kernel regression estimator

i (z) = Yo Y Kp(x1 — X)) Kp (22 — Xio)
Yoy Kp(xr — Xi) Kp(v2 — Xio)

with Kj(u) = h~lexp(—u?/(2h?)). We use the literature recommended choice of h =
n~1/(4+d) — n=1/6 The issue is that the denominator is attempting to estimate the joint
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Figure 1: Top: Histogram of mg(1,2) samples, Bottom: Histogram of m,(1,2).

density of (z1,x2) from the sample and, without a covariance matrix modeling the depen-
dence, mj, will struggle to provide a decent estimator (Wand and Jones, 1993, 1994). In this
simple illustration we compare the estimators evaluated at = = (1, 2); the true value being —5.
We repeated the experiments 1000 times and hence for each estimator we have 1000 sample
estimates for this true value. The histogram representation of the two sets of samples are
presented in Fig. 1. As can be seen, the samples from the Fourier kernel are centered about
5; while those from the Gaussian kernel are not accurate.

To highlight the point about the dependence between X; and Xs; without any, so we can
generate them as two independent standard normals, the Gaussian kernel estimator performs
much better.

8.2 Example 2.
In this example we take the dimension d = 4 and generate the data from

d

yi =Y _aj;+0.0le;, (27)
j=1

and take n = 10%. Here the (xi;) are taken as independent standard normal and a; = j/4.
We then estimate a particular curve for —0.4 < t < 0.4 with

r1=Vt+2, x9=t, x3=sin(25(t+2)/7), x1=-exp((t+2)/4).

So we are estimating the curve m(x) = m(x1(t), x2(t), z3(t), z4(t)) and comparing with the
true one.
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Figure 2. Simulations with the Fourier regression estimator (20) for nonparametric regression
model (27) when d € {4,5}. In both figures, the estimated and true regression functions are
respectively represented in bold and dashed lines. (a) d = 4; (b) d = 5.

The Fourier regression estimator is provided by equation (20) with R = 7. The Fig. 2(a)
presents the estimated curve (bold line) alongside the true curve (dashed line).

8.3 Example 3.

Here we present a similar example to Example 2 except now we extend the dimension to 5,
take n = 100,000. All other aspects are the same as in Example 2, though now we estimate
the line curve m(x) with * = (1,29, 23,24,25) and x1 = 9 = 3 = x4 = x5 = t, with
—-0.6 <t <0.6.

Again, the Fourier regression estimator is provided in equation (20) with R = 5. The
Fig. 2(b) presents the estimated curve (bold line) alongside the true curve (dashed line).

8.4 Example 4.

In this example we are investigating the problem of estimating mixing density with a normal
kernel. The data model is given by

plz) = / f(x—6) g(6) do

where f(z — 0) is a normal kernel with a fixed variance (the standard deviation h is set at
h = 0.1) and location . We focus on obtaining the derivative of g; i.e., ¢’(6) for the purposes
of obtaining the modes of g. So specifically identifying the 6 values (in increasing order the
odd values) for which ¢’(f) = 0. The density estimator we use is a modification to the Fourier
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g'(theta)

theta X

Figure 3. Simulations with Fourier mode estimators. (a) We consider estimating modes
of mixing density. The estimated first order derivative of mixing density g;, z(0) is in bold
line while the first order derivative of true mixing density ¢’(6) is in dashed line. (b) We
illustrate mode estimation from nonparametric modal regression problem. The true modes are
represented in dashed lines while the estimated modes are in bold line.

deconvolution estimator (17);
Gnr(0) = — En euih?/2 cos(u;(0 — x;))
n, n . 7 %

where the (z;) are the observed sample from p(z), and the (u;) are independent samples from
the uniform distribution on (0, R), with R = 5. Hence, straightforwardly we get
_R&
Ton(®) = — 3w e sin(u (0 — x;)).

nm
=1

We present an illustration in Fig. 3(a), where we compare with the true ¢'(¢) which is
g(0) =0.6N(0|—2,0.6%)+0.4N(6]2,0.6%).

As indicated in Fig. 3(a), g}, z(¢) gives a good estimate of ¢'(6).

8.5 Example 5.

In this example we look at nonparametric modal regression; see for example (Sager and
Thisted, 1982) and (Chen et al., 2016a). For a regression model with conditional density
p(y | =), the idea is to find the modes given values of z. Of course, there may be more than
a single mode for some x, which indeed separates modal regression from other types, such
as mean regression, which yield a single answer. The possibly multiple modes can provide
necessary information concerning p(y | x).
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Figure 4. Simulations with the Fourier transition estimator (25) for Markov sequences. In
both figures, the estimated and true transition probabilities are respectively represented in bold
and dashed lines. (a) One dimensional Gaussian Markov process; (b) Two dimensional Markov
process (28).

In the example we take p(y | ) as a bivariate normal density with modes at —z? and
+22, and both with standard deviation 0.6, and with equal probability of 1/2 assigned to
each component. The estimate of the modes over a range of x values is provided in Fig. 3(b).
In this example, the sample size was n = 10,000, the data (x;)!"; we sampled uniformly from
the interval (—2,2), and the value of R was 7.

8.6 Example 6.

Here we consider estimation of transition densities associated with a Markov sequence via the
Fourier transition estimator (25). The first case is a classic Gaussian Markov process

Xnt1=pXn+V1-— PQZn,

where the (Z,,) are independent standard normal random variables. The stationary density

po is well known to be the standard normal distribution. Starting with Xy = %, we generated

10000 samples with p = 0.6.

The true transition density f(y | ) and its Fourier transition estimator are shown in
Fig. 4(a) with x = 1.

The second case is a two—dimensional process (X1, Xn2) given by:

Xpt11 = pXn1+ V1= p?Zp,

Xn+l2 = p1 Xn1+p2Xn2+ \/1_p%_p%Zn27 (28)

where the (Zy,1,Z,,2) are two independent sequences of standard normal random variables.
In our simulation, we took Xp; = 0.5 and Xgo = 0.2 and p = 0.6, p; = 0.3, and ps = 0.7,
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Figure 5: Raw data of 9311 daily records of NYSE Composite Index.

and n = 100000. The estimated transition density f(y | z1,22), also given by (25), is shown
in Fig. 4(b) with 1 = 1 and xy = —1.

8.7 Example 7.

In this subsection we use Fourier kernels on a real data set. The data set can be found in
the R package fBasics and consists of n = 9311 data points of daily records of the NYSE
Composite Index. A plot of the data is given in Fig. 5.

We analyse the transformed data z; = 101log(yi+1/v:), where (y;) are the raw data. This
gives us a sample size of n = 9310. First, we model the data (z;) using the Fourier kernels
with the value of R = 50. The density estimator alongside a histogram of the (z) samples is
given in Fig. 6(a).

We than estimated the conditional density conditioning on the value of 0.15. We obtained
an approximate sample estimate of this by constructing the histogram of samples which
have the immediately previous sample being an absolute value of no more than a distance
of 0.05 from 0.15. The histogram sample along with our conditional density estimator is
given in Fig. 6(b). The reason why there is little shift in the conditional density from the
marginal density is due to the low autocorrelation from the (z;) data. The data has a lag—1
autocorrelation of 0.1 and is negligible for lag—2.

9. Proofs

In this section, we provide the proofs of the main results in the paper. The values of universal
constants (e.g., C, ¢ etc.) can change from line-to-line.
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Figure 6. Simulations with the Fourier density estimator (4) and Fourier transition esti-
mator (25) for the NYSE Composite Index dataset. (a) Transformed data (z;) as histogram
with density estimator using the Fourier kernel; (b) Histogram of conditional samples with
conditional density estimator using the Fourier kernel.

9.1 Proof of Theorem 1

Given the upper—supersmoothness or upper—ordinary smoothness of the density function py,
its Fourier transform py is integrable. Therefore, the Fourier inversion transform and integral
theorem in equations (4) and (3) hold. An application of Fourier integral theorem leads to

‘E {fnR(x)} —po(x)’ = (27lr)d /Rd\[—R,R}d /]Rd cos(s ' (x — t))po(t)dsdt
= (2;)(1 /Rd\[—R i [cos(sTx)Re(ﬁo(s)) — sin(sTx)Im(ﬁo(s))] ds
1

IA

[lcos(s)| [Re(po(s))] + [sin(sz)[ [Im(po(s))]] ds

(2m)4 Jga\[—R,R)e

V2 R N R
(2m)d /Rd\[—R,R}d [po(s)|ds < 2 ;Az Do (s)|ds, (29)

<

where Re(pp), Im(pg) respectively denote the real and imaginary part of the Fourier transform

Po

and A; = {zx € R?: |z;| > R} for all i € [d]. Here, the second inequality is due to Cauchy-

Schwarz inequality.
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(a) When pg is upper—supersmooth density function of order o > 0, we have

d
/Ai 1Bols)|ds < cA exp <_01 (; |si|°‘>> ds

0o d—1
=C (/ exp(—01|t|a)dt) / exp(—C1|t|*)dt
) [t|>R

C d—1
— | el-Caltat
(2CT'(1/)) t|>R

where C' and C are universal constants from Definition 1 with upper-supersmooth density. If
o > 1, then [ exp (—Cit*) dt < [77t* Lexp (—C1t*) dt = exp(—C1R*)/(C1e). If o € (0, 1),
then we have

/ eXp(—C1ta)dt:/ 12 L exp(—C1t®)dt

R R
R'%exp (-C1R%) 1—a [* _
= ¢ —Ct™)dt
Cron + Cra /R exp(—C1t®)
R @exp (-C1RY)  1—a [*
< —C1t%)dt
- Cia * CiaR> /R exp( ! ) ’
where the first equality is due to the integration by part. By choosing R such that R* > 2%1_0?‘) ,
the above inequality leads to
o 2R exp (—C1 RY)
exp(—C1t™)dt < .
/R p(—C1t®)dt < Cra
Putting the above results together, we obtain that
4Rmax{17a,0}
/ exp(—C1t|*)dt < ————— exp(—C1R").
t>R Cra
Therefore, for each i € [d], we have the following upper bound:
Cad—ZRmax{l—a,O}
Do(s)|ds < exp(—C1RY). (30)
P = St e )

Combining the results from equations (29) and (30), we obtain that

\/ﬁCd . adeRmax{lfa,O}
TIREICY (1))

‘JE [ﬁL’R(az)} - po(x)‘ < exp(—C1RY).

Therefore, we reach the conclusion with the upper bound of the bias of fn r(z) under the
upper-supersmooth setting of the density function pg.
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Moving to the variance of fn r(x), we have

n d sin(R(xz; — X d sin?(R(z; — X
m%ﬁﬂ:;mm (7 Xwglﬂn(w X))

. Ty — Xz n7r2 - €Ty — Xl)z
i=1 i=1

. d
lpollos ([ sin®(R(x — 1)) _ R7lpol|os
S 2d e W) =
nm oo (1) nm
where the variance and the expectation are taken with respect to X = (X.1,...,X.q) ~ po.

As a consequence, we reach the conclusion of part (a).

(b) For part Lb), the variance analysis is similar to that of part (a); therefore, it is omitted.
For the bias of f,, r(x), since the density function is upper—ordinary smooth of order 3, for
each i € [d] we obtain

| a1 1
IDo(s)]ds < c/ =c (/ dt> / dt
/ A, 1:11 1+ |53\’B —oo L [tP =g 1+ [t
Since 8 > 1, Ig = [* 1+|t\ﬁdt < oo. Furthermore, we obtain that

/ b dt<2/oold _ 2 ps,
—ds =
wer LHIEP — g t8 B—1

Therefore, we have

2cI4!
[ sy < <2 mi, (31)

Combining the results from equations (29) and (31), we reach the conclusion with the bias of
upper—ordinary smooth density po.

9.2 Proof of Theorem 3
We first compute E [VifA}L,R(:B)] — Vipo(x) when i € {1,...,7}. Since pg € C"(X), we have

Dpo(s) = (is) " Po(s),

for any v = (v1,...,74) € N? such that |y| < r. Here, @ denotes the Fourier transform of

the partial derivative %p O (x). Given the upper—supersmoothness or lower—ordinary smooth-

ness assumptions of pg, it is clear that 8/7% is integrable for all v = (y1,...,74) such that
|| < r. Therefore, the Fourier inversion theorem is applicable to all the partial derivatives
up to r-th order of py. It means that we have the following equations:

Vipo(z) = (2717)55 /]Rd y Vipo(t)cos(s' (z — t))dtds
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for i € {1,...,r}. By means of integration by part, the above equations can be rewritten as
follows:

Vipo(x) = (271r)d /R d /R polt)Vicos(sT (& — 1))duds.

Therefore, we obtain that

; - 1 . T e
(Vv po(x))ulu%ui = " 2n)d /]Rd /Rd Suy -+ Su; - sin(s' (z —t))po(t)dtds, ifi=41+1
, 1 - .
i _ s _ Cifi—d4l 42
(V po(x))ulu%ui @) /]Rd /Rds LSy ccos(s (z—t))po(t)dtds, ifi=4l+
i 1 T e
(V pg(x))uluzmui = 2n)d /]Rd /Rd Suy -« Su; - sin(s’ (z —t))po(t)dtds, ifi=41+3
A 1 - .
? = Ul ¢+ Ou; - ) f = 4 4
(V pg(a:))uluzmui @) /Rd /Rds LSy rcos(s (z—t))po(t)dtds, ifi=4l+
for any 1 < ui,...,u; < d. Based on the above equations, when i = 4[ 4+ 1 for any 1 <
Uy, ..., u; < d we find that
‘(IE {szn,R(ﬁ)}>u1nuz — (V'po( ))ul...ui
il in(s” (z — 0)pol)ded
= Suy -« Su,; - sin(s’ (z —t))p s
(2m)4 RI\[-R,R]? JRI ' °
=2 y / Suy -« - Su; (sin(sTw)Re(ﬁo(s)) - cos(sT:U)Im(ﬁo(s))) ds
(2m) R4\ [-R,R]?
1 / N
< Suy - - Su;| |Po(s)| ds
2077 ool 005
vz < / .
< S, - - - 5, ||Po(s)|ds, (32)
(2m)d ; A,

where A; = {z € R%: |z;| > R} for all j € [d]. With similar argument, we can check that the
bound (32) also holds for other settings of i, i.e., when i € {4l + 2,4l 4 3,4l + 4}. Therefore,
the bound (32) holds for all ¢ < r. Now, given the bound in equation (32), we are ready to
upper bound the mean-squared bias and variance of the higher order derivatives of ]/";L R-

(a) Since pg is upper—supersmooth density function of order a > 0, for any 1 < uq,...,u; <d,
we obtain the following bounds:

d
/ \sul...sui\|ﬁg(s)|ds§0/ |Suy - Syl exp | —Ch g |s;|* | | ds.
. Aj

j j=1
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where C and C] are universal constants from the Definition 1 with upper—supersmooth density.

For any given 1 < wuy,...,u; < d, we denote B; = {v : u, = [} for any [ € [d]. Then, we have
d d d
/ [Suy - - - Sui‘ exp | —C1 Z ‘Sj‘a ds = / H ’81“3” exp <_C1 <Z ’5j|a>> ds.
Aj j=1 A it} —
(33)

We now bound fA]- |5;]!Pil exp (—C1s;]|%) ds;. When o > |Bj| + 1, |s;]1Bil < |s;]*7! for all
|sj| > R > 1. Therefore, we obtain that following bound:
, _ 2exp(—C1R®
[ bslBle ilsi®yas < [ sl e (<Cilsy ) dsy = 2RO,

A |sj|>R

When « € (0, |Bj| + 1], we find that

/ 5511731 exp(=Ch s |*)ds; = 2 / 7 T exp(— O s,
ls;|1=R

s;i>R
2RIBil+1=% oxp (—~C1 R®) 2(|Bj| +1—«) |Bj|—a
Cra * Cra /t>R sj " exp(=Cisj)ds,
2RIBiIH 1= exp (=C1RY)  2(|B;| +1 — a) |B;]
< J 2 —C1589)ds;
< o + CraRa /SJZR 5; exp( 13]) 54

where the equality in the above display is due to the integration by part. By choosing R such

that R* > W, the above inequality leads to

ARIBjl+1-a B o
/ 15,154 exp(—Cy |s;[@)ds; < LB " exp (ZCLEY)
|sj|>R Cla

Collecting the above results, we obtain

i 4 i|+1—a o’
/ ;1P exp (=Ch[s5]%) ds; < @'RmaX{‘B”H O exp (~C1R%)
J
< C'lea . Rmax{i+1—a,0} exp (_ClRa) 7 (34)

where the second inequality is due to the fact that |B;| < i. For any a > 0 and [ € N, we
denote I(a,l) = [; [t|' exp(—Ci[t|*)dt. It is clear that I(a,l) < co. Plugging the result in
equation (34) into the equation (33), we find that

d
/ |Suy - - Su;lexp | —C1 Z |s]® ds
A; o

J

H I(Oé, |Bl|) . Rmax{i+1fa,0} exp (_ClRa) 7

4
=c
1Y\ 1
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for j € [d] and 1 < wuy,...,u; < d. Combining that bound and the bound in equation (32),
we arrive at the following inequality:

‘(E [viﬁL,R(x)})mmuz_ ~ (V*mo(@),, ..

\/id H I ‘Bl’) . RmaX{i+1*a,0}e(*ClRO‘)‘

- Qd 2rdCh oy
Hence, we obtain that
IE [V Fore@)| = VDo (@)
V2d , o
< I B . Rmax{z—l—l—a,O} (-C1R )
=220 (BBl [ [ 76152 ‘

|Bi|+...+|Bgl=i \7J

As a consequence, we obtain a conclusion with the upper bound of bias of Vi]?n, r(T).

Moving to the variance of V"ﬁh r(z), direct algebra leads to
E IV for(@) — E |V for(@)] 13]

= Y <(V1J§L,R($))u1mui - (E [Vz‘ﬁz,R(fE)Dmmu)z_

1§u1,...,ui§d

2
< Z (27r1)dnE </[—R,R]d (V;COS(ST(:U - X)))mu) ,

1<uy, . ui<d

where the outer expectation is taken with respect to X ~ pg. To simplify the presentation,
we denote h(y,s) = w for all y,s € R. Recall that, B; = {v : u, = [} for any [ € [d]

Yy
and for any given 1 < uq,...,u; < d. Then, we can check that
2
T 2 4 HlBjl
E / (Vz cos(s (m—X))) =E H (2, X ;)
[~R,R ul...u; ]:16 |]BJ|

2

2
where we denote X = (X1,...,Xg). Direct calculation shows that [ (%lh(y, t)) dt =

R ! for any [ > 0 and y € R where ¢ are some universal constants. Collecting these
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results, we obtain

VAN

2 d
: e - 2|B;|+1
E </[—R7R]d (chos(s (z X))){ﬂﬂ@) < |Ipollso HqleR J

j=1

d
= | lIpollse [ [ ¢, | B**,
j=1

where the final equality is due to Z;{:l |Bj| = i. Putting all the results together, we finally
have

R2i+d

E IV for(@) = E [V o r@)] 18] < Cm—,

n

where C; is some universal constant and ||pg|lso. As a consequence, we reach the conclusion
of part (a) of the theorem.

(b) The analysis of variance in the ordinary smooth setting is similar to that of variance in
the supersmooth setting in part (a); therefore, it is omitted. Our proof with part (b) will
only focus on bounding the bias. In particular, since pg is ordinary smooth density function

of order (3, for any 1 < wuy,...,u; < d we obtain that
= g |s;|1B1]
Suq - - - Suy s)|ds <c Syp .- S
[, Jou - suloolds < [ s “Z'H1+|3l|ﬁ /HHW
| Bi | 183
<c(TI /ISlleSl / L5l g,
1 \Jr 1+l s;1>r 14151

Here, ¢ in the above bounds is the universal constant associated with the ordinary smooth
density function py from Definition 1. Since |B;)| < r < 8 — 1, we have fR 1+| ‘Bdsl < oo for
all [ € {1,...,d}. Furthermore, we find that

|1Bj] 1 R B+1B;|+1 9R—B+i+1
/ s <2 / B = = ’
51>k 1+ [85] >R s —|Bjl—=17 B—Bj| -1

where the final inequality is due to |B;| < i. Collecting the above results, we arrive at the
following bound:

/ 50 - suilBo($)lds < o (] / L | S
| 5w suil o =B 1B;| -1 L\ Je T [sgP '

I I#]

Plugging the result from equation (35) into the bound in equation (32), we obtain the con-
clusion with the upper bound of bias in part (b).
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9.3 Proof of Theorem 4

By triangle inequality, we find that

< sup “Viﬁl,R(ﬂf) —E [vif”’R(x)} ‘

max ~ gpeXx

sup [V Funte) = Vi)

max

-+ sup HE [V"ﬁ%R(a:)} — Vipo(x)‘

max

reX
We first establish the uniform concentration bound for
sup ](w Fur@) = (E[VFun(@)])
TEX UL ... uq UL ... uq
for any 1 < wy,...,u; < d. To simplify the notation, we denote h(y,s) = Sin(};(fys_s)) for all
y,s € R. Then, we can rewrite (Vifn,pb(x)> as follows:
Ul ... Ujs
i 8|Bl\
(v f”’R(@)m...u n(2m)? ZH 217 il X,

1ll

where Bl = {v:uy, =1} for any | € [d] and for any given 1 < uq,...,u; < d. We denote
Y, = LI, a'ﬁg“h(xl,xﬂ) for all j € [n]. Then, since |%h(y, s)‘ < R for all I > 0, we

have |Y;| < RZz 1Bil+d — Ritd for all j € [n]. Furthermore, we have E(|Y;|) < R’ for all
j € [n]. Given these results, an application of Bernstein’s inequality leads to

(| (v nio), - ([ hna]), |>)

96nt?
< 4N (t/8, F',L1(P)) exp <_76R2i+d> ;

where F/' = {f, : R? = R : f,(t) = Hl 1 a‘ﬁélll (z1,t;) for all x € X,t € R?}. Direct algebra

shows that for any z1, 29 € X, | fu, (t) — fm( )| < ARz — a5|2 for all t € RY. As X is a
bounded subset of R?, combining the above results leads to

(s (V@) - B[ a)]), | >)
- <4dﬁ-Diam(X)Rd+i+1>d < 96nt> )
S exp .

t - T6R2i+d
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Given the above result, an application of union bound shows that

(sup HV for(T) — Vipg(x)’ > t)

reX max
< Z P (sup

| (Vhae),, - E[hn]),
1<uy,...,u; <d z 1o Ui UL ..U

_ 4d%/?+ (Diam (X)) RN 967t
<_ 76 R2i+d>

)

From the above concentration bound, by choosing

i \/ R+2i (log(2/8) + d(d + i + 1) log R + d(log d + Diam(X))

n

>t) < 4.

max

where C' is some universal constant, we obtain P ( SUD,c Hviﬁlﬂ(x) - Vipo(:v)‘

from
max

Combining this result with the upper bounds of sup,c HE [Vifnﬂ(x)} — Vipo(x)

Theorem 3, we reach the conclusion of the theorem.

9.4 Proof of Theorem 5
We first compute E [g,, r(6)] — g(0) for each 6§ € ©. Direct calculation shows that

ISH

COS ST — X
B ~90) = G [ L s

= o7 o e cosagj | /f ar)

f
N (27]%)d \/Rd\[RyR}d /9 gA((i)) ( R cos(s' (0 —x))f(x — 0)da ) db'ds.

By defining 6 = 6 — ¢’, we obtain

~

/ cos(sT(G —2))f(z —0)dx = / cos(sT(as —0)f(x)dxr = cos(sTé) (s).
R4 Rd

Putting the above results together, we obtain

1
W/Rd\[ RR]d/@cos(sT(e—9’))9(9’)d9/ds.

The above term is similar to that in the proof of Theorem 1; therefore, the upper bound for
its absolute value under the upper-supersmooth assumption of g is direct from the proof of
Theorem 1.

E [gn,r(0)] — 9(0) =
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Moving to the variance of g, r(6), simple algebra shows that

_ 1 cos(sT(0— X))\ lglloc B2
var [gn,r(6)] < n(27r)dE e ) ds < . =

f(s nIMMge[ R, R4 f2(s) .

Based on the assumptions with the lower-supersmoothness of f, the above bound directly
leads to the conclusion of the theorem with the variance of g, r.

9.5 Proof of Theorem 7

Since g € C"(©), we have py € C"(X). From the Fourier inverse theorem, we have

for any v = (71,...,74) € N? such that |y| < r. Since 8/7\9(3) = (i5)7g(s), the above identity
becomes

%(9) = (2;)(1 /Rd(is)ﬂ?(s) exp (z@ s) ds (271r) / (is)” ﬁ((j)) exp (i9T3> i

= (271r)d/ a}?(i ) exp (i0T5> ds

/ / OVpo cos(sT(Q—t))dtdS
27T Rd JRd 0t7 f(S) ’

where the final inequality is because ]?is an even function. An application of integration by
parts leads to

9" po (t).cos(si(H—t)) gt / . (t)%cos(f—r(@—t))dt.
R4

Re O f(s) (s)
Therefore, for any i € {1,...,r} we have
Vig i cos( (sT (6 — t))dtds.
Rd ]Rd (s)

For any 1 < wuy,...,u; < d and i = 4]l 4+ 1 for some [ > 0, simple algebra leads to

i sin(s" (z —
(vzg(9)>u1ul = (271_‘_)03 /Rd /Rd Su1 e Sui : ( (f(s)t))p(](t) dtds.
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Therefore, we obtain that

(B [V5nr®)]),, .~ (V'O)ur

1 sin(s " (z — 1))po(t)
S L dtd
(2m)d /Rd\[—R,R]d /Rd ° ’ f(s) s

1 ~
5t o s B

d
i [ sl 6] s (30
=174

IN

IN

™

where A; = {z € R?: |z;| > R} for all j € [d]. We can check the inequality (36) also holds
for i € {4l + 2,41 + 3,41 + 4}. Therefore, this inequality holds for all ¢ < r. From here, based
on the proof of Theorem 3 with upper-supersmooth density function, for each j € [d], when
R > C'" where C' is some universal constant we have

d
> /A ISy - 50, | |G(s)| ds < C R iH1=02.0} oy (O RY2)
j=1"43

where C' is some universal constant and C is the given constant in Definition 1. Plugging
the above bound into the equation (36), we obtain

\/§Cd Rmax{i+1—a2 ,0}
(27)4

‘(E [vl/g\n,R<9)])uluZ - (vzg<9)>u1ul < exp (—ClRaQ) .

Therefore, we have
& [ViGa2(0)] — Vig(0) lmax < CR™+1-020) exp (~C1 R°2),
where C is some universal constant depending on d. As a consequence, we obtain the conclu-

sion of the theorem with the bias of the Fourier deconvolution estimator V@m R-
Moving to the variance of Viﬁn, R, for each 1 < uq,...,u; < d we have

B |(E[7500])., ., = (TGur®er.)

upper bounded by

1 (Vicos(sT (0~ X)), .\’
@n)in </[R,R]d 7s) ds)

lgllsoB20+D _ [lglleoR* Y exp(2CpdR™)
(2m)dnminge_p pa fz(s) N (2m)dn 7

<
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where C9 is a given constant in Definition 1. Hence, we obtain that

E(IV9.0) £ [TGn@) B = 5 E|(E VG000, ~ (TG0r@or.ns) |

1<ui,...,u; <d

< O' R0+ exp(2C5d R™),

where C’ is some universal constant depending on ||g|/~ and dimension d. As a consequence,
we obtain the conclusion of the theorem with the variance of the derivatives of g, gr.
9.6 Proof of Theorem 9

In this proof, we first bound the bias of m(z). Then, we establish an upper bound the variance
of m(x) for each z € X.

Upper bound on the bias of m(x): From the definition of m(x), simple algebra leads to

) () = 8@ = m@) (@) | (@) = m(@) o) = fna(@)
) =) we po(a) - O

Therefore, we obtain that

(E [m(x)] — m(z))*

(2 [3@) ~ m@) Fn@])” (B [@@) —m@)@o) ~ Funte)])
= 7@ o )
ax—ma:An z ? m(x) — m(z))? "
SQ(E[() pg((@) #(@)]) Bl <>>1]);x[)< (2) = For( >>]7 .

where the first inequality is due to Cauchy-Schwarz inequality and the second inequality is due
to the standard inequality E2(XY) < E(X?)E(Y?). Since po is upper-supersmooth density
function of order v > 0, from the result of Theorem 1, we have

Ipolloc R

wd n

Y

E [(po(I) o ﬁl’R(x))2:| < CQRmaX{272a,0} exp (_201Ra) +

where (] is the given constant in Definition 1 and C' is some universal constant.
Now, we proceed to bound ‘E [&(az) - m(x)fnR(x)} ‘ Direct calculation shows that

E ’d(m)—m(m)ﬁbﬁ(:ﬁ (271r d(/Rd/ . cos(s' (z — t))m(t)po(t)dsdt

Rd /[ R.R)? cos(s (2 — t))m(x)Po(t)dsdt> ,
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From the Fourier integral theorem, we obtain

m(x)po(x @ny /Rd/RR]dcos (z — t))m(t)po(t)dsdt

_ W /R d /R . cos(sT (z — £))m(t)po(t)dsdt,
@)~ gz [ [ eostsT = miemlty

_ (271T)d /R d /R o cos(sT (z — t))m(z)po(t)dsd.

Collecting the above equations, we arrive at the following result:

‘IE [a(x)—m(x)ﬁm(x)” < (271r>d< /R ) /R d\[iRR}dcos(sT(x—t))m(t)pg(t)dsdt

/Rd /Rd\[ RR]dCOS Nz —t))m(x) o(t)dsdt>

(27T)d /Rd\[_R’R]dﬂpO s)| + [mpo(s)|)ds. (39)

IN

Since pg is upper-smooth density function of order «, from the proof of Theorem 1, we have
/ 1o (s)] < CRm1-00} gy (4 ReY, (40)
RA\[-R,R)

where C' is some universal constant. Furthermore, we find that

d
/W\[-R,Rw ] o< ;/A [ 7o s)] ds
d
< Z/ C-Q(s1l,---,]s4]) exp< o)) <Z|51|a>>
j=174

where A; = {x : |z;| > R}. For any 0 < 71, 7,...,7q¢ < r where r > 1, we have
/ H|5 |7 exp( 1 (Z|Sz| )) ds = HI o, T;) / |sj|™ exp(—Chls;|¥)ds;,
45321 1#£j

where I(a,7) = [ [t|” exp(—=Ci|t|*)dt for all 7 > 0. Based on the proof argument of equa-
tion 34 in Theorem 3, we obtain

/ |5 exp(—=C1ls;j|*)ds; < ¢! Rmax{T;j+1-a,0} exp(—C1RY),
Aj
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where C’ is some universal constant. Putting the above results together leads to the following
bound:

/ |7 po(s)| ds < O Rmex{des(@+1-a0) oxp(— (4 RY), (41)
RA[-R,R]4

Combining the results from equations (39), (40), and (41), we have
’E [&\(x) — m(m)ﬁlR(x)} ‘ < " praddeg(@F+1=a0} oy (O RY), (42)

where C” is some universal constant. Plugging the result from equation (43) into equation (38)
leads to

C

2

(E [m(z)] —m(z))” < 20

(Rmax{2 deg(Q)+2—20,0} exp(—QCl Ra)

+E [(f(z) — m(x))?] (Rmax{Q—QavO} exp (~20, RY) 4 [P0l ~Rd>>, (43)

md n

where C' is some universal constant.

Upper bound on the variance of m(z): Moving to the variance of m(x), by taking
variance both sides of the equation (37), we find that

O ((a) — m(@))pox)  Fun(z)
varmte)) = ( po(a) po(a) >

< 2 B (at0) = ) (o)) | 4 [(000) = ) 2nie) ~ Fone)?] [ 0

i Tz

First, we upper bound T5. Denote A the event such that

~

Fonl@) = po(@)| < (Rmax{l-a’o} exp (—C1R*) + Rdlog(?/5>>

n

where C is some sufficiently large constant. Then, from the result of Proposition 1, we have
P(A) > 1 —§. Therefore, we obtain the following bound with T5:

Ty = E |((z) - m(2))2(po(x) = Fun())|A] P(4)
+E | () = m(@)) (o) ~ Fonle))?A°| P(A°)

< 2CE [(m(z) — m(z))?] (Rmax{2_2o"0} exp (—2C1R™) + Rdlmi(Z/é) +9 (p%(:c) + R2d>> ,
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where the final inequality is due to the fact that P(A¢) < ¢ and (pg(z) — J?n,R(ac))2 < 2(p3(z)+
fzvR(:c)) < 2 ((p3(z) + R*?). By choosing § such that § = R

o we obtain that

n(pg(z)+R24)”

R¢ log(nR)> 7 (45)

Ty < C'E [(m(z) — m(z))?] <Rmax{2—2a70} exp (—2C1 R%) + 2

for some universal constant C’ when R is sufficiently large.
For the upper bound of 77, using the condition that Y; = m(X;) + ¢; for all i € [n], we
have

2
n d .
1 sin(R(z; — Xij))
T <2E || — ) (m(X;)—m(x)) J J
mrd ; ]1;[1 XTj — Xij
4 2

1 - Sin(R(:L'j — Xl' ))
2E — i =2 .
+ mrd;e ]1;[1 2~ Xi (S1+52)

Since E [(% Sy Y;)Q} < 1E [V{] + E?[Y3] for any Y7,...,Y,, that are i.i.d., we find that

d . 9
1 sin®(R(z; — X 5))
< FE X) — 2 J J
Sl — nd (m( ) m(x)) ]1;[1 (l'j _ X.j>2
1 2 sin(R(xj — X]))
Jj=1
where we denote X = (X 1,...,X 4). From the result in equation (43), we have

¢ sin(R(z; — X))
E* | (m(X) —m(@) || =55 < C"RPMAARQHm 0} oxp(—201 RY),
o1 K

where C” is some universal constant. Furthermore, based on Cauchy-Schwarz inequality and
the assumptions of the theorem, we obtain the following bound

d sin? x: — X ; m2 x . m2(z d
) (m(X) —m(@))* ][ (;E(_JX X)) | _ 20Im? % polloc + m*(2))R?
j=1 J

2d 2 = 2d
nw ) nm

Putting the above results together, we find that

2(||m2 % pOHoo + m2(x))Rd C" R2 max{deg(Q)+1—a,0} exp(—ZClRa)
nw2d + r2d '

S1 <

Similarly, since E(e;) = 0 and var(e;) = o2 for all i € [n], we have

o sin®(R(z; — X 5)) o*[lpolloc R
S2 n2d I I (z; — X ;)2 - nm2d
J=1
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Collecting the above results, we find that

(4(llm? x polloc +m?(x)) + 20 |[po|loc) R’
nm2d

T <

. C" R2max{deg(Q)+1-.0} oy (—20C RY)

i . (46)

Plugging the results from equations (45) and (46) into equation (44), when R > C’" where C’
is some universal constant, we have

Gi

var(m(z)) <

E [((z) — m(z))?] (Rmax{“a@} exp (—2C1 RY) + Rdbg@R))

~ ph(@) n
) (m(z) + C4R?
+ o) - , (47)

where C1, C4, C are some universal constants. Combining the results with bias and variance
in equations (43) and (47), we obtain the conclusion of the theorem.

9.7 Proof of Theorem 10

The proof of Theorem 10 shares a similar strategy with the proof of Theorem 9. We first need
the following lemmas regarding the MSE and concentration of the Fourier density estimator
fn,r when (X1,...,X,,) are a Markov sequence.

Lemma 1. Assume that pg is an upper—smooth density function of order ey > 0 such that
lpollcoc < 00 and the transition probability operator T satisfies Assumption 5. Then, there
exist universal constants C' and C" such that as long as R > C for some universal constant
C and for almost all x € X, we find that

C//Rd

E|(Ffur(@) = po(@))?| < C/Rr=20-000 exp (<201 R + =,

where C 1s the associated constant with upper—supersmooth density function in Definition 1.

Proof. The proof for the bias of fn r(z) is similar to the case when (X1, ..., X,) are indepen-
dent. Therefore, from the proof of Theorem 1, for R > C where C is some universal constant,
we have

‘]E [ﬁL,R(az)} — po(x)‘ < ¢ Rmax{l-o1,0} exp (—C1R™).

Here, € is the associated constant with supersmooth density function in Definition 1. Now,
we proceed to bound the variance of f,, r(z) where we utilize the assumption on the transition
probability operator T. Direct calculations yield

n—1

var <ﬁ1,R($)> = %Var(Yl) + % Z(n —i)cov(Yy, Yir1),
=1

49



Ho, WALKER

where Y; = #H?ﬁ sin(R(z; — Xij5))/(xj — Xi;). Since [|pollsc < o0, from the proof of
Theorem 1, we have var(Y;) < C'R? where C’ is some universal constant. Furthermore, if we
define g(y) = # [Ty sin(R(z; — y;))/(zj — y;) — E[Y1] for all y € X, then we find that

lcov(Y1, Yigr)| = |E [g(X1)(T ) (X1)]| < \/E [g*(XD]E[(T7g)?(X1)]
< n[z/T]E [92(X1)] < C/Tl[i/ﬂRd’

where [z] denotes the greatest integer number that is less than or equal to z. Putting these
results together, we have the following bound:

N ! pd 20"t ZET;/T] 77i R? 11 pd
var(Fu () < S0 4 ( d ) <<

n n?2 - n
Combining all the previous results, we obtain the conclusion of Lemma 1. ]

Our next lemma establishes the point-wise concentration bound of fn r(z) around its
expectation for each x € X.

Lemma 2. Assume that (X1,...,X,) are a Markov sequence with stationary density function
po and transition probability distribution f(- | -). Then, for any 6 € (0,1), there exists
universal constant C such that

|

Proof. The proof of Lemma 2 relies on Bernstein inequality for weakly dependent variable (De-
lyon, 2009). Define

Frn(@) ~E |Jun@)]| = €

n =

Rd log(2/5)> oy

Y — 1d ﬁ sin(R(z; — X)) i 1d ﬁ sin(R(zj — X 5))
nme -=- €Ty — Xij nme -=-- T — X.j
7j=1 7=1
for any 1 < i < n where the outer expectation is taken with respect to X = (X 1,...,X 4) ~
po. Furthermore, we denote F; = o(Y1,...,Y;) as the sigma-algebra generated by Yi,...,Y;
for all i € [n]. It is clear that |Y;| < CR?/n for all i € [n] where C is some universal constant.
Additionally, for any i € [n] and j < i, we have |E[Y;|F;]| < C'/n for some constant C’.
Similarly, for each i € [n], we can check that |E[Y?|Y;_1,...,Y1]| < C”R?/n? for some
universal constant C”. Therefore, based on the result of Theorem 4 in (Delyon, 2009), we

have
nt?
P >t <2 —_—
( = ) = eXp( c(Rd+Rdt)>’

where ¢ is some universal constant. By choosing ¢t = ¢11/R%log(2/8)/n for some universal
constant ¢1, we obtain the conclusion of Lemma 2. O

1 n
=) Vi -E[Y]
n-

=1
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Equipped with the results of Lemmas 1 and 2, we are ready to prove Theorem 10. To ease
the ensuing discussion, we define

n—-1 d . :
~ 1 SID(R(J,‘ - Xzy)) sm(R(x — X(i+l)j))
bn ) = ’ :
R(T:Y) nm2d Z H z — Xij r — X(i1);
=1 j5=1

Direct algebra leads to

~

b, 9)p0(x) — P 9) F (@) | (Br(yl) = F(l2) (o) — Fr.p(2))
pi() po(x)
Bias of p,, r(y | ): An application of the Cauchy-Schwarz inequality leads to

pur(y|z)— fly|x) =

- , (E[bun( ypo() - p(m,y)ﬁw,R(fﬂ)Dz
(B [ r(y | 2)] = fly | 2))* <2 ;
py(@)
E [(Bn.r(yle) = f(512))2] E | (po(@) ~ fun())?]
+2 5
p(@)

A Ay

GREG)

For A1, we find that
(& [Bu.nte 9)po(a) — o) Fun@)]) < 2682) (E [t )] ~ pl0)

+22(e,) (B[ Fun@)] — po(a))

Since both the density functions py and p are upper—smooth of order 1 and s, we have the
following bounds:

2

(B[ Frrt)] - pO(x))z < ORm2(1=00).0} exp(—201 R,

<E [EH,R(w,y)] — p(a, y)>2 < ¢/ R0 0F oxp(—2C5 R™?),

where C,C’ are some universal constants while C7,Cy are constants associated with upper-
smooth density functions (cf. Definition 1). Putting these results together, we have

A; < e(pd(z) + p*(z,y)) R0 exp(— ¢ RY),

where ¢ and ¢ are some universal constants. For the term Ay, the result of Lemma 1 leads to
/ pmax{2(1—a1),0} ! pa Cng o 2
Ay < | R VP exp(—cp R + . E [(Pnrly | z) = fy | 2)°].

Collecting all the above results, we obtain
c(pg(x) + p*(x,y)) R0 exp(—¢; RY)
po()
(C/lRmax{2(1—a1),0} exp(_céRal) + g) E [(ﬁn,R(y’l’) _ f(y\x))z}
pi(x) '

(B [n,r(y | 2)] — fy | 2))* < (48)

_'_
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Variance of p, p(y | z): Similar to the proof of Theorem 9, we have

£ | (bl () — o) o) |

var(Pn,r(y|7)) < 2 Py ()

B[y | 2) = fv] 2)2ia) = Fun@)?] B B,
() ") P

+ 2

Using the similar proof argument to bound the variance of Fourier regression estimator in the
proof of Theorem 9 and the result of Lemma 2, we have

d
By <C-E [(ﬁn,R(y | z) = f(y | $))2] <Rmax{2_2a1’0} exp (—C1R™) + Rlog(nR)) ’

n

where C and C are some universal constants. For the term By, we find that
~ ~ 2 ) ~ 2
B | (bt (o) ~ o) Fon(o) | < 288 | (Bl ~ o)
~ 2
+2p? (2, y)E [(fn,R(w) - po(x)) ] :

With the similar proof technique as that of Theorem 1, since p is upper-supersmooth density
function of order as, when R is sufficiently large we have

(B [Bunl. )]~ plar.9))” < R0 exp(—e o),

where ¢ and c¢; are some universal constants. For the variance of EH,R(:E,y), since the
transition probability distributions of the Markov sequences ((X1, X2),. .., (Xn-1,X»)) and
(X1,...,X,) are similar, using the proof argument of Lemma 1, we have var(by, r(z,y)) <
coR%*@ /n. Putting all the above results together, we have

c(pg(x) + p* (x, y)) B>
npj ()
€ (L) exp(—CyR) + TR ) B (G aly | 2) — £y | 2))°
Pi(@) |

var(pn,r(y | 7)) < (49)

+

Combining the bounds of bias and variance of p,, r(z) in equations (48) and (49), we obtain
the conclusion of Theorem 10.

10. Discussion

The key to the paper is the Fourier integral theorem. It suggests a natural Monte Carlo
estimator for certain types of function and also explains why product of independent Fourier
kernels is sufficient for multidimensional function estimation. It does not seem to be a prop-
erty of any other kernels. We have covered estimating multivariate (mixing) density functions,
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nonparametric regression, and mode hunting, as well as modeling time series data. We show
that when the function is sufficiently smooth, the convergence rates of the proposed multi-
variate smoothing estimators are faster than those of standard kernel estimators. Finally, we
note in passing that to account for the possible negativity of the estimators using the Fourier
kernel, such as the Fourier density estimator or the Fourier transition probability estimator,
we can take the maximum of these estimators and 0 or simply the absolute value of these
estimators. Then, the new estimators are always non-negative and can be used as plug-in
estimators for the true density in constructing the confidence intervals (see Section 2.4 and
Section 5).

We now discuss a few questions that arise naturally from our work. First, the results in the
paper are established under the assumptions of “clean” data. In practice, data are commonly
contaminated; therefore, it is important to develop robust versions of the proposed estimators
under contamination assumptions (Kim and Scott, 2012). Second, the idea of using the Fourier
integral theorem for estimating the density function is potentially useful for developing efficient
sampling. Finally, while we have considered an application of Fourier integral theorem to
estimate the transition probability density for a Markov sequence, investigating the application
of this theorem in other settings of dependent data, such as dynamic system (Hang et al.,
2018), is also of interest.

Appendix A. Proofs of remaining results

In this Appendix, we collect the proofs of remaining results in the paper. The values of
universal constants (e.g., C, ¢ etc.) can change from line-to-line.

A.1 Proof of Proposition 5

The proof of Theorem 5 adapts some of the proof argument of Theorem 1 in Chen et al.
(2016b) to the Fourier density estimator.

(a) Under Assumptions 1 and 2, based on the proof of Theorem 1 in Chen et al. (2016b),
when sup,¢y |fnR(ac) — po(x)] < %, for each local mode z; in M, there exists a local
mode Z; in M,, such that z; € z; ® % where C' is universal constant given in Assumption 2.
Il*;lifthermore, if sup,cy Han,R(ac) —Vpo(2)|lmax < 1 and sup,cx HV2‘]?TL7R({L') —V20(2) |l max <

Y7 then we have M,, C M @ \)g LL. Therefore, if we have the following conditions

2

—~ ( *)3 —~
_ < 7 — <
sup Fon(o) ~ (@) < Tz 52 1V Funle) = Vrn(o)les <
. A\
Sup HVQme(fU) - VQPO(JU)HmaX < ’4d” (50)
rEX
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the number of estimated local modes IA(n and the true number of local modes K are identical.
The above bounds suggest that

~ ~ *)3 .
P(Ro # K) < P (sup|Funle) = (@)l > i) ) + P (500 1) = T s > 1)

—~ )\*
P <sup 192 F(®) — 92p0(2) e > ‘) |

reEX 4d
Denote 3
t = max O\*) n |)\*|
16d2C?" " 4d |-

Based on the uniform concentration bounds of fn R, V]?n’ R, VQJ?m r in Theorems 2 and 4, by
choosing R such that R > C’, O} R™*3-%0 exp(—C; R*) < t/2 and

o \/R(2d+4) (log(2/0) + d(d + 3) log R + d(log d + Diam(X))

2 <t/2

n
where C’,C1, CY are some universal constants depending on the constants in Theorems 2
and 4, we have

)\*)3

P (sup !]?nR(:E) —po(z)]

P Yar) < P An - max < )
sup > ) <0, P (b [V Fon(e) ~ V(o) > 1) <3

~ ¥
P (Sup V2 fr.r(2) — V2p0(2)| max > ’4d> <.
reX

As a consequence, we have IP(IA(H # K) < 34, which leads to the conclusion of part (a).

(b) Assume that the conditions (50) hold such that K, = K. We now proceed to study
the convergence rate of M,, to M under the Hausdorff distance. For each local mode z; € M,
we recall that the local mode z; € M,, is the closest local mode in M,, to 2;. An application
of Taylor expansion up to the second order leads to

0= Vnr(@) = Vinr(e) + @ = 25) V2 fun(z;) + Ry,
where R; is the Taylor remainder such that ||R;|| = o(||z; — Z;||). Given the conditions (50),
the matrix V2f, r(z;) is invertible. Therefore, we have

1z — 5| < 1V Fur(25) + Byl - V2 Frr(25) ™ lop,

where ||.|op denotes the operator norm. Note that, |]V2ﬂ73(xj)_1\\op is bounded due to the
conditions (50). To obtain the conclusion of part (b), it is sufficient to demonstrate that

Ri+11og(2/45)

n

P <Hvﬁ1,R(xj)Hmax > ClRmaX{Qfa’O} exp (—ClRa) + co ) <4, (51)

where ¢; and ¢y are some universal constants. Note that, we can directly apply the uniform
concentration bound in Theorem 4 to obtain the above point-wise concentration bound with
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an extra logR term. However, here we do not want to have the log R in the point-wise
concentration bound; therefore, we will need to use the argument of Proposition 1 to remove
the log R term.

Note that, Vpg(z;) = 0. An application of triangle inequality leads to

19 Pt = 1V Foe5) = V20 ()l
< IV Fun(es) = B [V ()] lmax + 1B [V For(25)] = V0o (25) ma

In the right hand side of the above bound, the upper bound for the second term has been
established in Theorem 3; therefore, we only focus on bounding the first term. We first

establish the concentration bound for (V’:ﬁLR(ij — (E {Vifn,R(xj)D ‘ forany 1 <u <
d. Following the proof of Theorem 4, we denote h(y,s) = % for all y,s € R. Then,

we can rewrite (Vﬁ R(:Uj)) as follows:
u

~ |Bi
(an,R(xj))u: dZH a|B‘ h(zj1, Xj1),

zlll

where B; = ly,—p for any I € [d] and for any given 1 < u < d. We denote Y; =
e, 8'2)‘ h(xji, X;1) for all i € [n]. Then, we have |Y;| < R4F! for all i € [n]. Further-

more, var( ) < CRY*2 for all i € [n] where C' is some universal constant. For any ¢ € (0, C],
an application of Bernstein’s inequality shows that

P Ly >t] <2e nt’
— X — .
n & =1 = 2P\ To0RI2 + 2RITIY/3

Y Yi—E[Y]]
i=1
By choosing t = Cy/ w where C' is some universal constant, we find that
1 n
P ( — > t) < 4.
n j—

> Yi-E[v]
Rd+2 10g(2/(5)> <5

Collecting the above results together, we have

n

P <HVﬁL,R(x]) - VPO(xj)Hmax 2 éd

Therefore, the concentration bound (51) is proved. As a consequence, we reach the conclusion
of part (b).
A.2 Proof of Proposition 6

The proof of Proposition 6 is similar to that of Proposition 5. Indeed, to obtain the conclusion
of Proposition 6, it is sufficient to establish the uniform concentration bound for the derivatives
of Fourier deconvolution estimator g, g.
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Lemma 3. Assume that f is lower-supersmooth density function of order ay > 0 and g €
C"(©) is upper-supersmooth density function of order ag > 0 such that ag > a1 for some
given r € N and © is a bounded subset of R%. Then, there exist universal constants {C/}7_;,
C’, C such that as long as R > C" and 1 < i < r, we have

P<Sup 1V 2(0) — Vig(0) | max > CR™¥H1=02.0F oy (. Ro2)
0O

+ é\/ R D01 exp(2CydR) log(2/ 5)) <4,

n
where C1 and Cy are the constants given in Definition 1.

Proof. The proof of Lemma 3 proceeds in the similar way as that of Theorem 4. Recall that
the Fourier deconvolution estimator g, g is given by:

cos(sT (0 - X,)
gnR 27TdZ/RR]d ]? (5) ds.

Without loss of generality, we assume that i = 4/ + 1 for some [ € N (The proof argument for
other cases of i is similar). Then, from the proof of Theorem 7, we have

i 1 - sin(s' (0 — X))
vl.gn7 0 UuUy... Us — T T 7 / Sul e Sul . = J dS,
V0 n(2m) ; [~ R.RJ f(s)

. sin(s T (6—X))
T e ds for any

j € [n]. Since f is lower-supersmooth of order oy, we have |Y;| < CR™*?exp(CadR*') and
E[|Y;|] € CR™4exp(CydR™) where C is some universal constant and Cs is a given constant in
Definition 1 with lower-supersmooth density function. An application of Bernstein inequality
leads to

for all 1 < wuq,...,u; < d. We denote Y; = _ﬁf[*R,R]d Suy - - - Su

) < 4N (t/8, F', Ly (P))

Ce 96nt?
X — -
P\ 77602 R2+2 oxp(2Cad R )

where F' = {fp : R — R : fo(t) = *ﬁf[—R,R]d Suy - - Su; st forall 0 € ©,t €
R9}. For any fp,, fo, € F', we can check that
|fo, (8) = fo, ()] < AR exp(CodR™)(|01 — 63|

Therefore, we have the following upper bound on the bracketing entropy:

. d
4d+/d - Diam(©)R4Fi+! exp(ngRo‘l)>
t

Ny (8/8, F', L1 (P)) < (
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Collecting the above results, when R is sufficiently large, by choosing

‘o C,\/RQ(”dHO‘l exp(2C2dR*1) log(2/45)

)

n
we have
P <§ug}(vi§n,3(e>>m_,% B [VGr0)]), ,|> t) <.
€
Taking an union bound over ui,...,u; with the above inequality and combining it with the
result of Theorem 7, we obtain the conclusion of the lemma. ]

A.3 Proof of Proposition 8

The proof of Proposition 8 follows the proof argument of Theorems 3 and 4 in Chen et al.
(2016a) with the main difference is in the uniform concentration bound of the Fourier density
estimator f, g and its derivatives around the true joint density po. Here, we provide the main
steps of the proof for part (a) for the completeness and the proof for part (b) can be argued
similarly.

From the proof of Proposition 5, for each x € X, under the Assumptions 3 and 4 when

sup,, |8Zg;gR (z,y) — %ig? (z,y)| < C for any i € {0,1,2} where C is some universal constant

depending on \*, then for each local mode of M(x) there exists a unique local mode of M, (x)
that is closest to it. Given this property, with the similar proof argument as that of Theorem
3 in Chen et al. (2016a), for each z € X we obtain that

oy

Ot (g y)‘

H(Mn(z), M(z)) = max 1220 (0, )|

' fn o'
In gy~ TP (g )

=0p (max sup By By x

0<i<2 4y

) |

The above inequality leads to the following bound:

Ofn

Qy’R(w,y)‘
sup H(Mp(z), M(z)) = sup Toro
zEX TEX ,yeM(x) ‘ po(xay)‘

oy?
+ O max su
P 0<i<2 “I,)

Since pg is upper-supersmooth density function of order o > 0 and pg € C?(X x ), from

Theorem 4 we have
[Rd+51
=0p (Rmax{?’_OC,O} exp(—C1R") + d nogR> ;

o7

O fr d'po
Dy (z,y) ay (z,y)

} sup H(M,(x), M(x))) )
reX

T T

max sup
0<i<2 24
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where (1 is a given constant in Definition 1. This bound suggests that it is sufficient to upper
9fn.R

2 (2|
dy

bound su e
Pzex yeM(x) ) 6,92;720 (:Jc,y)’

to obtain the conclusion of the proposition. In fact, by

triangle inequality, we have

8/;7, > 8/\” 8/\1'1, 3
sup ¢ S sup 5
rEX yeM(x) ’%5’20 (z, y)‘ 2EX yEM(x) %ﬁ“ (z, y)’
Ofn 0
‘E|: ayR( 7y):| _31;;)(:1773/)‘
+ Sup 62
TzEX ,yeM(x) 82,%0 (iL‘, )’

Given Assumption 4, we have

Ofn, f)
’E |: JéyR<m7y):| - 8p;(x7y)‘
sup

<
TEX YyeM(x) ’ o8 (x, y)’

sup E

1
N peX yeM(z)

Ofnr dpo
dy (x,y)] 9y (z, y)‘

0y?
S C/RmaX{Q_avo} exp(—01Ra),

where C’ is some universal constant and the second inequality is due to Theorem 3. Following
d sin(R(zj—Xi5)) 9 sin(R(y—Y;))
j=1 z;—X;; dy y—Y;

82

|55 )]

it is clear that |W;| < $ and E[|W;|] < £ for all i € [n] and 2 € X,y € M(z). Therefore,
an application of Bernstein inequality leads to

the proof of Theorem 4, we denote W; =

for each i € [n]. Then,

fn Ofn
Lot (1,y) — E { ];f(x,y)”
P sup

2
TEX,yEM(2) ‘ %y’? (z, y)‘

>

_ (Md+1)Vd+1 - Diam(X x Y)RH i 96112
= A P\ " 76REE )

By choosing ¢ = C \/Rd+3(1og(2/6)+d(d+3)1ogR+d(1ogd+Diam(Xxy))

= where C' is some universal

constant, we have

Ofn Ofn
P sup

zEX,yeM(x) ‘ a;ygo («Ta y))

>t ] <.
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Putting the above results together, there exists universal constant C' such that

n

d+3
P <sup H(M,(z), M(x)) > C | Rm&42=00} oxp (O RY) + \/R logRlog(2/5)]> >1-4.
zeX

As a consequence, we reach the conclusion of the proposition.

A.4 Proof of Proposition 4

The proof of Proposition 4 follows from that of Proposition 3. Here, we only provide the proof
sketch. To facilitate the proof argument, we denote P, = %Z?:l dx, the empirical measure
associated with the data Xi,..., X,,. Recall that, the functional space F in equation (11) is
given by:

1 & sin(R(z; — t;))
F = {fx R 5 R: fa:( _ﬁﬂﬁforallxeX,teRd}.

We denote the Gaussian process B’ on F with the covariance matrix given by:

cov(B'(f1, f2)) = Ep, [/1(X) f2(X)] - E[fi(X)]Ep, [f2(X)], (52)

for any f1, fo € F. Note that, the difference between the Gaussian process B with covariance
matrix given in equation (12) and the Gaussian process B’ is that the outer expectations in
the covariance matrices of B are taken with respect to the unknown distribution P while those
of B are taken with respect to the empirical distribution P,.

For the remaining argument, we assume that X7 = (X1,...,X,) is a fixed sample to
simplify the presentation. Then, from the result of Proposition 3, we have

IP’(HRd sup

where B’ = V R4sup e 7 |B'(f)].
Now, we proceed to bound sup,~ !IP’ (B <t } X7) —P(B < t)|. Since X is a bounded sub-

. d
set of RY, as in the proof of Proposition 3, we have N = supp N3 (¢/8, F, P) < (w) .

Denote F = {f1,..., fn} as the set of e-covering of F. An application of triangle inequality
leads to

(log n)(7+d)/8

su
p nl/S Y

t>0

<C

Fur(z) — E[fn,R(az)H <t\X{‘> ~P(B <t|X})

sup|P(B'<t}X1 IP’(B<t)‘<sup

P(B <t|X})-P <supx/}?|15%’(f)| <t X?)‘

t>0 0 fe]-'
+sup |P | sup VRIB'(f)| < t | X7 =P sup VRIB(f)| <t
20 feF feF
+sup |P (supv 4| B( )\<t>—IP’(B<t) .
>0
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It is sufficient to bound sup,~ ‘]P’ (supfef VRB'(f)| <t | X{l) —-P (supfef VRIB(f)| < t) ‘
From Theorem 2 in Chernozhukov et al. (2015), we find that

sup < CAY3 (1 v1og(N/A)),

>0

P (sup VRIB/(f)| <t | X?) —-P (sup VRIB(f)| < t)

feF feF

where A = R maxi<; j<n |cov(B'(fi, f;)) — cov(B(f;, f;))|- Using the proof similar argument
as that of Theorem 2, we have

o o d
RY max|eov(B/(Fi, [;)) — cov(B(f;, ;)| = Op <W> |

Putting all the above results together, we obtain the conclusion of the proposition.

A.5 Proof of Proposition 7

From the definition of m(x) in equation (20), we have

T (53)

where

and

Since E [a2(z)] = 0, from the central limit theorem, we have

) 4 )

nvar(az(z))

Direct algebra shows that var(as(z)) = n"—;E [H;l:l sz(gf(f—;{fy))] where X = (X 1,...,Xq) ~
n J -J

po. As po € C2(X), with the similar argument as that in Section 2.4.1 we have
nvar(ds(x))  o?po(x)

lim =
R—o0 Rd 7Td

Since fn?R(w) 2 po(z) as n — 0o and R — oo, we have
n as(x) 4 < o? >
— = —“N[0,—— |. 54
V R, n(z) po(x)m? 54
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Moving to aj(x), we have

. ElG
V@) 4 g gy 4 Bl
nvar(ay(x)) var(ay(x))
Since R* = O(logn), from the argument of Theorem 9, we have % — 0 as n — oo.
var(ai (T
For the variance term var(a;(x)), direct calculation yields that
var(@r(0) = g var | () - (o) [ AT )

J=1

where X = (X 1,..., X 4) ~ po. We can check that E? [(m(X) —m(z)) H?:l %} <

2|[pol%]lm%, and

d sin? XTi — . 2(r
E | (m(X) - m(w))QJI;[l (g;}j(_]X_jigJ)) _ P(;;) Yo <}%2> 7

where the final equality is due to Taylor expansion up to the first order. Putting these results

together, we have
n a(z) »p
\| B3 = = 0. (55)
Rd fn,R(x)

Combining the results from equations (53), (54), and (55), we obtain the conclusion of the
proposition.
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