Econometric Theory, 37, 2021, 1267-1289.
doi:10.1017/S0266466620000493

LEAST SQUARES ESTIMATION FOR
NONLINEAR REGRESSION MODELS
WITH HETEROSCEDASTICITY"

Qiving WaNG
The University of Sydney

This paper develops an asymptotic theory of nonlinear least squares estimation
by establishing a new framework that can be easily applied to various nonlinear
regression models with heteroscedasticity. As an illustration, we explore an appli-
cation of the framework to nonlinear regression models with nonstationarity and
heteroscedasticity. In addition to these main results, this paper provides a maximum
inequality for a class of martingales, which is of interest in its own right.

1. INTRODUCTION

Let {F};>0 be an increasing sequence of o-fields on some probability space
(2, F, P) with Fy = o (¢, 2) and let ® be a compact set of R?. Consider a general
nonlinear regression model with the following form:

i =g0)+u, (1.1)

where {u;, F;};>; forms a martingale difference such that otz =F (u,zl]-",_]) <
00,a.s., and g,(0) is a F;_;-measurable random function of § € ®. The unknown
parameters 6 in model (1.1) can be estimated using the least squares (LS) method.
Explicitly, the LS estimator 6, of areal value 6, that is an interior of © is defined by

= argmin Z —g (9) 1.2)

The consistency of 0, is widely investigated in the literature. Earlier contri-
butions include Jennrich (1969), Wu (1981), Lai (1994), and Skouras (2000).
More recently, Jacob (2010) generalized previous works using a nearly necessary
condition. Chan and Wang (2015) established a general framework that is useful in
nonlinear cointegrating regression models. We also refer to Section 2.1 for further
details.
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This study is concerned with the asymptotic distribution of é; In this regard,
most previous frameworks were established under sup,., 02 < C < oo and/or
strong smooth conditions on the first- and second-order derivatives of g,(9). For
instance, see Wooldridge (1994), Andrews and Sun (2004), Pollard and Radchenko
(2006), Jacob (2010), and Chan and Wang (2015). In econometrics and statistics,
af is commonly referred to as a volatility process. While such a process can
be random, the uniform boundedness condition sup,. ;0 < C < oo is clearly
restrictive since it excludes ARCH, GARCH, and many other commonly used
models. As a consequence, the applicability of these previous frameworks is
limited in financial econometrics due to the fact that many macro-economic
variables exhibit evidence of conditional heteroscedasticity. For instance, see
Goncalves and Kilian (2004) and Boswijk et al. (2016).

The first part of this study provides an alternative framework of the asymptotic
distribution of §,. Our new result has some advantages compared to previous
works. First, our framework does not assume sup,>1<7,2 < C < 0o. As argued
above, removing the uniform boundedness condition enables our result to be
widely applicable in nonlinear regression models with heteroscedasticity. Second,
unlike most previous frameworks, the key condition (see Assumption 2.2(i) in
Section 2) in the present study is directly related to the Lipschitz difference of
the first-order derivative of g,(f) rather than the maximum over parameter space
®. This simplicity makes our conditions easy to verify, particularly in nonlinear
regression models with nonstationarity and heteroscedasticity as seen in Section
3. Furthermore, in the development of our framework, we establish a maximum
inequality for a class of martingales. As a technical tool, this maximum inequality
is very sharp, taking advantage of the exponential inequality for self-normalized
martingales investigated in Bercu and Touati (2008). This maximum inequality has
many different applications and is interesting in itself.

The second part of this study considers the asymptotics of least squares esti-
mators in nonlinear regression models with nonstationarity and heteroscedasticity,
illustrating the applicability of our main results. Nonlinear regression with inte-
grated time series was initially investigated in Park and Phillips (2001). Since then,
many authors have contributed to parametric, nonparametric, and semi-parametric
estimation and inference theory in this field. We only refer to Chang, Park, and
Phillips (2001), Chang and Park (2003), Bae and De Jong (2007), Wang and
Phillips (2009a,b, 2016), Kim and Kim (2012), Gao and Phillips (2013), Chan
and Wang (2015), Dong, Gao, and Tjétheim (2016), Dong and Linton (2018), and
Wang et al. (2020) together with the references cited therein. Although there have
been significant developments in the last few decades, these existing studies do
not consider the impact of conditional heteroscedasticity on the estimation and
inference theory. Using the aforementioned framework, the present study fills the
gap. In this work, the volatility process 0[2 is set to be 0,2 =ao(t/n; Ay ri1,...),
where A, k € Z, is a sequence of i.i.d. random vectors that are possibly unbounded
and o (.;...) is ameasurable function satisfying certain regular conditions (we avoid
SUp;>. 02 < C < 00). These kinds of settings allow for time-varying behaviors in
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volatility processes and include a wide class of commonly used nonlinear models
such as time-varying and nonlinear GARCH, as described in Examples 3.1-3.3
in Section 3. To the best of our knowledge, this work seems to be the first to
investigate the impact of conditional heteroscedasticity in nonlinear cointegrating
regression. For similar works on linear cointegration and unit root testing, we
refer to Cavaliere and Taylor (2007, 2009, 2010), Boswijk et al. (2016) and the
references cited therein.

This paper is organized as follows. Section 2 presents the main framework. We
also present a couple of important step results that are required in the proof of
the main framework, including the consistency of 6, and a maximum inequality
for a class of martingale. Section 3 considers nonlinear regression models with
nonstationarity and heteroscedasticity, extending the existing results established
by Park and Phillips (2001) and Chan and Wang (2015). Concluding remarks are
provided in Section 4. Technical proofs of the main results in Section 2 are given
in Section 5. Additional proofs for the results in Section 3 are provided in the
accompanying online supplement.

In this study, we use the following notation: for x = (x;)1<i<m, 1<j<k, [|X]| =
v Z]]le |x;;|. We denote constants by C, Cy, ..., which may be different at each
appearance.

2. MAIN RESULTS

This section investigates the asymptotics of the 6, defined by (1.2). We next
present assumptions on u, and g,(8), together with the main result on asymptotic
distribution and some discussion. Section 2.1 considers the consistency of O,
Finally, in Section 2.2, we provide a maximum inequality for a class of martingales,
which is an important technical result that is required in the proof of our main
result. This maximum inequality is of interest in its own right.

Let g,(0) = (a%ém’ a§+o(:))/ be the first-order derivative of g;(9).

Assumption 2.1. {u,, F;},>| forms a martingale difference with E(u,2 | Fio1) <
00, almost surely for each t > 1.

Assumption 2.2. A matrix D, = diag(d,y, ...,dy,) satisfying n? min <j<, dj, —
oo for some § > 0 exists such that
() 1D, [0 — &0 ]1] < 1161 — 62]|* Ty for some 0 < o < 1 and for any
01,6, € ©, where T, is adapted to F;_ for each n > 1, satisfying

S TE[1+EW@|Fio)] = 0p(1):; @.1)
=1

(i) Y, =D Y1 :1(60)8:(00) D' —p M, where M > 0, almost surely, that
is, the smallest eigenvalue of M is almost surely positive;
(iii) Z,(60) = Op(1), where Z,(0) = (D)) Y__, &/(0) us.

Assumption 2.3. é; — p By, where ’9\” is defined by (1.2).
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Assumption 2.1 is commonly used in nonlinear regression models, but we do
not require the restrictive condition sup, £ (u,2 | Fi—1) < C < o0, that is, the uniform
boundedness of the conditional variance. Instead, we make use of a summability
condition of the form (2.1). Since the impact of conditional variance E (u,2 | Fi1)
cannot be eliminated in model (1.1), condition (2.1) is quite natural under the
Lipschitz condition for g,(f) in Assumption 2.2 (i). Indeed, if g,(f) is linear
with respect to 8, (2.1) holds automatically by taking 7, = O for all r > 1. If
g:(0) (g,(9)) is stationary, M in Assumption 2.2(ii) is usually a constant and
D, = diag(\/n, ..., o/n) in general. Hence, we may take T, = ﬁ SUPgce |2:(9)],
indicating (2.1) is nearly necessary. Condition (2.1) is more involved if g,(6)
(£:(0)) is nonstationary or an /(1) random process. In this situation, M in Assump-
tion 2.2(ii) can be a positive-definite random matrix and D, usually depends on the
shape of g,(0). Further discussions on this topic are presented in Section 3 using
nonlinear cointegrating regression models with heteroscedasticity. In summary,
Assumption 2.2 is applicable to a wide class of nonlinear regression models. We
discuss Assumption 2.3 separately in Section 2.1.

The main result is as follows:

THEOREM 2.1. Under Assumptions 2.1-2.3, we obtain

D, (0, —60) = Y, Z,(8p) + 0p(1). (2:2)
If in addition
(an Zil(eo)) —D (M7 Z)a (2.3)

where M > 0, almost su[ely, that is, the smallest eigenvalue of the M is almost
surely positive, then D, (6, —6y) - p M~ 'Z.

Remark 2.1. Given that g;(6) = Ey(y;|F;—1) under Assumption 2.1, the esti-
mation considered herein is essentially the same as the conditional least squares
estimation investigated in Wooldridge (1994), Andrews and Sun (2004), Jacob
(2010), Chan and Wang (2015), and Wang and Phillips (2016). The conditions
in these existing frameworks are usually imposed on the maximum over the
parametric space ® for quantities that are related to the first- and second-order
derivatives of g,(f). Using Assumption 2.3, the key step in our proof is only
involved in the verifications of the following:

sup||Z,/(0) —Z, (60l = Op(log"*n), (2.4)
€O

sup 1124 (0) = Z,(00)|] = op(1), (2.5)
[1Dn(6—6p)||<logn
which are in turn implied by Assumptions 2.1 and 2.2(i) as seen in Corollary
2.1. Since our primitive condition (2.1) is quite natural, in comparison with these
existing results, Theorem 2.1 provides a framework that is simple and easily
verified.
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Remark 2.2. Theorem 2.1 is applicable to more general models:
)’nt=gnt(9)+um, = 1725"'71/[; n= 17

where, for each n > 1, {u,, F}1<i<n forms a martingale difference array such
that £ (uﬁtl}"n,,_l) < 00, almost surely, and g,,(0) is a F, ,_;-measurable random
function of 6 € ®. The detailed statement is avoided since it only involves some
routine notation changes in Assumptions 2.1-2.3. This remark will be used later
without further explanation.

Remark 2.3. We use the Lipschitz condition rather than the so-called entropy
condition in Assumption 2.1(i) due to the complexity of our model. The entropy
method has been widely used in nonlinear regression models with stationary time
series. The chaining argument with stratifications now is standard and seems to
be inevitable in investigating stochastic equicontinuity and uniform central limit
theory for martingales with stationary conditional variances (i.e., the conditional
variance converges to a constant or a deterministic variable). For instance, see
Andrews (1994) and Nishiyama (2000a,b, 2007). The Z,,(8) defined in Assumption
2.2(iii) is a martingale, but it allows for a more general structure than that used
in existing literature when the g;(6) includes an (1) random process as a part
of its components. As shown in Wang (2014), for this class of martingales, the
conditional variance may converge in distribution to a random variable rather
than a constant and the limit distribution is a mixture of normal distributions or
a stochastic integral instead of a standard normal. In terms of the complexity in
structure for this new class of martingales, it is currently not clear whether the
chaining arguments with stratifications can be utilized to establish (2.4) and (2.5).
As a consequence, it seems to be difficult to use the so-called entropy condition at
the moment and we therefore leave it for future work.

2.1. Consistency of én

The consistency of 6, is imposed as a preliminary condition for the asymptotic
distribution of 6, in Theorem 2.1, which is usually easy to handle under other
conditions. For the earlier contributions in this regard, we refer to Jennrich (1969),
Wu (1981), Lai (1994), and Skouras (2000). More recently, Prop. 3.1 in Jacob

(2010) established a general result without assuming sup,0? < C < 0o, where

o} =EW? | Fi—1). Let d;(0) = g;j(0) — gj(6p) and Dy g = Z]]le 41.2(9). One of the
conditions used in Jacob (2010) is the following infinite sum of Dy g: for any

§ >0,
o0
sup Zakzd,%(@)D,jé <00, a.s. (2.6)
116—6011=8 % — ’

Although the consistency result given in Jacob (2010) is elegant, the infinite
sum of Dy g such as (2.6) is usually difficult to verify, particularly in nonlinear
cointegrating regression models considered in Section 3. For the purpose of this
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study, the consistency of 6, is established under different settings. Our result is
similar to Thm. 2.1 in Chan and Wang (2015), but does not assume sup,E(ut2 |
Fi1) < C < o0.

THEOREM 2.2. In addition to Assumption 2.1, a sequence of constants 0 <
k, — 00 exists such that

(@) 18:(61) — &(02)| < 161 — 02||* T}, for some 0 < a <1 and for all 6,,6, € O,
where T; is adapted to F,_1, satisfying

Y TPE@; | Fimy) = Op(k, /log n):; @.7)

t=1

(b) k;'infjg—gy)1=5 Dn,o is away from O with probability one for each § > 0 so that
{0:110 —6l| =8} C ®, as n — oo.

Then |16, — 6o|| = op(1).

Condition (2.7) is similar to (2.1), but only depends on g,(0) rather than the
first-order derivative of g,(8). Given that ® is a compact set, we may provide a
simple sufficient condition for part (b) using the finite cover theorem. This fact is
stated in the following proposition for convenience.

PROPOSITION 2.1. Part (b) of Theorem 2.2 holds if

(i) the finite-dimensional distributions of kl,, > [e0) - g,(@o)]2 converge to
those of G(A), where G(f) is a stochastic process of 6 € ® satisfying
P(inf}j9_g,)=sG(8) > 0) = 1 for each § > 0 so that {6 : ||0 — 6| = 5} C O;

(i) |g,(61) — g/(82)| < h(]|61 — 62| T, for all 6,,6, € ®, where T, is a sequence
of random variables satisfying é Z:’Zl T,2 = Op(1) and h(x) is a continuous
function satisfying lim, o h(x) = O.

2.2. Maximum Inequality for a Class of Martingales

In this section, we establish a new maximum inequality for a class of martingales
and hence provide a powerful technical tool to verify (2.4) and (2.5). The result
is of interest in its own right, and can be used for different purposes as seen in
Remark 2.4. We use the following assumption and the notation is slightly more
general than those used in previous sections.

Assumption 2.4. For eachn > 1,

1) {wns, Fur}i=1 forms a martingale difference with E(uil | Fui—1) <oo,t>1;
(1) yur = {x,,l o®),... ,xnd(t)} is adapted to F, ,—\, where d > 1 is an integer;
(iii) W is a set of real measurable functions f(.) on R? with #¥ > 1, where #A
denotes the number of elements in a set A.
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THEOREM 2.3. Suppose Assumption 2.4 holds. If a sequence of positive
constants y, — 00 exists such that

sup > 2 vud) [ty + EGuly | Frim)] = Op (). (2.8)

fevio

then

= Op{[yalog* #¥)] "}, 29)

sup ‘ >t f )
few —1

where log™ (#¥) = max{1, log(#¥)}.

Theorem 2.3 is a significant extension of Thm. 3.19 in Wang (2015) (see also,
Chan and Wang, 2014) and is a very sharp result owing to the following facts:

° [yn log* (#\Il)] "2 is the same rate as in the i.i.d./stationary cases.

e Without assuming the uniform boundedness of E(u,%, | Fni—1) < 00 in t,

condition (2.8) is natural (may be necessary) because it only depends on
the squared variation Y _, f*(y,) u2, and the quadratic variation (conditional
variance) Y 1, f2(yur) E(u2, | Fy.1—1) Of the martingale array > 1 thyrf (Vnr)-

e there are no restrictions on f(.) and y, except measurability on R¢ and y, — oc.

The proof of Theorem 2.3 takes the advantage of an exponential inequality for
self-normalized martingales developed in Bercu and Touati (2008). The following
corollary is a direct consequence of Theorem 2.3, and verifies (2.4) and (2.5) under
the conditions of Theorem 2.1.

COROLLARY 2.1. If Assumptions 2.1 and 2.2(i) hold, we have (2.4) and (2.5).

Remark 2.4. For a real measurable function g(x) on R?, a common function of
interests S, (x) of {tns, Yur}1>1.n>1 1 defined by the following:

$p(¥) =Y un gl +x/hl, xeR,

t=1

where h = h, — 0. For instance, in nonparametric estimation problems, g may
be a kernel function K or a squared kernel function K> and the sequence h
is the bandwidth used in nonparametric regression. Using Theorem 2.3, the
uniform convergence of S,(x) can be established under quite general conditions,
particularly allowing for both stationary and nonstationary random arrays y,,. As
a consequence, our approach provides a powerful technical tool to investigate the
uniform convergence for nonparametric estimators with nonstationary data, as in
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Chan and Wang (2014), Gao et al. (2015), and Duffy (2016, 2017). Since this is
beyond the scope of this study, we will report the results in a separate work.

3. NONLINEAR REGRESSION MODELS WITH NONSTATIONARITY
AND HETEROSCEDASTICITY

This section considers nonlinear regression models having the following form:
Y =f(x,0) +uy, 3.1

where f(x,...) is a given real function indexed by 6 = (6i,...,6,), a vector of
unknown parameters, x,; is an integrated regressor, and (i, F;);>; iS a sequence
of martingale differences such that x; is adapted to F;_;. Let ® be a compact set
of R? and assume the unknown parameters 6 € ®. As in model (1.1), the least
squares estimator 6, of 0 is defined by (1.2) with g,(0) =f(x;,6). The asymptotics
of 6, were initially investigated in Park and Phillips (2001) and then later by
Chang et al. (2001), De Jong and Hu (2011), and Chan and Wang (2015). In these
existing studies, the uniform boundedness of E (ut2 | Fi—1) in t was usually assumed,
excluding a wide class of commonly used volatility models such as GARCH, time-
varying GARCH, and nonlinear GARCH.

Since (3.1) is a specified form of model (1.1) with g;(0) = f(x;,6), Theorem
2.1 can be utilized to establish asymptotic distribution of 6, without assuming
sup, Eu?|F;—1) < C < oo. Consequently, we may consider nonlinear regression
models with nonstationarity and heteroscedasticity, which seems to be new to the
literature.

This section is organized as follows. Section 3.1 presents assumptions on x; and
u;, together with some discussion. In this subsection, we use three examples to
illustrate the wide applicability of our settings on #,. In the following subsections,
we establish asymptotic distributions of 6. Considering that there are essential
differences between integrable and nonintegrable regression functions, we present
the asymptotics in Sections 3.2 and 3.3 separately.

3.1. Assumptions and Examples

Throughout the section, let A; = (¢;_1,1,),i € Z, be a sequence of i.i.d. random
vectors with Erg = 0, E€Z = En} = 1, and p = Eeon, and {A}};cz be an
independent copy of {A;};cz. We make use of the following assumptions on x; and
u, in the asymptotic development.

Assumption 3.1. x; = yx,_; + &, where vy = 1 —1t/n,t > 0 and & =
Z;io @in:—j. The coefficients ¢;,j > 0 satisfy one of the following conditions:

LM. ¢; ~j7"I(j),1/2 < u < 1 and (k) is a function slowly varying at co.
SM. 3% 1jl <ocoand ¢ =3 7% ¢ #0.
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Assumption 3.2. u, = o€, with 0,2 =o(t/n; Ay, M—1,...), Wwhere o (.;...) is amea-
surable function satisfying SUPg< <1 Ec?(u; Ao, A1, ...) < 00, fol Eo (u; Ao, A1, ...)du <
00, and

2
Sup E|U(M; )\'1715 )\'m—l ’ -") - G(u; )"mv A'm—]a ceey A‘la )"37 )"Ta "')‘

0<u<l

< Cm™*“, 3.2)

4/2u—1), under LM,

for any m = 1 and some a > { 4, under SM.

Assumption 3.1 allows for short memory (under SM) and long memory (under
LM) innovations driving the nearly integrated regressor x;, which is quite general
in practice. Define

. 2 der LM
2 2 | cun (n), under LM,
d, =FEl ;Sk | { *n, under SM, 3.3)

where ¢, is a constant. Standard functional limit theory (see Buchmann and Chan,
2007 or Thm. 2.21 in Wang, 2015 with a minor modification) shows that
1 [nt] 1 Lnt] 1 Lnt] 1
= €, ——= [EE— —i» 7 X[n
(a2 2™ a g,
= (U, B, B_;, X,), (3.4
on Dp4[0,00), where (Uy, By)r>0 is a bivariate Brownian motion with covariance
matrix: Q = (; /1) , {B_}1>0is an independent copy of {B;},>0, and X; is defined
by
t

X, =W+t / e T IW(s)ds

0
B3/, (f), under LM,

B12(0), under SM,
motion that has the following form: with a; = max{a,0},

with W, = { where By(t) is a fractional Brownian

By(1) -7 = (=9~ aB,.

‘l t
TTHT1/2) /m

It should be noted that X; is a fractional Ornstein—Uhlenbeck process having a
continuous local time Lx(¢,s) defined by

1 t
Lx(t,s) = ?H(I)Z/ I(|X, —s| < €)dr.
- 0

These notations will be used later without further explanations.

Under the settings of Assumption 3.2, we have that (uy, F)i>1, where Fy is a
o -field generated by Ag1, Ak, ..., forms a martingale difference with £ (ui | Frz1) =
akz = o (k/n; A, Ag—1,...). The error process u, having a martingale difference

https://doi.org/10.1017/50266466620000493 Published online by Cambridge University Press


https://doi.org/10.1017/S0266466620000493

1276 QIYING WANG

structure has been widely used in previous studies such as Park and Phillips (2001),
Chang et al. (2001), De Jong and Hu (2011), and Chan and Wang (2015). Unlike
these existing studies, in Assumption 3.2, we do not assume sup, E(u?|F,_1) <
C < oo since A, are possibly unbounded random vectors. This removal of the
uniform boundedness of E(u?|F,_;) ensures Assumption 3.2 is applicable for a
wide class of models of heteroscedasticity, including the time-varying behaviors
in volatility processes. To illustrate, we start with the following proposition,
which is a corollary of Thm. 5.1 in Shao and Wu (2007). Let Gy be recursively
defined by

Gi = R(G—1, -, Grpi1; M) 3.5)

where p > 1 and R is a measurable function. Recall that A; = (¢;_1,7;),i € Z are
i.i.d. random vectors and {A}};cz is an independent copy of {A;}cz.

PROPOSITION 3.1. Suppose that EG% < oo and functions H; exist such that

)4
IR(y; ko) = RO: ho) < Y H;(ho) g — | (36)
j=1

holds for all y = (xy,....x,) and ¥’ = (x],...x,) and Y0_, [EH;(30)*]"* < 1. Then
a measurable function G(...) and a constant 0 < y < 1 exist such that G, =
G\, Ai—1,...) and, for all t > 1,

E|IG(hs ity ) = G iy A3 A5 AT, )P < CYY (3.7)

Due to Proposition 3.1, the following examples satisfy Assumption 3.2, indi-
cating that the class of models of heteroscedasticity within the framework of
Assumption 3.2 is quite large.

Example 3.1 (Time-varying GARCH (p, 1) model) Let G, be defined by

p
G, =ap+a; Gt_létz_l + ZﬁjG,_]’
=1

andu, = a(t/ n)G,l/ 26,, where a(u) is a positive locally Riemann integrable function
(i.e., a(u) is Riemann integrable at any finite interval). Assume that op > 0,y >
0,8; > 0, and [E(ozleg +/31)2]1/2 + le B; <1, and Ee(‘)1 < 00. We claim that u;
satisfies Assumption 3.2.

Indeed, it follows from Proposition 3.1 [A; is replaced by €;,—; in (3.5)]
with H,(8) = a6 + B; and H;(0) = Bj,j = 2,...,p, that a measurable function
G(...) exists such that G; = G(&—1,€,-2,...), EG% < 00, and (3.7) is satisfied.
As a consequence, a measurable function o(.;...) so that otz = a2(t/n)Gt =
a2(t/n)G(e,_1,e,_2,...) = o(t/n;€_1,€_2,...) satisfies (3.2) exists, that is, u, =
a(t/n)G,l/ze, = o, €, satisfies Assumption 3.2.
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This example allows for time-varying volatility processes. If a(u) = 1, then u, =
G!"?¢, is a standard GARCH (p, 1) model since G, = oo + a1 u? |+ Z;’: ,BiGi—jin
this case. '

Example 3.2 (Amplitude-dependent exponential autoregressive [EXPAR]
model) Let u; = G,¢;, where G; is defined by

G, =[a+Bexp(—aG;_)]|G,—1 +€ ;.

Ifa>0,0a>0,8>0,anda+ 8 < 1, and Ee(‘)‘ < 00, it follows from Proposition
3.1 with H;(0) = o + B that u, satisfies Assumption 3.2. Jones (1976) originally
considered the EXPAR model. Similar to Example 3.1, if a(u) is a positive locally
Riemann integrable function, u, = a(t/n)G;e, still satisfies Assumption 3.2.

Example 3.3 (Nonlinear GARCH model) Let u;, = th / zer, where G; is defined
by

G = o+ F(Gi_1)+ BGroy + yul_,.

This is a nonlinear GARCH model introduced by Lanne and Saikkonen (2005).
Suppose that a constant A exists such that |F(x) — F(x")| < Aglx— x| for all x,x" €
R. Since we may rewrite G; = oy + R(G—1,€,—1), where R(y,€) = aF(y) + By +
yezy, it follows from Proposition 3.1 that u, satisfies Assumption 3.2 if g > 0, ¢ >
0,8 >0, and y > 0 satisfying [E(cA¢+ B + yeé)z]l/z <1.

For more examples that satisfy Assumption 3.2, we refer to Wu and Min
(2005), Shao and Wu (2007), and Peng and Wang (2018). It should be noted that
Assumption 3.2 excludes nonstationary volatility models such as those discussed
in Hansen (1995) and Cavaliere and Taylor (2007). The asymptotics for nonlinear
cointegrating regression with nonstationary volatility seem to be much more
difficult since we have to establish results on weak convergence for a functional of
covariance that involves a production of two nonlinear integrated time series. We
wish to report the development in the future.

3.2. Integrable Regression Function

This section considers the limit distribution of 6, when f is an integrable function,
together with some additional smooth conditions on 7,. Write f(x,0) = (f1, ..., fq)’,

where f; = 8“’;.9),1 =1,..q
1

Assumption 3.3. Let p(x,0) be one of fand f;,i=1,....q

(1) p(x,0) is a bounded and integrable real function.
(ii) A bounded and integrable function T, : R — R exists such that |p(x,0) —
px,60p)| < ||9 6’0||"‘T (x), for each 0 6y € ® and some a > 0.
(i) ¥ = f f(s Bo)f(s 6o)'ds > 0 (ie, T is a positive-definite matrix) and

[ (f(5,0) — f(5,60))*ds > 0 for all 6 # 6.
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THEOREM 3.1. Suppose Assumptions 3.1-3.3 hold and lim,_, , |t|°|Ee™ | <
0o for some § > 0. As n — 00,

1
Jn/d, (6, —60) = p Z‘WNLXI(],O)\// A2(s)dLyx (s, 0), (3.8)
0

where A%(u) = Eo (u; Ao, A1, ...) and N is a standard q-dimensional normal random
vector independent of X,.

Remark 3.1. If no impact comes from the time-varying in volatility process o>
or, in another words, A2 := A%(u) = Eo (Ao, A1, ...) for all u € [0, 1], result (3.8)
can be rewritten as

Vn/d, (6, —60) —=p AZVANL;*(1,0),

which is pivotal upon an estimation of A%. Note that A = Eu?. A? can be estimated

6} = 1 Z; | [yt gt(é,l)]2 and 62 —p A? under the conditions of Theorem
3 l In apphcatlon the volatility process o2 usually depends on some unknown
parameters, atz =0,(n), such as, where n = (1, ...,n,,) € E and E is a compact set

of R™. Note that {€” — 1, F;},>; still forms a martingale difference and

2
[vi = 8] = 01() + 01() (€] — D). 3.9)
The unknown parameter 1 can be estimated in a similar manner as that of 6,
namely,

nn—argmmZ{ 8@ ~ain]

where 5,, is the LSE of 6 defined by (1.2). Using some standard modifications, we
can establish the asymptotics of 7, similar to Theorems 2.1 and 3.1. Considering
that this is only related to certain repeated arguments, we omit the details.

Remark 3.2. Theorem 3.1 improves Thm. 3.2 in Chan and Wang (2015) by
using less restrictive smoothing conditions on f(x,0) and allowing for extensive
volatility processes as those given in Examples 3.1-3.3. Furthermore, using
Theorem 2.1, the proof Theorem 3.1 is rather simple and straightforward.

To give an outline, we let D, = /n/d, diag(1,..., 1), Z,(0) =D; ' Y1_, (01, 0) g
and

Yy =(D;") Y f . 00)f (. 60) Dy

k=1

Note that, owing to Assumption 3.3(ii),

1D, [ (s 01) —f G 011 < 1161 — 0211 (n/d) ™/ Ti(x0),
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for any 6,,6, € ©, where Tf-(x) is a bounded and integrable function. It follows
from Theorem 2.1 with g,(0) = f (x;,0) (recalling u; = oy €, and E(u,%l]-"k_l) = akz)
that, to prove Theorem 3.1, it suffices to check:

° é,, is a consistent estimator of 0y;
e for any bounded and integrable function g(x),

dy <&
- Y gw[1+0f] = 0p(1); (3.10)
k=1

e and for a g-dimensional standard normal vector N that is independent of X,

1
|zn(90), Yn]—>D{21/2N\// A2(s)dLy (s.0), ELX(I,O)]. (3.11)
0

The consistency of 6, can be established by Theorem 2.2 under the conditions of
Assumption 3.3 onf(x,6). For the proofs of (3.10) and (3.11), we need an extension
of the existing results such as Thm. 4.2 in Wang and Phillips (2016). Full details
will be given in Wang (2020).

3.3. Nonintegrable Regression Function

This section establishes the limit distribution of 6, when f is nonintegrable. As in
Section 3.2, write f (x,0) = (fi,....fy), where f; = 9f (x,0)/00,,i=1,...,q.

Assumption 3.4. Let p(x,0) be one of fand f;,i = 1,....q . A real continuous
Sunction T, (x) exists such that

(@) 1p(x,0) —p(x,60)| <110 —6||* T, (x), for each 6,6y € © and some o > 0;

(i1) for any bounded x, sup |p(Ix,0) — v, (D) h,(x,0)|/T,(Ix) = o(1), as | - oo,
0ec®
where hy,(x,0) for each 6 € © is a continuous function and v,(l) is a positive

real function that is bounded away from zero as | — oo;
(iii) T,(Ix) <v,(D) T1,(x) as |Ix| — oo, where T1,(x) is a continuous function.

Define (1) = h(X,.6), where h(a,0) = (h}, (a,0), . hj (a,6)).

THEOREM 3.2. Suppose Assumptions 3.1, 3.2, and 3.4 hold. Suppose that, for
each n > 0,

/ [y (x,0) — hy(x, 90)]2dx £0, forany 6 # 6y, and
[x[<n

/ h(x,00) 1 (x,00)dx is a positive-definite matrix. (3.12)
[x|=n
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Then, as n — o0,

~

1 _ 1
D, 6, —60) —p ( / \I'(t)\I'(t)/dt) : / (1) A1) dU, (3.13)
0 0

where A%(t) = Eo (t; Ao, A1, ...) and D, = J/ndiag (Vf] (dy), ..., Vi, (d,,)).

Remark 3.3. As indicated in Chan and Wang (2015) and Park and Phillips
(2001), nonlinear cointegrating regressions with structures described in Theorem
3.2 are useful for modeling money demand functions. In such cases, y; is the
logarithm of the real money balance, x; is the nominal interest rate, and f can either
be f(x,ct, B) = a + Blog|x| or f(x,ct, B) = o + Blog(1 + |x|/|x]). See Bae and De
Jong (2007) and Bae, Kakkar, and Ogaki (2006) for empirical investigations of the
estimation of money demand functions in the United States and Japan, respectively.
See also Bae et al. (2004) for the derivation of these functional forms from the
underlying money demand theories studied in macroeconomics.

Remark 3.4. Unlike Theorem 3.1, even in the case that A2 = A () is a constant
over u € [0, 1] that can be estimated, the limit distribution is not pivotal because it
depends on p, which is hidden in the joint distribution of (\Il(t), U,). It seems to be
difficult to estimate this nuisance parameter at the moment and we therefore leave
it for future work.

Remark 3.5. Thm. 3.4 in Chan and Wang (2015) provided a result that is
similar to Theorem 3.2, but imposing strong restrictions on u; and f(x,...) such
that sup,... E(u%l]-'k,l) <C<ooand 82f/80i89j, i,j=1,...,q, satisfy some similar
conditions as those of Assumption 3.4 herein. Theorem 3.2 is not only applicable
in nonlinear cointegrating regression models with various volatility processes
as those discussed in Examples 3.1-3.3, but the verification of the conditions
imposed on f(x,...) is also quite straightforward. As in Theorem 3.1, we may
prove Theorem 3.2 by checking the conditions of Theorem 2.1. Full details will be
given in Wang (2020).

4. CONCLUSION

The least squares method is widely used in nonlinear regression analysis and many
studies have investigated the asymptotics of least squares estimators. The present
research provides a new framework on asymptotic theory for general nonlinear
regression models with heteroscedasticity. Our results apply to various nonlinear
models with stationary and nonstationary regressors and the conditions imposed
are straightforward and easy to verify. The author hopes the results derived herein
prove useful in related areas, particularly in nonlinear cointegrating regressions
where nonstationarity and nonlinearity play a role.
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5. PROOFS OF THE MAIN RESULTS IN SECTION 2

We start with the proof of Theorem 2.3 and then those of Corollary 2.1 because the
results of this corollary are required to prove Theorem 2.1. The proofs of Theorems
2.1 and 2.2 and Proposition 2.1 will follow. The notations are the same as in the
previous sections except that they are mentioned explicitly.

Proof of Theorem 2.3. Let My, 1 (f) = S5, ttyf (vu) and Z, 1 (F) = 5, 2 ()
[12,+ E@2, | Foi—1)], where 1 <k < n. Let M,(f) = M, ,(f) and Z,(f) = Z, o (f).
For any € > 0, by (2.8), Ay and ny exist such that, for all n > ny,

P(sup Z,(f) = Aoya) < €/2. (5.1)

few
Note that, for any A > 0,

1/2

P(sup M, ()] = A[ya log* (#9)]""%)

fev

1/2
< P(supZ,(f) = Aoya) + Y P(IMu(F)] = Alyalog™ #9)]"”, Z,(f) < Aoy
few few

Result (2.9) will follow if we prove the following: for each f € W and m > 2,

P(IM,(f)| = v2mAo [yulog" #¥) ], Z,(f) < Aoya)
< Cmin{(#¥) " e "}. 5.2)

1/2

To prove (5.2), we need the following fact:

F: If X is a random variable such that E(X | ) =0 and E(X? | F) < oo, then, for
any t > 0,

E[e”‘—%x2 | f] <1+ ﬁE(XZ | F) (5.3)
<143 : :

The fact F is a conditional version of Lem. 2.1 in Bercu and Touati (2010). Indeed,
using Jensen’s inequality, we obtain

A() = E[e’x_gxz | f] > T EOCIP)
2
> 1= ZEX | F),
for any 7 € R. On the other hand, we have
2
AW +A) =E[e” 2 (X e ) | F| <2,
indicating that

2
AN <2—A(-H) <1+ %E(Xz | F).
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We next prove (5.2) using similar arguments as in the proof of Thm. 2.1 in Bercu
and Touati (2010). Let A} = {M,,(f) > x, Z,(f) <y}, where x > 0 and y > 0. Using
Cauchy—Schwartz inequality, for all # > 0, we have

PAT) < E[e<’Mn<f>—“>/21(A,j)]

— E[E%Mn(f)*%zn(f) eézn(f)*% I(A:zr):l

2

<e® 3 JEV, () P(A}), (5.4)

2
where, for k > 1, V,, () = MmO =720 Write x; = f (yu)n. Following the
fact F,

E[ezxk—%xi—éaxim,k_l>) \F, H]
2 ER2 1 Fpp) | -2
— e 25%Vn k-1 E[e k=7 Xk |]:"’k_1]
2B, 2 o2
<e 2 (x| 'Lk—])[l + EE(xk | ]:n.k—l)] <1,
we obtain the following: for k > 1,
20 22
E[Vai) | Fair] < Vag @ B[ 25800 70) 7]
=< Vn,kfl(t)-
It follows that

EVy (1) < EVyii (1) < - < EVy 1 (1) = E{E[V,,1 (1) | Fo]} < 1.

By taking this estimate into (5.4), we obtain

2
P(A:,r) < infexp (_y — tx) — X/,
>0 2

Let A, = {M,(f) < —x, Z,(f) <y}, where x > 0 and y > 0. Similarly, we have
PA;) < e/ Asa consequence, we obtain

PAM, ()| = x, Zo(f) <) < P(A) +P(A;) <2e7 1%,
yielding (5.2) by taking x = +/2mAq(y,logt #W¥))!/? and y = Agy,. [ ]

Proof of Corollary 2.1. We first show that (2.1) implies that, for Ve > 0, ny and
Ag exist such that, for all n > ny,

P(erluf zAg) <e e, Y TZul=0p(1). (5.5)
=1 =1
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To prove (5.5), let v, (A) _inf{k >1: Zf T T2 E(u2|.7-', 1) >A} k,(A) = [v,,(A) —
1] Anand R,(A) = k"(A) T2 E(u2|f, 1). It is readily seen that

vp(A)—1
Ry(A) < Z WEGW;|IFi) <A

and, as a consequence,

ke (4)
ER,(A) = E( Y12 u,2> <A, foreachA > 0.
=1

On the other hand, for Ve > 0, Ay > 2/ and ny exist such that, for all n > n,
P(ZT%E(M?IRI) > Ao) <e€/2,
=1

due to (2.1). Now, for Ve > 0, we have

kn(Ao)

P(XnJTiM? > 43) < Plka(40) #n]+P( Y T2 = Ao)
t=1

=1
kn(Ag)
< P(va(Ag) < 1) +A52E( 3 Tj,u,z)

=1
n
= P( Yo T2 EGRIF 1) = Ao) +A5 ER,(Ao)
t=1

<e€/2+A;"

which yields (5.5).

We are now ready to prove Corollary 2.1, starting with (2.4). Let 6; € © be
different so that ®; = {0 : || — 6;|| < n’l/"‘},j =1,2,...,n*, for some integer k >
1/a, covers ®, where 0 < o < 1 is given as in Assumption 2.2(i). Note that, by
Holder’s inequality,

sup [|Z,(0) = Z,(0)|| < SUPZ 1D, ' [8:(0) — &)1 ||
0e0; 96@)/[ 1

n
—1
<n Z|Tn,||u,|

<n—1/2 ZTz 2\1/2 :Op(n_l/z), (5.6)

nt t
for any 1 <j < ¥, due to (5.5). Result (2.4) will follow if we prove

max ||Z,(6;) — Z,(60)|| = Op(log'* n). (5.7)

1<j<nk
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In fact, (5.7) follows immediately from Theorem 2.3 with y, = 1 owing to the
following facts: Z,(6)) — Z,(60) = Y_;_, D, '[£:(6) — £/(6)) ] ux and

I, := max Y " |ID; ' [2/0) — &:O)]IP[4] + EG} | Fiy)]
=1

lsjznk =
= max, 1165 =60l D _Tu[u; + B | Fip)] = 0p(D). (5.8)
<j=n —1

The proof of (2.5) is similar except that 6; is chosen so that [|D,,(6; —6p)|| < logn.
In this case, instead of (5.8), we have

I, < max ||D; Da(@;—00)I** ) To[u + EG | Fiop)]

I<j=<n —1

= 0p(IID;, " logn||**) = Op(log > n).
It now follows from Theorem 2.3 with y,, = log_3 n that

max ||Z,(6;) — Z,(60)|] = Op(log™" n) = op(1).

1<j<nk

This, together with (5.6), yields (2.5). |
Proof of Theorem 2.1. Let Qn be the first derivative of Q,(6) so that Q,, =

00,/00. Let fi.(6) = gx(0) — gx(6p) and

n n

0,0)=> [-2®] = [m—£®)]"

k=1 k=1
‘We have

0u(0) == &(0)(w,—f(0))

t=1
==Y &)+ Y £/60)2:(60) (0 —60)
=1 =1

+R1n(0) + R2u(0) + R3,(6), (5.9

where

n

Rin(0) = [2:(60) — &:(6)] us,

t=1

Ron(0) =Y [2:(6) — 2,(60)]f:(6),
=1

Rsn(60) = ) &60)[£:(6) — 2(60)' (6 — 60) ]
=1
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Given that f;(69) = 0, it follows from Taylor’s expansion and Assumption 2.2(i)
that, for some 6 between 6, and 6,

1f(6) — :(60)' (6 —60)| < |[&:(8) — &:(B0)] (@ —6p)]|

< d(8,600) T 11D (8 — 60)] |- (5.10)
As a consequence, by recalling ||én —6yl| —p 0 and d(0,00) — 0 as 6 — 0O,
we have
1D, Ran (@)

= 0p(1) 1D, (6, — 6011 > _ 11D}, & (60) | T

t=1
n

= op(D 146, — 11 (D 11D, 001 2) 2 (D 12)'"
t=1 1

t=

= 0p(I1D1(0, — 60)1),

where we have used Y, ||D;'&:(60)|> = Op(1) and Y I T2 = Op(1) due to
Assumption 2.2. Similarly, [|D;" Ry, (6,11 = 0p(/1Dn(8 — 00)11).

Let§ =6, in (5.9). Given that O, (én) =0, it follows from these estimates and
(5.9) that

0=—D;" Y &(0)ts + Y, Da (6 —00) + D5 ' Rin(6) +0p[11D, 6 — 60)11]

=1
that is, by noting ||er1|| = Op(1),
D, (6, —60)
=Y, Z,(60) = Y, ' D; ' R1,(0,) + 0 [|1Dn (6, — 60)11]. (5.11)
Given that ||Y;1Zn(60)|| = Op(1), using (5.11), (2.2) will follow if we prove
105 Rin @)l = 0p(1). (5.12)

Indeed, if (5.12) holds, then ||D,1(9An —6p)|| = Op(1) by (5.11). Invoking this
estimate into (5.11) again, we obtain

D, (0, —60) = Y ' Z,(6p) + op(1),

as required.
We use Corollary 2.1 to prove (5.12). First note that, by (2.4),

||D;1R1,1(én)|| < sup|Z,(0) —Z,(6)| = Op(log1/2 n).
0e®
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By taking this estimate into (5.11), we get ||D, (6, — 60)|| = Op(log'/*n). It now
follows from (2.5) that, for any n > 0,
P(IID, ' Ria @)1 = n)

< P(|1Da (0, — 60)1| = logn) + P( sup |Z,(8) — Z,(60)| = 1)
0:(|Dp(0—06p)||<logn

— 0, as n — 00,
implying (5.12). The proof of Theorem 2.1 is complete. ]

Proof of Theorem 2.2. Write L, o = Y ;_; di(6) ux and 0,(0) = >j_, [yx —
gk(Q)]Z. Given that 6 is a real value of the model (1.1), we have

>t =0.60)2 0@ =Y 12 +D,5-2L,7.
thus indicating that, for any € > 0,

PUB, =60l z€) = P(sup |Lyol /Do = 1/2)
[16—bol1=€

gp(sup|L,,,9|31/2 inf Dn,g).
Ne® [16—60l|=€

Hence, using condition (b), Theorem 2.2 will follow if we prove

sup |Ln,9| = OP(kn)- (5.13)
0e®

The proof of (5.13) is similar to that of Corollary 2.1 with minor modifications.
We omit the details. |

Proof of Proposition 2.1. First note that, for each § > 0 and X > 0, an integer
my that depends only on A and 6;,j = 1, ...,myg, exists such that

|16;—6oll =8 and  ©N{||6 —6ol| = 8} C UL N, (6),

where N, () = {6 : 1|0 — yl| < x}. Given that |g,(61) — g:(62)| < h([61 —61]) T, it
is readily seen that, uniformly for 6 € N;(6)).j = 1,2,....m

D2~ Dug) = (X lee® —26)) " (X [2® +26) ~22@0])

=1 =1

<2suph'*(||0]]) max sup A'*(]|6 -6l ZT

0e® —1<m0(-)ej\/xo(9) —1

Hence, by recalling that k'Y T? = Op(1) and h(x) is continuous with
lim, o h(x) = 0, we have

k' max sup [D,g—Dygl=o0p(1), (5.14)
14<mooeNA0(8, ’
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for each § > 0, as Ay — 0 (my — o0, respectively) and n — oco. Now, to prove
Proposition 2.1, it suffices to show that, for any n > 0, there exists M, (depending
only on 1) and ng such that for all n > ny,

P(k," min D,y >M,)>1-n, (5.15)
<j<mg

<)

for each (fixed) § > 0 and mg > 1. In fact, by using the finite-dimensional
convergence in condition (i) and taking M,, > 0 so that P[inf lo—oli=s G(6) > M,,] >
6e®

1 —mn/2, an ny exists such that, for all n > ny,

P(k;" min D, >M,)>P[ min G()=M,|—n/2
" agjsmy 1<j<myq

>P[ inf G@O)=M,|-n/2 > 1-n,

= [W_;g;é,zs ©)=M,]=n/2 = 1-9

as required. ]

SUPPLEMENTARY MATERIAL

To view supplementary material for this article, please visit: http://doi.org/
10.1017/S0266466620000493
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