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Abstract

We discuss the nonparametric Nadaraya-Watson (N-W) estimator of the drift
function for ergodic stochastic processes driven by a-stable noises and observed
at discrete instants. Under geometrical mixing condition, we derive consistency
and rate of convergence of the N-W estimator of the drift function. Furthermore,
we obtain a central limit theorem for stable stochastic integrals. The central limit
theorem has its own interest and is the crucial tool for the proofs. A simulation
study illustrates the finite sample properties of the N-W estimator.
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1 Introduction

We consider the following nonlinear stochastic differential equation (SDE) driven by an
a-stable Lévy motion (0 < o < 2):

dXt = b(Xt_>dt + U(Xt_)dZt, X() = 77, (1)

where b : R — R is an unknown measurable function, ¢ : R — R, is an unknown positive
function (which is considered as a nuisance parameter), and {Z;,t > 0} is a standard
a-stable Lévy motion defined on a probability space (2, F, P) equipped with a right
continuous and increasing family of o-algebras {F;,¢ > 0}, and 7 is a random variable
independent of {Z;}. In this case, Z; has a a-stable distribution S,(1,3,0), where
B € [—1,1] is the skewness parameter of the distribution. When (3 = 0, the underlying
stable distribution is symmetric. For more detailed discussion on stable distributions,
we refer to Samorodnitsky and Taqqu [38], Janicki and Weron [25], and Sato [39]. We
assume that the stochastic process { X;} is observed at discrete time points {t; = iA,i =
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0,1,...,n}, where A is the time frequency for observation and n is the sample size. The
purpose of this paper is to study the nonparametric estimation of the unknown drift
function b based on the sampling data {X;,}" ,. The nonparametric estimation of the
dispersion function ¢ is much harder, which will be addressed separately.

The SDEs driven by Lévy noises have attracted a lot of attention recently, espe-
cially in view of applications to finance (see Schoutens [41], Kyprianou, Schoutens and
Wilmott [29]), network traffic (see Mikosch et al. [31]), physics (see, e.g. Schertzer et
al. [40]), and climate dynamics (see Ditlevsen [10], [11]). The existence and uniqueness
of solutions to (1) under Lipschitz conditions are standard results in stochastic calculus
(see e.g., Applebaum [1]). For simplicity, we assume that the solution X; is stationary
and geometrically strong mixing (in this case, the initial distribution is taken from the
invariant measure). Most recently, Masuda [30] provided sets of ergodic conditions for
a multidimensional diffusion process with jumps for any initial distribution to be expo-
nential f-mixing. These conditions build up the bridge between mixing sequences and
diffusion processes with jumps.

When the drift function in (1) is known to be linear, i.e. b(xz) = —fz with unknown
parameter 6, the estimation of 6 based on discrete or continuous observations of X; was
studied in the parametric framework by Hu and Long [21], [22]. But in reality, the
drift function is seldom known. Hence in this paper, we focus on estimation of the drift
function b(-) in model (1) using nonparametric smoothing approach. Nonparametric
smooth approach is a data driven method and has many benefits. It provides a versatile
method of exploring the relationship between variables with no prior specified models.
The classical Nadaraya-Watson (N-W) estimator of the regression function was proposed
independently by Nadaraya [32] and Waston [44]. The major statistical properties (e.g.
consistency and rate of convergence) of nonparametric methods for the N-W estimators
under independent and identical distribution observations are developed between 1980
and 1990 (see Hardle [19]). These properties have been extended to dependent situations
in the 1990s (see Bosq [6]), typically for (a, 3 and ¢)-mixing. These results have been
further generalized to stationary processes with so-called uniform predictive dependent
structure, which can be regarded as a natural alternative to strong mixing conditions,
by Wu [45] and [46].

Many authors have investigated nonparametric estimation for the drift function b in
the setting of diffusions driven by Brownian motions. Pham [34] and Prakasa Rao [35]
gave a non-parametric estimator for b by mimicking the construction of the well-known
Nadaraya-Watson estimator and the asymptotic behavior of the N-W estimator was
established. Arfi [2] discussed the uniformly strong consistency of the N-W estimator for
the drift function b under ergodic conditions. Recently, Bandi and Phillips [3] extended
the N-W estimators to non-stationary recurrent processes.

Other related methods of estimating the drift function have also been proposed.
Banon [4] constructed a drift estimator purely based on the kernel estimator and a
relation between the drift and the density function along with its derivative, which
was further extended by van Zanten [43], Dalalyan and Kutoyants [8], [9], Dalalyan [7]
(see also the monograph by Kutoyants [28] and references therein). Locally linear (or
polynomial) estimators have been proposed by Fan [12] and further discussed in Fan



and Gijbels [14], Spokoiny [42] and Fan and Zhang [15]. For a complete review of non-
parametric methods for diffusion processes with applications in financial econometrics,
see the excellent survey paper by Fan [13]. Hoffmann [20] and Gobet, Hoffmann and
Reiss [17] applied wavelet approach.

In the stable setting, Hall, Peng and Yao [18] and Peng and Yao [33] discussed the
non-parametric regression estimation for time series with heavy tails. In this paper, we
shall consider the regression type of estimation for stochastic processes driven by Lévy
motions, which is a natural extension of the discrete time series with heavy tails. For
convenience, we shall discuss the Nadaraya-Waston estimator of the drift function b in
this paper. The basic idea of N-W estimator is to minimize an object function given
below with certain weights:

Z_: Woi(2)(Y; — al)?

over the parameter space of a and any given x € R, where YV; := X, — X;,, A =

tiv1 —t;, i =0,1,...,n — 1. The weight function is given by

_ Kh(Xti - ZE)
Z?:_Ol Kh<Xti o SL’) ,

Woi() i=0,1,.,n—1

where K (-) = K(-/h)/h, K is a kernel density function (with compact support) with
mean zero and finite variance, and A is the bandwidth for the kernel. Then, the N-W
estimator is given by the following expression

l; (ZE) _ Z?:_()l }/th(th - JI)
A Ka(X; — )

It turns out that N-W estimator is a simple class of a large family called “local polynomial
estimator” (see Fan and Gijbels [14]). Hence N-W estimator is also called local constant
estimator. As pointed out in Gobet, Hoffmann and Reiss [17], the N-W estimator of
the drift or diffusion coefficient in the classical diffusion cases is not consistent for low
frequency data (i.e. A is fixed). So, we shall focus on the consistency and asymptotic
distribution of the N-W estimator of the drift function for high frequency data (i.e.
A — 0) in this paper.

The paper is organized as follows. In Section 2, we obtain consistency (1 < a < 2) or
inconsistency (0 < o < 1) of the N-W estimator b, (z). A central limit theorem for stable
stochastic integrals is also established in Section 2, which is the crucial tool for proofs
presented in Sections 2 and 3. Then, in Section 3 we derive the rate of convergence and
pointwise asymptotic distribution of l;n(a:) Finally, in Section 4, we conduct a simulation
study to confirm the finite sample property. We conjecture that the results of this paper
can be extended to local polynomial estimator of order p. Throughout the paper, we
shall use notation “—p” to denote “convergence in probability” and notation “=" to
denote “convergence in distribution”.

(2)



2 Consistency of the Nadaraya-Watson Estimator

In this section, we consider consistency of the Nadaraya-Watson estimator of the drift
coefficient in our stable setting. The N-W estimator is closely related to the kernel
estimator f,(x) of the density function f(z) of the stationary distribution, which is

defined by

fulr) = 3" Ka(X, — ). 3)
=0
Denote

n—1

(@) = < S VKX, — o). (@)

Then, the N-W estimator given in (2) can be represented as

bn() = Gu(2)/ fu(2). (5)
Define the strong mixing coefficient of X by
ax(t) = sup sup |P(AN B) — P(A)P(B)|,

SER+
where the second supremum is taken over measurable sets A and B in the g-algebras
generated by X and X4, respectively.
We will make use of the following assumptions:

(A.1). The drift function b(-) and dispersion function o(-) satisfy a global Lipschitz
condition, i.e., there exists a positive constant L > 0 such that

b(x1) — b(x2)| + |o(21) — 0(22)| < L|wy — 22, 71, 22 € R,

(A.2). The dispersion function o(-) satisfies the following bounded condition: there
exist positive constants oy and oy such that 0 < oy < o(z) < 07 for each x € R.

(A.3). The solution X; admits a unique invariant distribution p and is geometrically
strong mixing (GSM), i.e. there exists ¢o > 0 and p € (0, 1) such that ax(t) < copt, t >
0. Consequently, X, is ergodic and stationary.

(A.4). The density function f(z) of the stationary distribution x is continuous.

(A.5). The kernel function K(-) is a symmetric and nonnegative probability density
function (with compact support) satisfying

/ uw? K (u)du < oo, / K*(u)du < oo.

o0

(A.6). Asn — oo, h — 0, A — 0 and nAh — oo.

Our main results of this section are stated in the following theorems. Basically we dis-
cuss the consistency and inconsistency of the N-W estimator separately in terms of the
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range of a, i.e. @ € (1,2) and a € (0, 1].

Theorem 2.1. Assume that (A.1)-(A.6) hold. If f(x) > 0 and a € (1,2), then
by(z) —p b(z) as n — oo.

Theorem 2.2. Assume that (A.1)-(A.6) hold. Let f(z) > 0 and o € (0,1]. If there

exists some r € (735, a) such that nhA=1=0 — 0, then by (z) is not consistent.

Remark 2.3. The Lipschitz condition (A.1) is a typical condition which ensures that
SDE (1) admits a unique non-explosive cadlag adpated solution. For some sufficient
conditions which guarantee (A.3), we refer to Theorem 2.2 and Lemma 2.4 in Masuda
(30].

Before proving our main theorems, we prepare some preliminary results. The following
result (consistency of the kernel estimator) is an analogue to Lemma 2.1 in Bosq [6].

Lemma 2.4. Under the conditions (A.1)-(A.6), we have

~

fn(x) —p f(x) asn— oo (6)

Proof. Note that

A~

Fal@) = f(2) = fal@) = Elfu(2)] + E[fa(2)] - f(2).

By the stationarity of the process X;, we have
Blfu@)] = Elu(Xo- o) = [ Kaly— 0)f()dy
= / K(u)f(x + uh)du

which converges to f(z) for each z as n — oo by Lebesgue dominated convergence
theorem. Thus, it suffices to prove that f,(z) — E[f,(z)] —p 0. We have

fulw) ~ B = LY w00, —0) - S EIK (X, - 2)

- % Z_:[Kh(Xti —x) — EK,(Xy, — ).

Let nni(x) = Kp(Xe,_, —2)—EK,(X,,_,—x),i=1,2,--- ,n. Note that sup;;<,, [n:(2)| <
Coh™! a.s. for some positive constant Cy < co. Applying Theorem 1.3 of Bosq [6], we



n

have for each integer ¢ € [1, %] and each € > 0

2
1

p<_
n

n

Z Mhni(2)

=1

422 (1 + 400;_1)1/2 qax ([plA), (7)
where ) -
V(g) = Z5s() + g
with p = Qﬁq and
s(q) = max E[([jp] + 1 — )0, [jp+1(2) + M fjp+2(2)

0<j<2g-1
e o (@) + (G + Dp = [+ Do) 1yp41 (2)]

Here we set 7, ,+1(2) = 0 for the well-definedness of s(¢). By using Cauchy-Schwarz
inequality and stationarity of n, ;(z), it is easy to find that s(q) = O(p*h™"). By choosing

q=[VnA/vVh] and p = % = O(vnh/vV/A), we obtain

e2q
8v*(q)

By the GSM property of X; and some basic calculations, we find

=% - 0O(qh) = O(*VnAh). (8)

1N 1/2
2 (1+4O“h ) qax ([P1A) < O(2) exp(~O(VnAh)). (9)

£
Combining (7), (8) and (9), we have

1
p <_
n i

Z Nn.i()

> 6) < O(e) exp{—0(e*VnAh)}. (10)

Therefore, the desired convergence result (6) follows from given conditions. 4

Next we establish a central limit theorem (CLT) for stable stochastic integrals, which
has some independent interest. The CLT will be crucial in establishing the consistency
(or inconsistency) and asymptotic distribution of the N-W estimator. Let ¢(t) be a
predictable process satisfying fOT lp(t)|*dt < oo almost surely for T < oo. Then the
stochastic integral f(f ¢(s)dZs is well-defined (see e.g., Rosinski and Woyczynski [37],
Kallenberg [27]). We assume that either ¢(¢) is nonnegative or Z is symmetric. Then,
we have the following version of Lenglart’s inequality in the stable setting.



Lemma 2.5. For any given € > 0 and d > 0, there is some constant ¢ > 0 such that

(021% / 6(5)dZ. >§§—§+P</OT|¢(t)\adt>5>. (1)

Proof. Let Sy = f(f |6(s)|“ds. By Theorem 4.1 and Theorem 4.2 of Kallenberg [27] (see
also Theorem 3.1 in Rosinski and Woyczynski [37] for the symmetric case), there exists
a Strlctly a-stable process 7' with the same finite-dimensional distributions as Z such
that fo s)dZs = 7 (S;) almost surely. By the classical maximal inequality (see e.g.,
Prop081t10n 10.2 of Fristedt [16]), we find that for some ¢ > 0

t
(sup / o(s)dZs >5) < P(sup / o(s)dZs| > e, ST§5) + P (St > 9)
0<t<T o<t<T |Jo
< P ( sup |Z'(S))| > e, Sr < 5> + P(Sp > )
0<t<T
< P ( sup |Z'(s)| > 5) + P(Sr > 9)
0<s<5
T
< 9 0p (/ (1) dt > 5) |
ex 0
This completes the proof. O

The following result is a version of the CLT for stable stochastic integrals.

Lemma 2.6. Suppose that there is a deterministic and nonnegative function ® such
that

T
<I>°‘(T)/O lp(t)|%dt —p 1 as T — oo.

Then, we have

T) /OT 6(£)dZ, = Sa(1, 3,0). (12)

Proof. Let R, = ®*(T) fot |p(s)|*ds. For a fixed T, we redefine the function ¢ on the
interval (T, T + 1] as ¢(t) = ®~1(T') and define the stopping time 7 = inf{t > 0: R; >
1}. Then, 70 € [0,7 + 1] almost surely. Note that there is a strlctly a- stable process A
with the same finite-dimensional distributions as Z such that ®(T fo t)dZ, = Z It
is easy to see that

T) / U $(0)dZ, = 7, ~ Su(1, 5.0).

By using Lemma 2.5 and following exactly the same arguments as in the proof of Theo-
rem 1.19 in Kutoyants [28], we can show that the characteristic function of ®(7° fo (t)dZ,
converges to the characteristic function of ®(T) [* ¢(t)dZ, as T — oc. T herefore by



the continuity theorem (see Theorem 26.3 of Billingsley [5]), it immediately follows that
(12) holds. O

We say that a continuous function F' : [0,00) — [0,00) grows more slowly than u®
(av > 0) if there exist positive constants ¢, \g and «y < a such that F(Au) < cA* F(u)
for all w > 0 and all A > \g. Now we state the moment inequalities for stable stochastic
integrals in the following lemma, which can be regarded as a generalization of Theorem
3.2 of Rosinski and Woyczynski [36] where the symmetric case is dealt with. This lemma
will be a crucial tool in the proofs of our main results.

Lemma 2.7. Let ¢(t) be a predictable process satisfying fOT |p(t)|*dt < oo almost surely
for T < co. We assume that either ¢ is nonnegative or Z is symmetric. If F(u) grows
more slowly than u®, then there exist positive constants c¢; and co depending only on
a, g, B, ¢ and \g such that for each T > 0

CBIF(( o)) < ElFGsup| [ o(s)az.)] < GELF(( [ o0l a ). (13

Proof. When Z is symmetric a-stable, moment inequalities (13) for stable stochastic
integrals have been established in Theorem 3.1 and Theorem 3.2 of Rosinski and Woy-
czynski [36]. We claim that the moment inequalities in Theorem 3.1 and Theorem 3.2 of
[36] are still true for non-symmetric (strictly) stable Lévy processes and stable stochastic
integrals. In this case, we assume that the integrand process ¢() is non-negative and
predictable so that the random time change property (or inner clock property) of stable
stochastic integrals is applicable (see Kallenberg [27]). In the proof of Theorem 3.1 of
[36], there is only one place in the probability estimate of part I where the authors have
used the symmetric property via Lévy inequality. However, we can replace this estimate
by the following probability estimate with some constant C' > 0

sup A*P ( sup |Zs| > )\) <C,

A>0 0<s<1

provided in Proposition 10.2 of Fristedt [16] (see also Joulin [26]). All the remaining
arguments in the proof of Theorem 3.1 of [36] work throughout. Consequently, the mo-
ment inequalities in Theorem 3.2 of [36] are also true for non-symmetric case as stated
in (13) when the integrand process is non-negative, predictable and L®-integrable. [

Now we are in a position to prove Theorem 2.1.

Proof of Theorem 2.1. By (5) and Lemma 2.4, it suffices to prove that

gn(z) —p f(x)b(x) as n — 0. (14)



We first note that

tit1 tit1
Y, = / b(XS_)ds+/ o(Xs-)dZ,
ti t;

_B(X)A + / X — b(X))ds + / (X,

Then, by (4), it follows that

n—1
nlz) = = b(Xe))Kn(Xy, — )
1;0 . -
Fom K00 =) [ 006 o
1 fit1
+zgyma—ml o(X, )z,
= gua0) + 90 () + gnsfa). (15)

We have the following claims:

(1) gus(2) —p F(2)b(z) as n — oo

(ii) gno2(z) —p 0 as n — oo;

(iii) gns(z) —p 0 as n — oo.

These three claims guarantee that (14) holds.

Proof of Claim (i). Note that

1 n—
. - Kn(Xs — )+~
gn1(¥) Z WX —2) + nez
e By(a) ¢ Busla) (16)

By Lemma 2.4, it is clear that B, ;(x) —p b(z)f(x) when n — oco. For B, 5(z), by the
Lipschitz property of b(-) and stationarity of X, we have

(b(Xy,) = b(2)) Kn(Xy; — )

Buale) € 5 3 LI~ ol
< Z | Xo, — @[ Kn(Xy, — 2) — E[| Xy, — @[ Kn(Xy, — x)])
'y E[\Xo—xmh(xo—x)] (17)

Note that | X;, — 2| K, (X;, — x) — E[| X}, — 2| K, (X;, — x)] is uniformly bounded for each
i (since K(-) has a compact and bounded support). By slightly modifying the proof of
Lemma 2.4, we can show that

._.

1 n—
L) (Xt — 2| Kh(Xy, — @) = E[|Xy, — o[ Kn(Xe, —2)]) —p 0 (18)

7

I
=)



when n — oo. By using the continuity of f(z) and Lebesgue dominated convergence

theorem, we find

h—0 h

Combining (17), (18) and (19), it follows that B, 2(x) —p 0 when n — co. Hence the

claim (i) holds.

Proof of Claim (ii). By using the Lipschitz condition of b(-), we have

n—1

1 tit1
male)] < ok S KX —o) [ ) - b(X)
i=0 ti

L n—1 tiv1
< Y K- [ X - X,
t

n 4
=0

L
< EZKMXQ_J:) sup [ X; —

Let us consider the estimate of sup;, <,

3%1 |y~ al Ky — 2)f (v)dy
111)1(1) Oo]u|K(u)f(x+uh)du
f(a:)/_ |u| K (u)du. (19)
O
ds
(20)

1, <t<t;11

| X — Xy, |. Note that for ¢t; <t <ty

t t
X, - X, = / b(X,_)ds + / (X, )dZ,.
t ti

i

By using Lipschitz condition on b(-) again, we find

|&—&|s/w )lds +

< [uma»—mmm+wmmmw+

< Jo(Xi)|A +

1, <t<t;41

By Gronwall’s inequality, we have

|&—Xms(W&MA+

It follows that

1 <t<t;41

t;<t<t;4+1

p (X=X < e (0Ia+ s

t

o(X,-)dZ,

’L

lzu;mz

7

t
/ o(Xs_)dZ,
t;

t
/ o(Xs_)dZ,
t;

t
+L/ X, — X,
t;

) eL(t_ti).

t
/ (X )dZ,
t;

sup

) . (21)

t;<t<tit1

10



By (20) and (21), we find

|gn ()] <

<

n—1
L
LS k(X — )t (|b<Xti>|A © s
n i—0 t;<t<t;11

1 —
LAe> . - Z Kn(Xy, — 2)[b(Xy,)]

1
+LelA . ZK" (Xy, —x) sup

t; <t<t;i+1

i

By s(x )+Bn,4( ).

By the claim (i) with b being replaced by [b|, we know that

—ZKh . —2)[b(Xy,)] —p [b(2)|f(z)

i

/ (X, )dZ,

/ (X, )dZ,

)

(22)

when n — oo. This implies that B, 3(x) —p 0 when n — oco. By Markov inequality
and Lemma 2.7, we have

IA

<

<

n—1 t
1
P (ﬁ Z Kyn(Xy, — ) sup /tl o(Xs_)dZ,

t<t<t;11
n—1
1
— E E| sup
ne <

ti <t<tj11

/Kh (X,, — 2)o(X,_)dZ,

ti

tir1 1/04
( Ki( Xy, — :z:)cra(Xs_)ds)
t;

C1x Z E[K,(X;, — 2)oy AY°]

O(Al/"‘).

>5)

Hence, B, 4(x) —p 0 as n — oo. This completes the proof of claim (ii).

Proof of Claim (iii). We define

n—1
1 X
ZE) = Z hl/aK (
=0

so that ¢, (¢, x) is a predictable process. Then, we have

In3(x) =

tn
— n(t, x)dZ;.
nAhaa/o bt 2)d7,

11

— X
Zh ) O-(Xt—)l(ti,twrl](t)a

(23)

(24)



By using Markov inequality, Lemma 2.7, boundedness of o(X;_), and stationarity of X,
we find for some constant Cy > 0

P(lgns(x)] > €)

1 e

—— & n(t, z)dZ

T nAR%a e |Jo Pultr )2,
tn 1/a

< @ 5 ( / |¢n<t,x>|°“dt)

nAh o ¢ 0

1/a
tH—l 1 Xt. — x)
< —KO‘ - o™ (X, )dt
T nAh%S 5( ( h (%)
B 1/

S (WE[ (%))

nAh o e h

Caoq
< ————(nA)=0(1
s e )=0(1)
= O((nAh)="), (25)
which goes to zero under condition (A.6). This shows that claim (iii) holds. g

Proof of Theorem 2.2. The claims (i) in the proof of Theorem 2.1 is still true when 0 <
a < 1. For claim (ii), we need to make some minor modifications on its proof. It is clear
that we still have B, 3(x) —p 0 under (A.1)-(A.6). For B, 4(x), by Markov inequality,
Lemma 2.7, condition (A.2), and stationarity of X;, we have for - <r <a <1

n—1 t
1
P (ﬁ ZKh(Xti —x) sup / o(Xs-)dZs| > 5)
i=0 ti

t;<t<t;11
1 n—1
< E Kp(Xy, — _)dZ,
B e

Lti<t<tiii
n— tit1 r/a
E KX, —2)0%(X._)d
WZ ( (X, — 2)0% >s)

C n—1
< — Y E[Kj(X,, — 2)0] A

IA

< O((nhAFa=n)1—r). (26

)
which tends to zero when nhAS1=7 — 0. So, under this extra condition, claim (ii)
holds when 0 < o < 1. However, we shall prove that claim (iii) is not true, i.e., g, 3(z)

t

is no longer converging to zero in probability as n — oo and consequently Bn( ) is no
consistent. Recall that

= 1 Xti — X
) = Z hl/aK h U(Xt—)l(ti,tiﬂ](t)'
=0

12




Let

o, = (tnaa(x) (@) /_ Z Ka(u)du)_i.

1 bn
n,3\ L = 1 nt,.l?dZ
e an_a/ balt, )07

() f& <f Ke(u)du)®
- (AR / Pt 2)d2

Then, we have

\ =

or equivalently

Gn3(). (27)

Note that
t t, n—1
" n 1 X, —x
q)?n / QSg(t,l')dt = (I)?n / EK(X( tzh )U (Xt )1(t tZJrl](t)dt
0 0 =0
n—1
1 X, — tit1
Y AP ( t x) / o (X,_)dt
" i=0 h h ti
n—1
«a 1 o Xti -z «a
= ¢tn ZX_; EK ( h ) g (th)A
ol 1 Xt' — T tit
vag e (R [0t - o))
=0 ti
= I+ J (28)

Similar to Lemma 2.4, it is easy to prove that

> ik (R o) o)) [ Ko (29)

S|
MH

=0

Therefore, we have

1 11 (X — 2\
- o (x)f(x) [7, K(u)du . E;EK ( n ) o (Xy,) —p L. (30)

Next we deal with the second term J. By Lipschitz condition (A.1) on o(-), (21) and

13



basic inequality ||u 4+ v|? — |v]?| < |u]? for u,v € R and ¢ € (0, 1], we have

n—1 t:
1 X, —x\ ['
gl = ey [T pre () [ o) o

=0 ti

—1 . (X, —z\ [t
< o 51{&( = )/ 10X, ) — 0%(X,,)| dt

i=0 t;

n—1 .

«a 1 a Xz -z s o

< @ YK < i )/t 0(X,) — o (X,,)|" dt

=0 i

n—1

1 X,
< Y —K° L*A X, —
< o3 e (FT) e I
LeealA Ae 11 X, —
< G Y (R el
o(x) f(z) [° K¥(u)du n —~h h
[ el 1 n-1 1 X, — t o
+ eoo - —KO‘( b w) sup / o(Xs_)dZ,
O'O‘(:L')f(l') f_oo Ka(u)du n i—0 h h t;<t<ti+1 |Jt;

= Ji+ 2 (31)

It is clear that J; —p 0 under given conditions since (similar to Lemma 2.4)

e (D) b0l = b)) [ Ko (3)

To prove that Jo —p 0, it is sufficient to show that

1 ( Xt — X )
— sup
h t<t<ti1

EIH

JIRE
n
i=0

[0}

MH

1<
— —p 0.
TL

t
/ o(Xs-)dZs
t;
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By using Markov inequality, Lemma 2.7, and condition (A.2), we have for ¢ < 1

n—1 a
1 1 X, —x
P _ _KOL (3
(n ZEO 3 ( A ) sup > 8)

/ (X, )dZ,

i

t;<t<tit1

1 n—1 X, — 1 t ol
—E|) K= su / o(X, )dZ,
~  (nhe)? ; ( h > tigtggﬂ t; (Xo-)
n—1 r t qo
1 Xt' — T
< E su K : o(X._)dZ,
N (nhg)q ; _(ti<t<lt)i+1 /tZ < h ) ( ) ) :|
O nl [ ti+1 Xt' — X 1
< E K¢ : (X )d
< Ty (e (B o) |
C ! I Xt. — T
S —— E K : AN
< T 8| ( h )"1 }
nCo{*A? [ y—x
= — K d
o [ e () st
= O((nhAT)!79), (33)
which goes to zero if we choose m < g < 1 so that ﬁ > a({_r). Thus, combining

(28), (30)-(33), we find that

tn
oy - / oo (t,x)dt —p 1. (34)
0

Hence, by Lemma 2.6, we have

v | " bults 2% = Sa(1, 5,0). (35)
0

If g,3(x) —p 0 as n — oo, then the right hand side of (27) converges to zero in proba-
bility as n — oo since (nAh)1"a — 0 when 0 < o < 1 and (nAh)'"a =1 when o = 1
under condition (A.6). This contradicts (35). Therefore, we conclude that g, 3(x) does
not converge to zero in probability. This completes the proof. O

3 Asymptotic Properties of the Nadaraya-Watson
Estimator

In this section, we study the asymptotic behavior of the N-W estimator for the drift

function. We impose some new conditions as follows:

(A.7). The drift function b(-) is twice continuously differentiable with bounded first and
second order derivatives.

15



(A.8). The density function f(z) of the stationary distribution p is continuously differ-
entiable (f'(x) is continuous).

Note that (A.7) is stronger than the Lipschitz condition on b(-) in (A.1), and (A.8) is
stronger than (A.4). We consider the rate of convergence of the N-W estimator when
I<a<2

Let

1

fla) =
A(ZL‘) - 1/«
o(z) ( e Ka(u)du) /

y(z) = [b’(x) é ((f)) + %bu(x)} /_ Z W2 K (u)du.

The main result of this section is stated in the following theorem.

and

Theorem 3.1 Let o € [1,2) and assume that (A.1)-(A.3) and (A.5)-(A.8) are satisfied.
We also assume that f(x) > 0.
(i) If (nAR) = wh% = o(1) and (nAR)'=a AYs = O(1) for some k> a, then

(RAR)'=a A(2)(bu(x) — b(x)) = Sa(1,5,0). (36)
(i) If (nAR) "5 h? = O(1) and (nAh)~« AY" = O(1) for some r > a, then

(RAR) ™ A(2) (ba () — b(x) — h2Ty(x)) = Sa(1, 3,0). (37)

Remark 3.2. (1) Since the set of conditions (A.1)-(A.3) and (A.5)-(A.8) in Theorem
3.1 is stronger than the set of conditions (A.1)-(A.6), all the results in section 2 are valid
under (A.1)-(A.3) and (A.5)-(A.8).

(2) Let us establish some sufficient conditions on admissible bandwidth ~ and time
frequency A. We first consider the conditions in part (i) of Theorem 3.1. When 1 <
a < 2, to ensure (nAh)"wh? = o(1), we may choose h = (nA log(nA))fﬁ or h =

_ (te)(a-1)

(nA)” 3=T for any ¢ > 0 which is compatible with (A.6) when 0 < ¢ < 2a/(ar — 1).
2k(a—1)
By some basic calculation, we find that if A = O ((log n)’n” 2~(a—1>+3a—1> with

5 — k(o — 1)
~ a2k(a — 1)+ 3a — 1]
or A =0O(n~7) with
2(a—1)  (a=1)%
i 3a—1 a(3a—1)
7= 2(a—1) (a—1)2¢’

1
3a—1 Tk a(3a—1)
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then the condition (nAh)'=a A% = O(1) is satisfied. By letting ¢ = 0 in the previous
arguments, we obtain the admissible h and A for part (ii) of Theorem 3.1.

(3) When a = 1, it is clear that h? = o(1) and AY* = o(1) under the condition (A.6).
Thus, we have

ﬁ(g;n(x) —b(z)) = Sa(1,5,0).

This also shows that b, (z) is not consistent when o = 1 (see Theorem 2.2).
Now we are in a position to prove Theorem 3.1.
Proof of Theorem 3.1-(i). Note that

(nAR)' =% A(z) (b () — b(z)) = AL

Vi

- Nlo) (38)
Since fn(a;) — f(z) in probability as n — oo, it is enough to study the asymptotic
behavior of V,,(x). By (15), we find

Va(z) = (nAR)' "« A(2)[gn(z) — b(w) fu(z)]

= Voi1(z) + Vaa(z) + Vis(2). (39)

We have the following claims:

Claim 1.
le(l')
= op(1) 4 0p(1) - O((nAR)" 5 h?) )

FA@ () f (@) + %b" (2)f(2)] / K (u)du - (nAR)HR2(1 4 o(1). (40)

Claim 2.
Via(z) = Op(1) - (RAR) "5 A + 0p(1) - (nAR) "= A", (41)

Claim 3.
Vn,?)(x) = f<x>5a(176, 0) (42)

Here the notation op(1) (or Op(1)) means a sequence of random variables converging to
zero (or a finite constant) in probability.
Proof of Claim 1. We can express V,,1(x) as

Vaa(o) = (B0 AG@) - 5 30X = b)) (X, — ).



By Taylor’s expansion, we have

HX,) — b(r) = B () (X, —2) + b (0 + 0K, — ) (X, — 2)?

where 0; is some random variable satisfying 6; € [0, 1]. Thus, it follows that

Vn,l(:c>
= AR EA@ (@) S (X, — (X, — )
+(nAh)1iA(q:)%b"(x)% (X, — )2 K (X, — 1)

= Vil @) + V(@) + i:? ()
We have the following three claims:
Claim 1-(1):
V.8 (@) = op(1) + A(x)b (2) f () /_ h WK (w)du - (nAR)"<h2(1 + o(1)). (43)
Claim 1-(i1):
V(@) = op(1) + %A(m)b”(x) f(z) /_ TR (W (nAR)ER(1 4 o(1)). (44)
Claim 1-(ii1):
V& (@) = 0p(1) - O((nAh) "= h?). (45)

Then, claim 1 follows immediately from claims 1-(i), 1-(ii) and 1-(iii).
Proof of Claim 1-(i). For i =1,2,--- ,n, set
Euil@) = (MAR)'"% (X, — ) Kn(Xiy, —2) = Bl(X,_, = 2)Kn(X,,_, — ).
By the stationarity of X;, we have
V) = A@H @) S 6t
i=1

Hhie )V () (AR E[(Xo — ) K3 (Xo — )

)

= Dpi1(z)+ Dy a(x). (46)
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We apply the inequality (1.26) in Theorem 1.3 of Bosq [6] to prove that D, 1(z) = op(1).
It suffices to show that £ 3" | &,;(x) = op(1). Note that

sup |&n.i(x)] < ]\40(71Ah)1_é a.s.

1<i<n

for some positive constant My < oco. Applying Theorem 1.3 of Bosq [6], we have for
each integer ¢ € [1, 5] and each € > 0

1
p<_
n

n—1

=0

1/2
AMy(nAR)
+22 (1 o2 ) qox ([plA).
where )
2 My(nAh)!'~ae
2 0
v (q) = FS(Q) 5
with p = 2% and
s(q) = max E[([jp] +1— 1p)&njp+1(x) + &nipl42(T)

0<j<2¢—1
oo e (@) + (G + Dp = [+ 1)p)éng+1p+1 ()]

By using Billingsley’s inequality (see Corollary 1.1 of Bosq [6])and stationarity of &, ;(z),
it is easy to find that .
s(g) = O(p(nAh)*~=)A™Y),

here we have used the fact that ng]:o ax(kA) = O(A™!) under the GSM condition on
X;. Then, we have

£2q en

80°(q)  O((nAR)*I=IA-Y) + Oep(nAh)—=)’

which goes to oo by choosing ¢ = [v'nA/v/h] and p = 3 = OV nh/vA). Tt is also easy
to see that (by GSM property of X; again)

i\ 12
” <1+4Mo(nAh) ) s (P1A) 0.

3

19



Therefore, we conclude that + > | &, :(z) = op(1). Now, we turn to D, »(z). Note that

E[(Xo — 2)Kn(Xo — )]
- [ (y;“’) F(w)dy

o

_ /_ WK (u) f (2 + uh)du - h

o0

o0

— () /_ " () du + b / CK () f (z+ Ouh)du

[e.9] —0o0
o0

= f (x)/_ w? K (u)du - h*(1 4+ o(1)).

[e.9]

Thus, we have

Dpo(x) = Az)b (2)f (z) /_OO w? K (u)du - (nAh)l’éhz(l +o(1)). (47)

oo

This completes the proof of claim 1-(i).

Proof of Claim 1-(ii). The proof ideas are the same as above. For i =0,--- ,n — 1, let
G (2) = (RAR)'™= (X, — 2) Kn(Xy, —2) = E[(X;, —2)* Ky (X, —)]) -
By the stationarity of X;, we have

VG = A@H @)Y Gu)
+%A(£If)bl (z)(nAR)' "2 E[(Xo — 2)2 Ky (Xo — )]
= Dps(x) + Dya(x). (48)
Note that )
sup |Cui(z)] < My(nAh)'"ah a.s.

1<i<n

for some positive constant M; < oco. Applying Theorem 1.3 of Bosq [6], we have for
each integer ¢ € [1, 5] and each € > 0

P(% 2 >e> < 4dexp (_8@%((2))

> nil)
L1 1/2
122 <1 | 44 (nAh) ah) qgax ([plA),

3

where




slg) = max E[([jp] +1 = 5p)Cainq1 () + Cupi2(2)

+ o Cagnp (@) + (G 4+ Dp = [+ 1)p)) a1 (@))%

By using Billingsley’s inequality (see Corollary 1.1 of Bosq [6])and stationarity of ¢, ;(z),
it is easy to find that )
5(q) = O(p(nAR)*1 =) AT R?).

Then, we have

2

™

e’n

q
2(q)  O((nAR)2O=DA-1R2) + O(ep(nAh) == h)’

8

N

which goes to oo by choosing ¢ = [v'nA/v/h] and p = 3 = OV nh/vA). Tt is also easy
to check that (by GSM property of X again)

LN 1/2
AM; (nAh) o
22 (1 | AM(n Eh) h) gax ([p|A) — 0.

Therefore, we have D,, 3(x) = op(1). Now, we consider D, 4(x). Basic calculation yields
that

BI(Xo — KXo — )] = f(&) [ aK(udu- 121 +o(1).
Hence, it follows that
Dya(x) = %A(x)bl(x)f(x) /_OO WK (u)du - (nRAR) = h2(1 + o(1)). (49)

Thus, the claim 1-(ii) holds.

Proof of Claim 1-(i). By the uniform continuity of b"(-) and the bounded support of
the kernel function K(-) (assuming that K(x) = 0 if |x| > M for some finite positive
number M), we have

n—1

1 " " 1]_
V@ < GA@) sup [ (0) =6 )lnAR) 8 Y (X — 2 Ki(X, — @)
lz—y|<Mh L
n—1
151
= o(1) - (nAR)'"wh* Z{)m(xn — 1)
= op(1)- (nAR)" =R, (50)

since %Z?:_ol Ky (X:, —x) — f(x) in probability. Hence, claim 1-(iii) holds.
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Proof of Claim 2. By (22), we have

Voo(z) = (nAR)"3A(2)gn2(2)

< (nAR)'“=A(z) | LA ZKh ) |b(Xy)|
R Rt ‘
+ LeAAx : ZKh(Xti —x) sup / o(Xs_)dZ,
nAx i—0 L <t<tiy1 |Jt;

Similar to claim (i) in the proof of Theorem 2.1, under given conditions, we have

n—1

S™ Ka(X, — 2)b(X,)| —p [b(@)]f ().

1=0

1
n
As in the proof of Claim (ii) of Theorem 2.1 via Lemma 2.7, we can show that
1 n—1 t
P . K, (X; —x) su o(Xs_)dZ,
(TLAH ; h( § )tiStSIt)i+1 \/tz ( )

Thus, it follows that claim 2 holds.

> g> < O(A="%),

Proof of Claim 3. Recall that

ZW (F270) X )

B, — (tnaa(x) (@) / h Ka(u)du)_a.
Then, we have

Vos(z) = (nAR)"5A(2)gn3(2)

= (”Ah)lff (JU)nLA iKh(Xti —x) /t - o(X,_)dZ,

i

and

_ f(g;).@tn/onqan(t,x)dzt.

By (35), it follows that
Vn,?)(x) = f(x>Sa(]-7ﬁ7 0)7
i.e., claim 3 holds.
Finally, by (39) and the claims 1-3, we obtain

Va() = f()Sa(1, 5,0) (51)
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under the given conditions. By using (38), (51), Slutsky’s theorem and Lemma 2.4, we
conclude that

<

An ('T
()

This completes the proof of part (i) of Theorem 3.1.

A(@)(nAR)' =% (by(2) — b(z)) =

= S.(1,3,0).

Proof of Theorem 3.1-(ii). If (nAh)'~ah% = O(1), by (40), we have
V,i(z) = (nAR)" s h2A(z)Ty(z) f () + op(1).
By (41) and (42), we know that V,,»(x) = op(1) and V,,5(z) = f(2)5.(1,5,0) under

1-L AL

the condition (nAh)'~a A% = O(1). Then, we use (39) to obtain
V(@) = (nAR) "2 P A@)To(@) f(x) = f(2)Sa(1, 5,0).
By Slutsky’s theorem and the fact that f(z)/f,(x) — 1 in probability, we find
(nAR)' =2 A (@) (bu(w) = blr) = K*To())

_ Va(z) - (nAh)l_éhQA(x)Fb(x)

ful)

_ Val@) = AN RA@TDIE) | e e @ @) ( fl@) 1)
fn(z) n()
= S,(1,05,0).
This completes the proof. Il

4 A Simulation Study

In this section, we conduct a simulation study to confirm the finite sample properties of
the asymptotic results developed in sections 2 and 3. Let T" be the length of observation
time interval, n be the sample size, and A = T'/n be the observation time frequency.
For simplicity, let the dispersion function o(-) be constant. The stable index « consid-
ered is 1.5 and the skewness parameter (3 is zero (symmetric case). We simulate and
approximate X; by using the Euler scheme (see e.g., Jacod [23], Jacod et al. [24]):

where t; = iA and AZy, = Z,,,, — Z;,,1=0,1,--- ,n— 1. We consider various length of
observation time interval 7" and sample size n. The length of observation interval of the
process considered is 10, 50, 100, while the sample size n considered is 1000, 5000, 10000,
respectively. The drift function considered in the simulation is one of the following:

(i). bi(z) = —cx +dv1+ 2?

141
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(ii). bo(z) = —cx + dsin(2mx),

for various ¢ and d. Two different values of ¢ and d are tested. Two possible values of
o considered are 0.05 and 0.1. We consider six cases of parameter settings:

e Case 1: c=1,d=0,0 =0.05 and b(x) = by (z);
bi();
e Case 3: c=3,d=0.5,0 =0.05 and b(z) = by(x).

e Case 2: c=1,d=0.5,0 = 0.05 and b(x)
e Case 4: c=1,d=0,0 =0.1 and b(x) = by(x);

= bi(x);
e Case 6: c=3,d=0.5,0 =0.1 and b(z) = by(x).

e Case 5: c=1,d=0.5,0 = 0.1 and b(z)

The purpose of the six cases are two folds. For cases 1-3, we are testing the sensitivity
of the N-W drift function estimator away from linearity. By changing the value of o
from 0.05 to 0.1 in cases 1, 2 and 3, we obtain cases 4, 5 and 6, respectively. The purpose
of these changes is to test the sensitivity of the N-W estimators with respect to different
sizes of the scale parameter ¢ in the Lévy driven error term.

We adapt the direct method from Janicki and Weron [25] (1994, pp. 48) to generate
the a-stable process. That is: we first generate a random sample V;, uniformly distrib-
uted on (—7/2,7/2) and an exponential random sample W;, with mean 1. Then we
compute the symmetric a-stable random sample

(a=1)
_ sin(aVy) 5 cos(Vs, —aVi,) ) =
7 {eos(Vi,) }/e W,

(3

Last, we generate the Lévy sample path by putting AZ, = AYS, . The initial value
of the process X; is set to be one.

Figure 1 shows the ten simulated sample paths of the process X;. Notice that the
jump error term could affect the process a lot at some typical time points. Figure 2
shows the kernel density estimate of a realization of X; overlay with the histogram.

In computing the N-W estimate, the normal kernel is used and the bandwidth is
selected according to the sample size n. In the simulation, we use h = n='/®. Figure
3 represents the estimated l;() from a random sample with n = 1000 and h = n~'/°
and other information given in the figure. It shows that the N-W estimator performs
reasonably well.

The estimator b(z) is assessed via the square-Root of Average Square Errors (RASE)

n

. ) ) 1/2
Ez{bm—bm)}] ,

RASE =

where {z;}] are chosen uniformly to cover the range of sample path of X;. Table 1
below reports the results on RASE of the N-W estimator of the drift function b(-) based
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Figure 1: The ten sample paths of the process X,
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Figure 2: The estimated density function of the process X;.
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Figure 3: The N-W estimate of b(.) for ¢ = 0.05,¢ = 3,d = 0.5 and b(z) = —cz +
dsin(2mx) for T = 100, n = 1000.

27



on 1000 replicates. In each cell, the first, second and third numbers represent the mean,
standard deviation and median of RASFE for three sample sizes n = 1000, n = 5000 and
n = 10000, respectively.

Table 1: Simulation results on RASE for three lengths of time interval and three
sample sizes for six parameter settings. mean=sample mean, median=sample median,
sd=sample standard deviation over the 1000 replicates.

RASE | mean \ sd \median mean \ sd \median mean \ sd \median
T n=1000 n=>5000 n=10000
Case=1

10 | 0.0781 | 0.1234 | 0.0409 | 0.0901 | 0.1141 | 0.0558 | 0.1013 | 0.1170 | 0.0646
50 | 0.0460 | 0.0556 | 0.0306 | 0.0570 | 0.0720 | 0.0368 | 0.0656 | 0.0820 | 0.0425
100 | 0.0352 | 0.0516 | 0.0250 | 0.0434 | 0.0458 | 0.0302 | 0.0487 | 0.0686 | 0.0339

Case=2

10 | 0.0407 | 0.0682 | 0.0283 | 0.0464 | 0.1417 | 0.0264 | 0.0423 | 0.0627 | 0.0267
50 | 0.0304 | 0.0537 | 0.0215 | 0.0388 | 0.1754 | 0.0184 | 0.0346 | 0.0763 | 0.0191
100 | 0.0287 | 0.0415 | 0.0197 | 0.0318 | 0.0839 | 0.0183 | 0.0424 | 0.1316 | 0.0195

Case=3

10 | 0.1637 | 0.5541 | 0.1341 | 0.1055 | 0.2617 | 0.0684 | 0.0983 | 0.2344 | 0.0614
50 | 0.1083 | 0.0840 | 0.0995 | 0.0926 | 0.3041 | 0.0535 | 0.0875 | 0.2103 | 0.0492
100 | 0.0940 | 0.1016 | 0.0782 | 0.0672 | 0.1029 | 0.0464 | 0.0684 | 0.1655 | 0.0397

Case=4

10 | 0.1279 | 0.5408 | 0.0631 | 0.1254 | 0.3521 | 0.0611 | 0.1457 | 0.4305 | 0.0662
50 | 0.0865 | 0.2032 | 0.0472 | 0.0895 | 0.1659 | 0.0493 | 0.1140 | 0.3014 | 0.0509
100 | 0.0691 | 0.1190 | 0.0401 | 0.0912 | 0.1770 | 0.0536 | 0.1103 | 0.3473 | 0.0546

Case=5

10 | 0.0789 | 0.2310 | 0.0441 | 0.0837 | 0.1919 | 0.0474 | 0.0853 | 0.1629 | 0.0495
50 | 0.0630 | 0.1299 | 0.0371 | 0.0782 | 0.1652 | 0.0395 | 0.0927 | 0.2317 | 0.0411
100 | 0.0576 | 0.0920 | 0.0366 | 0.0803 | 0.2088 | 0.0428 | 0.0864 | 0.2096 | 0.0437

Case=6

10 | 0.1686 | 0.3104 | 0.1202 | 0.1514 | 0.3264 | 0.0929 | 0.2029 | 1.2164 | 0.0896
50 | 0.1113 | 0.1590 | 0.0771 | 0.1262 | 0.2626 | 0.0710 | 0.1615 | 0.5427 | 0.0744
100 | 0.0869 | 0.1216 | 0.0601 | 0.1128 | 0.2156 | 0.0659 | 0.1181 | 0.2026 | 0.0663

Notice that as the time interval expands longer, the estimation is better as expected
for whatever sample size even though the time frequency becomes larger. This means
that T" tending to oo is more important than A tending to 0 in the asymptotic behavior
of the N-W estimator. The estimates are not so sensitive to the linearity assumption
on the drift function. As the o increases, the summary statistics of RASE confirm the
results in Theorem 3.1. Namely, the increase of o slows down the convergence of the
N-W estimator.

As both T and n get larger, the summary statistics of RASE are getting better seen
through the diagonal numerals in Table 1. The bias is getting smaller, the standard
deviation is getting smaller most of the time. So, in general, when T'h becomes larger,
the N-W estimator becomes better with smaller RASE.
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One notices that for a fixed length of observation interval T', as the sample size gets
larger, the N-W estimator does not behave better, which is consistent with the asymp-
totic theory of the N-W estimators for stochastic processes driven by Lévy motions. This
confirms that the drift function can not be identified in a fixed time interval, no matter
how frequently the observations are sampled. This phenomenon is also consistent with
the sample paths shown in Figure 1. That is, the more often observed diffusion process,
it is more affected by the Lévy driven error term which may produce many huge jumps.
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