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BOUNDARY LIMIT THEORY FOR FUNCTIONAL
LOCAL TO UNITY REGRESSION

ANNA BYKHOVSKAYA AND PETER C. B. PHILLIPS

ABSTRACT. This paper studies functional local unit root models (FLURs) in which
the autoregressive coefficient may vary with time in the vicinity of unity. We extend
conventional local to unity (LUR) models by allowing the localizing coefficient to be a
function which characterizes departures from unity that may occur within the sample in
both stationary and explosive directions. Such models enhance the flexibility of the LUR
framework by including break point, trending, and multi-directional departures from unit
autoregressive coefficients. We study the behavior of this model as the localizing function
diverges, thereby determining the impact on the time series and on inference from the
time series as the limits of the domain of definition of the autoregressive coeflicient are
approached. This boundary limit theory enables us to characterize the asymptotic form
of power functions for associated unit root tests against functional alternatives. Both
sequential and simultaneous limits (as the sample size and localizing coefficient diverge)
are developed. We find that asymptotics for the process, the autoregressive estimate, and
its t statistic have boundary limit behavior that differs from standard limit theory in both
explosive and stationary cases. Some novel features of the boundary limit theory are the
presence of a segmented limit process for the time series in the stationary direction and a
degenerate process in the explosive direction. These features have material implications
for autoregressive estimation and inference which are examined in the paper.

Keywords and phrases: Boundary asymptotics, Functional local unit root; Local to unity;
Sequential limits; Simultaneous limits; Unit root model

JEL Classification: C22, C65

1. INTRODUCTION

Time varying coefficient models have been extensively used in applied econometric work
and provide a natural mechanism for a model to evolve over time. Various approaches
have been studied in the literature, including early work originally published in 1971 by
Swamy| (2012) on random coefficients, explicit parametric time series formulations (Harvey
(1990)), time varying probability measures that are implied in Bayesian autoregressions
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2 BOUNDARY LIMIT THEORY FOR FUNCTIONAL LOCAL TO UNITY REGRESSION

(Phillips and Ploberger (1994))) and recent non-parametric work using kernel regression
methods (Gao et al| (2008), Kristensen| (2012), |Giraitis et al. (2014)). The latter de-
velopments have emphasized the flexibility of nonparametric formulations and smooth
transition approaches of capturing temporal coefficient evolution. Both these ideas have
been used in practical econometric work. They also provide a mechanism for modeling
nonstationarity through the vehicle of nearly integrated time series without insisting on
a fixed local unit root structure, thereby accommodating departures from unity in both
stationary and explosive directions that can evolve over time ( [Phillips and Yu/ (2011));
Greenaway-McGrevy and Phillips (2016))). Such models are called functional local unit
root models (FLURs). They were recently studied in Bykhovskaya and Phillips (2017)
in the context of point optimal unit root tests, showing how different the power envelope
can be when the departures from a unit root are time varying.

The advantage of FLUR models compared to the standard local unit root (LUR) model
(Phillips| (1987)), Chan and Wei| (1987)) is that they explicitly allow the autoregression
coefficient 6 to vary with time, while retaining proximity to a unit root. This proximity
is achieved through the specification 0, = 1 + @ which involves a localizing time
varying coefficient function c(%) dependent on the position of observation ¢ within the
sample of size n. With this FLUR mechanism we can model economic and financial data
that are well described in parts of the sample as unit root processes and yet subject to
episodes of booms, busts, and recoveries at other times during the same sample period.
Bykhovskaya and Phillips (2017) developed a limit theory for the FLUR process and
analyzed some of the properties of functional point optimal unit root tests in comparison
with standard (scalar) point optimal tests, showing that the latter delivers power that is
often well below the optimal (functional) power envelope. This power deficiency of the
standard point optimal test reflects the limitation of specifications that involve constant
unidirectional departures from unity throughout the sample period when the data involves
more complex forms of behavior, such as periods of intermittent departures from a unit
root or periods of financial exuberance and collapse.

The present paper studies the same FLUR model as Bykhovskaya and Phillips (2017))
and examines behavior as the localizing function c(%) diverges, thereby determining the
impact on the properties of the time series as the limits of the domain of definition of
the autoregressive coefficient are approached. This boundary limit theory enables us to
characterize the asymptotic form of power functions for associated unit root tests when the
alternatives involve time varying functional forms of differing types. The results therefore
extend the original work on boundary limit behavior of LUR models as a scalar localizing
coefficient ¢ approaches the limits of its domain of definition. In contrast to this earlier
work, the asymptotics for the process itself, the autoregressive estimate, and its associated

t statistic are all found to have boundary limit behavior that differs from standard limit
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theory in the explosive and stationary directions. Novel features of this boundary limit
theory in the functional case are the presence of a segmented limit process for the time
series in the stationary direction, a degenerate process in the explosive direction, and
more complex function-dependent centering and standardization in the limit theory for
the autoregressive coefficient estimator. These results differ markedly from the boundary
limit theory that applies as the scalar localizing coefficient ¢ — 400 in the standard LUR
model developed in |Phillips| (1987)).

The paper is organized as follows. Some preliminary limit theory is given in the fol-
lowing section. Section 3 develops the boundary limit theory as the localized coefficient
function ¢(-) — 4oo, which enables us to explore properties of the process at the li-
mits of its domain of definition. Section 4 considers some mildly integrated (Phillips and
Magdalinos (2007)) FLUR cases and the corresponding limit behavior at the boundary.
This framework is of particular interest because it enables the analysis of asymptotics as
¢(-) = oo and n — oo jointly, which has proved to be particularly useful in the study of
uniform inference (Giraitis and Phillips (2006), Mikusheval (2007))). Implications of the
findings are discussed in Section 5. Proofs are given in the Appendix.

2. PRELIMINARIES

To fix ideas, we consider a time series generated by the model

(1) Xy =0 X1 +u, t=0,1,...,n,

where the autoregressive coefficient 6, = exp (M) ~ 1+ @, the process X, is initia-

n

lized at X_; = 0,(y/n) and the disturbances u; are zero mean stationary with variance o

and partial sums that satisfy the functional law > tLZTIJ u —2 s B(r), a Brownian motion
n—o0

with variance w? = Eud + 2 > Euguy, primitive conditions for which are widely available
h=1
(e.g., [Phillips and Solo (1992)).

Time series generated by are near integrated arrays with a localizing coefficient
function ¢ (%) that allows for variation in the autoregressive coefficient according to the
position in the sample while retaining proximity to unity. The model is therefore a time
varying coefficient model in the vicinity of unity. It is a particularly useful framework for
studying the effects of departures from simple unit root and LUR models to more complex
time series behavior.

Bykhovskaya and Phillips (2017) show that upon standardization the process X satis-
fies the mentioned below functional law with a Gaussian limit process which extends the

limit theory for LUR time series. In what follows, we confine attention to finite variance



4 BOUNDARY LIMIT THEORY FOR FUNCTIONAL LOCAL TO UNITY REGRESSION

processes, Gaussian limit processes and functionals of them. Certain extensions to infi-
nite variance processes and stable limit processes are also possible but will not be pursued

here.
Lemma 1.
(2) n_%XLnrJ m Fo(r) = wK.(r) = W/O el C(a)dadW(S)a

where W is standard Brownian motion and K.(r) satisfies the following nonlinear diffusion

equation dK.(r) = c(r)K.(r)dr +dW (r).

When ¢(r) = ¢ is constant throughout the sample, the limit process K.(r) reduces to the
linear diffusion [ e<"=9%qI¥(s) studied in Phillips| (1987) and (Chan and Wei| (1987). In
this LUR case, locally stationary and locally explosive time series occur according to the
sign of ¢. Moreover, as ¢ — oo, LUR asymptotics of the centred least squares estimate
of # and its t ratio transition to the asymptotics for stationary and explosive time series.
This transition provides a linkage between the limit theory for unit root, local unit root,
stationary, and explosive models.

The following sections explore the behavior of certain functionals of K.(r) as ¢(-) ap-
proaches the limits of its domain of definition. This limit behavior is of interest because
it describes the links between near-integrated time series of the FLUR class and time
series that transition between unit root, stationary, and explosive processes. Correspon-
dingly, this limit theory captures the limiting forms of the power functions of unit root
tests at the limits of the domain of definition of ¢(r). In particular, when ¢(-) — £o0, the
limit theory determines whether unit root tests are consistent against certain functional
alternatives to a unit root in both stationary and explosive directions and the role of
functional shape in determining power.

The fixed coefficient autoregression can be viewed as a special case of the FLUR model
with ¢(r) = n x const and const # 0. Thus, taking limits as ¢(-) — £o0o may be viewed as
delivering an approximate route to standard autoregression at least when ¢(r) # 0 for all r.
Our primary interest in the present paper, however, concerns cases in which ¢(r) = 0 and
¢(r) # 0 occur over complementary subperiods, thereby allowing for finite sample episodes
of unit root and FLUR behavior within the same sample of observations. Boundary limit
theory as ¢(-) — oo then reveals the asymptotic impact of these subperiod extremes of
stationarity and explosiveness. As usual in multidimensional asymptotics (Phillips and
Moon, 1999), there are two possibilities: sequential and simultaneous limit theory. The
following section considers sequential limits, when first n goes to infinity and then c(-)
goes to either plus or minus infinity. This limit theory extends to the FLUR environment
the sequential asymptotics for LUR models (Phillips (1987)). Later we develop pathwise
joint limit theory that provides simultaneous asymptotics under the condition that &, =
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n/c — +o0o. These pathwise joint limits implement in the FLUR setting the concept
of mild integration/mild explosiveness that was developed in Phillips and Magdalinos
(2007)).

Our discussion concentrates on the use of ordinary least squares (OLS) regression on
(1). This focus is useful because the limit theory (both as n — oo and the boundary limit
theory where ¢(-) — %00) shows the impact on the standard OLS estimator and associated
tests of episodes of near integration that take a general functional form of departure
from unity. The theory also provides asymptotic power function behavior of unit root
tests against such general alternatives in which there may still exist periods of unit root
behavior. The presence of near integration in the generating process of X; is unknown and,
in practice, unknowable given that the localizing coefficient is not consistently estimable.
It is therefore of wide interest to understand the properties of standard OLS regression
under general functional departures from unity. Issues of confidence interval construction
and the potential for uniform inference in the presence of such function departures are
considered in other ongoing work (Phillips (2017)).

3. LIMIT DISTRIBUTIONS AS ¢(:) — 00

One advantage of the FLUR specification is that use of a localizing function ¢(-) rather
than a constant ¢ in characterizing departures from unity accommodates subsample unit
root behavior whenever the localizing function is zero. As might therefore be expected,
asymptotic behavior can vary considerably depending on the specific form and properties
of ¢(+). Regions of zero and non-zero values of ¢(-) turn out to be particularly important
in the limit theory as they switch unit root behavior on and off during the sample. The
impact of such switches are naturally magnified as ¢(-) approaches the limits of its domain
of definition.

This section investigates the impact of switching behavior on the limit theory by consi-
dering localizing functions ¢(+) that switch from zero over some interval [0, 1] to non-zero
values over (rq,7s] and switch back to zero on (rq, 1] for 0 < r; < ro < 1. This speci-
fication enables us to study rather general forms of subperiod near integration and near
explosiveness in the data on the asymptotic behavior of FLUR autoregressions.

To capture boundary behavior we model passage to the limit ¢(-) — oo via the
specification ¢(t) = ¢ - f(t), where ¢ is a scalar that passes to +oo, and f(-) is a given
integrable function of constant sign, designating the direction of the departure from unity.
The model therefore has the form with time varying coefficient

1, t S = LnrlJa
(3) O, = 1+#/n), t € (11,72, 7o = 012
]_, t > T2,
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where the function f(-) is zero outside [ry, 73], integrable on [ry, 7], and strictly positive
on (ry,r3). Simple examples include level partial departures from unity such as f(x) =
1{z € [r1, ]}, triangular departures such as f(z) = (z —r)1{z € [ry, 7]} + = (x —
r9)1{x € (7,72]} or various smooth variants of such functions.

Using and iterative back-substitution for X; in we have the solution

t t—r1—1 t—r1—1
X = {X_1+Zus}1{t§n}+{ Z Uy JHQt n+ Xo H 6, ln}l{tE(Tl,TQ]}

s=0

+{ > u5+X72}1{t>72},

s=Ta+1

showing the presence of two periods of unit root behavior that occur at the start and at
the end of the sample. Intermediate between these periods is an episode in which the
process evolves with a time varying parameter in the vicinity of unity.

The following subsections examine limit behavior in two boundary cases corresponding
to stationary (¢ < 0) and explosive (¢ > 0) departures from unity as the extent of the
departure |¢c| — oo while retaining the same functional form for the localizing coefficient
function f(-). Sequential limits are used in the following three theorems and these limits
employ the notation (—c¢,n)s, — oo for limits in which n — oo followed by ¢ — —o0,
and similarly (¢, n)s, — 0o denotes limits in which n — oo followed by ¢ — co. We look
first at the stationary boundary.

3.1. Sequential limits when ¢(-) — —oc.

Theorem 1. The standardized process \L/@ , the least squares estimate GOLS of Oy, and

the associated t-ratio centered on unity have the following limit behavior under sequential

limits in which n — oo followed by ¢ — —oo:

XTL'I"
(4) \;ﬁj - )d_) Br)x1{0<r<nm}+B(r)x1{rp,<r<1},

iy ef ) FA(r)dr
n<90LS ! nfolFf(r)dr )

L [P BB + [ BYr)dBY(r) + A
(=€) seq—r00 Jo ! Be(r)2dr + fm Bb(r)2dr

n <éOLS — 1)
(6) d f Bb de ) + A — %WQTQ
(-em)seqoo [ Ba(r)2dr + [ BY(r)2dr

)
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frz Bb(r)de(r) + A\ - %uﬂrg

d
(7) téOLs (—¢,n)seq—00 - 5 1 " ) 1/27
0( o B(r)3dr + fm Bo(r) d?“)

where B* and B® are independent Brownian motions with variance w?, and \ =

2 (w? = o?).

The limit is a segmented Brownian motion process which vanishes on the interval
where f(r) > 0 and has independent Brownian motion segments on the intervals [0, 7]
and (g, 1] where the localizing function f(r) = 0. When the one-sided long run covariance
A = 0, the limit distribution of the random-centred least squares estimate éOLS given by
has the simpler form

Y

e L fol cf(r)F2(r)dr 4 \ fOT'l B(r)dB(r) +f7"12 BY(r)dBY(r)
Tl R ) Cenen [ B+ [ B

C

which we call a segmented unit root limit distribution because of the excision of the
subperiod [rq,75] in the numerator and denominator integrals. When r; = 1 or ry, = 0
there is no episode of near integration and this distribution corresponds to the standard
unit root distribution. As is apparent from the form of , the OLS estimate éOLS has
random centering that involves the component fol cf(r)E%(r)dr/ fol F2(r)dr. As shown in
the proof, when ¢ — —o0, this centering can be replaced by unit centering, but with
an impact on the limit distribution as evident in the form of the limit density for the
(non-random) unit-centred density given in ().

Figure [1|shows the asymptotic density of the unit-centred @ OLS estimate n(6ops—1)
for A = 0,w = 1,7 = 1/3, r = 2/3 along with the densities of the corresponding
segmented and standard unit root densities for comparison. All these densities are
skewed and have a typical unit root distributional shape with a long left tail. The standard
unit root density has the largest skewness and most dispersion, the segmented unit root
has the least skewness and dispersion, and the unit-centred OLS density is the most left
shifted, showing how miscentering accentuates the downward bias in the limit distribution.
These shapes become more distinct as r; — 0 and 7o — 1.

These results reveal the substantial impact that FLUR specifications have on near
unit root limit theory. In the standard LUR model as the localizing scalar parameter
¢ — —oo, the correctly centred and scaled OLS estimate has a boundary limit normal
distribution that correctly reproduces the standard stationary case limit theory. This
uniformity in the limit theory plays an important role in the construction of uniform
inference procedures (Mikusheva/ (2007));Mikusheval (2012);Phillips| (2014))). In the FLUR
model, the boundary limit theory has greater complexity that reflects features of the
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FIGURE 1. Densities of the OLS estimate, unit root, and segmented unit
root for A\=0,w=1, r, =1/3, r, =2/3.

localizing coefficient function even in the limit as ¢ —+ —oo and this no longer generally
reproduces the stationary limit theory. In particular, the form of the localizing coefficient
function plays a role in correct centering of the distribution, when this centering is random.
When there are episodes of unit root behavior in the process, these episodes continue to
impact the limit theory at the boundary.

The boundary limits @ and show that both the coefficient-based and t-ratio unit
root tests are inconsistent against the alternative of breaks that involve subperiods of
stationarity. When there are subperiods of unit root behavior in the data, the tests do

not diverge and therefore fail to detect the existence of stationary episodes in the sample
with probability one as ¢ — —o0.

3.2. Sequential limits when ¢(-) — oc.

Theorem 2. Upon appropriate standardization, the process X\L/’;{J , the least squares es-

timate Oors of 0, and the associated t-ratio centered on unity have the following limit
behavior under sequential limits in which n — oo followed by ¢ — oco:

T an
(8) <e_CfT12 ﬂa)da) \bﬁJ : )d — B%(r1) x 1{ry <r <1},

1
v . F2(r)d 1
(9) eCfrlz f(a)dan HOLS _ 1 _ fO Cfl(r> C (T) r d N C7
n [, F2(r)dr (en)seg=o0 4 /11(1 — 19)
A 1
1 bors — 1 d
( O) " < OLS ) (c,n)seq—ro0 2(1 — TQ),
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1 elpt fla)day ‘L, _wvn 0,1
( ) € ! OoLs (1) seq00 20 /—1—7“2|N< )’

where B® is a Brownian motion with variance w?, and C is standard Cauchy.

As shown in the proof of the theorem in , the limit behavior of X, as n — oo
has the form
B*(r), r<ri,
— Fu(r) =1 Jr;m), re<r <7,
Bb(r) + Ju(ra;ry), ro<r <1,

X\nr)
vn

with independent Brownian motion components B* L B’ and nonlinear diffusion compo-
nent
Hrim) = [Ty = 0 o) 4 [k g )
0 r

As ¢ — oo the FLUR period of explosive behavior dominates through the presence of
Je(r;71). In particular, we have X|,,| ~ St f @ pa ) 5 14 <r <1} and, as
in , Xinr| ~ ~ et @dapag y 5 q {ro <r <1}, showing that the process diverges
exponentially from the level \/nB%(r;) when r > r; Thus, over the period [0,7] the
standardized process n= 12X Inr| €VOlves as a unit root process and reaches the limit value
B®(ry) at r = ry, at which point a break occurs in the generating mechanism and the
process evolves in an explosive FLUR way that inflates the initial condition reached at
r = ry. This behavior continues until » = r, when unit root behavior re-commences but
from an explosive initial condition given by J.(r2;71).

Correspondingly from @), an appropriately centred OLS estimate 6oy has an explosive
rate of convergence with rate echri f@da o I this case, the centering is the random
quantity 1 + fol cf(r)E2(r)dr/n fo F2(r)dr, which depends on the scale coefficient ¢, the
function f(-) and the stochastlc process F.(r). When ¢ — oo, as shown in the proof of
the theorem, the random component of this centering element approaches a constant,
satisfying

focfMFmdr 4 1

(12) e )

which leads to {D Thus, the coeflicient-based unit root test n (éo LS — 1) =0,(1) as
(e,n),, , — oo and therefore the test fails to diverge in the presence of an internal subperiod
(r1,7r2] of explosive behavior in the FLUR model even at the boundary as ¢ — oo. However,
because the limit ﬁ > 0, the test does have non-trivial power at the boundary limit
¢ — 00 and test power continues to increase as o — 1 and the period of explosive behavior
expands in the sample. This result provides analytic confirmation of the simulation results
in Evans (1991) that showed how full sample period unit root tests performed poorly in
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the detection of periodically collapsing bubbles within sample. On the other hand, as
shown in Phillips, Wu and Yu| (2011)), recursive unit root tests are consistent against
such subperiod explosive alternatives. Recursive mechanisms of detection therefore have
considerable advantage in this context, particularly in the presence of multiple bubbles
(Phillips et al. (2015al), [Phillips et al.| (2015b)) ).

Note that the limit theory @ for the centred OLS estimate is a scaled Cauchy distri-
bution. Importantly, the scale coefficient {ri(1 — ry)}~"/* diverges when either r; — 0
or 19 — 1. This is explained by the fact that the convergence rate changes as the limits
of the region of explosive behavior are reached. Such cases involve different asymptotics
and different rates of convergence that account for the shape behavior of the functional
coefficient f (-) at the limits of the domain of definition. They are reported in detail in
ongoing work (Phillips| (2017)) and one such result is given in Theorem [5|in the following
section.

Interestingly, the asymptotic distribution of boLs is degenerate when centered on unity;,
as evident in the limit of the coefficient-based unit root test . Moreover, it is insuffi-
cient to simply recenter again using the constant ﬁ In fact, in the spirit of the proof
of Theorem [2, we can show that when f(r) > 0,

é 1 1 d —1
cn — — 7
OLs 21— 1ro)n ) (cm)ucasoo (1 — 19)2f(ra)’

leading to a further degenerate distribution. The limit theory requires more precise ap-
proximation than of the random centering that is present in @ Our next theorem

gives the correct non-degenerate asymptotics with deterministic centering.

Theorem 3. If f(r) > C > 0 for allr € [ry,75], the OLS estimate Oors has the following
limiting Cauchy distribution after appropriate deterministic centering and scaling

(13)

2 f@yda | 6 1 — ¢ 2/ f(a)da . c

n QOLS —1- .
m <1 oy J’TTF e—2cf:2 f(“)d“dr) (e;n)seq—00 4 /37’1<]_ — 7’2)

Intriguingly, Theorems [2] and [3] both lead to very similar Cauchy limit distributions.

The only difference besides the recentering is the numerical coefficient \/ig in Theorem .
The explanation for this simple scalar difference in the limits lies in the replacement of
a random centering in @D with accurate non-random centering in (13)). The intuition is
as follows: in Theorem [2| the centered statistic @ has additional variability because of
the random centering, which leads to larger dispersion in the Cauchy limit theory than
in Theorem [3| where the centering is constant and dispersion decreases.
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As is apparent in the proof of Theorem [3], the reason for the specific numerical constant

\/Lg is that adjustment of the centering produces a demeaned Brownian motion in the limit

theory rather than a Brownian motion, with a corresponding reduction in the variance of

the numerator. In particular, in Theorem [2| the limit distribution is governed by the ratio
B®(1)—B%(rs)

Ty Batr) whereas in Theorem [3| the governing ratio is

1
Bb(1) — B(ry) — 1_1@ fm Bb(r)dr
(1 - T’Q)Ba(’f‘l)
The numerator in is the demeaned form of the Brownian motion differential B*(1) —
B®(ry) and, correspondingly, the numerator variance reduces by the scale factor %, thereby

leading to the numerical coefficient 1/v/3 which appears in .

(14)

4. MiLb FLUR MODELS AND SIMULTANEOUS ASYMPTOTICS

The models considered so far in the paper all follow (|1)) with a time varying coefficient

in the local vicinity of unity that has the generalized LUR form 6, =1+ ™) n order

n
to widen the vicinity of unity under analysis, this section considers coefficients 6, that
pass to unity at a slower rate O(k;,') than O(n™') where k, — oo and %2 — 0. The

autoregressive coefficients have the form

(15) O = 1+ C(Z/nn)’

for some fixed function ¢(-). The formulation falls in the class of mildly integra-
ted/mildly explosive processes considered by Phillips and Magdalinos| (2007). With this
specification, wider departures from unity may be considered and it is possible to develop
simultaneous asymptotics where the parameters (|c(+)|,n) may jointly pass to infinity. In
this passage to infinity what matters is the ratio k, = ﬁ and, as above, we assume that
ﬁ + %” — 0. For example, we may have k,, = n® with a € (0,1) or k, = n/logn.

Since the parameter setting leads to autoregressive coefficients that are ‘closer’
asymptotically to the stationary zone than those of the FLUR model when ¢(-) < 0, it is
convenient to develop the limit theory under stationary martingale difference errors {u,},
a setting that is better suited to that context (Phillips and Magdalinos| (2007)); Giraitis and
Phillips (20006))). Further, the functions ¢(-) permitted in this section correspond to some
of those used in [Phillips| (2017). Specifically, we assume the function ¢(-) # 0 on [0, 1].
More precisely, in the explosive case where ¢(-) > 0 we assume ¢(+) is non-zero in some
fixed regions of the origin and unity, so that the FLUR process is active in those regions.
As will become clear in the following analysis, behavior in those regions is particularly
important in the explosive case because they play a significant role in the behavior of the
time series and, in consequence, the limit theory also. Finally, it is convenient to set the
initial condition in at t = 0 and assume that Xy = 0,(v/k,), which rules out initial
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condition effects, although this condition may be relaxed as in [Phillips and Magdalinos
(2009) with some attendant differences in the asymptotics.

Models such as with time varying autoregressive coefficients of the form are
mildly integrated/explosive functional local unit root (MIFLUR, MEFLUR) models. As
will become clear, MEFLUR specifications lead to asymptotics where there are depen-
dencies on specific function values, such as the origination and end point values ¢(0), ¢(1)
as well as the function ¢(-) over its full domain [0, 1].

For the MEFLUR case we also consider a second specification for the coefficient function

in place of , viz.,

c(t/k,
(16) 6, =1+ k)
kn
where 6, converges to unity at the slower rate O(k;!) and the time varying coefficient
function ¢(-) is now scaled consonantly in 1/k, units rather than 1/n units. In this case,
the limit theory depends on the coefficient function ¢(-) over its entire domain, which is

now [0, 00), and ¢(-) is accordingly assumed to be integrable over this domain.

4.1. Mildly Explosive FLUR. We start from the first specification of 6;, with
¢(+) > 0. Solving the system yields

3k

ST, B
(17> X =0, X1+ = Ze ™i=1 uj +e "= X,.

i=1

It is convenient to construct the two standardized processes (without employing array

notation)
X, i U
(18) R=—t - M ix,
1N (4 — 1 of =L
ekn ng (n) J=1 ekn l:tg—o—l ( n )

and Y, = Z;zl uje*ﬁ Simie(s).
The time series X; upweights early innovations {u; : j =1,2,...} because of the smaller
t—041

number of components that enter the summation Zzzt_ 1 € ( ) in the exponent when
the index j is small. In a similar way, the time series Y; downweights early innovations
{u; : 7 =1,2,...} because of the larger number of components that enter the summation
Zz: ;i (%) in the exponent. Thei process X, is therefore weighted in favor of the origination
point of the observations, and Y;, as a mirror image, is weighted in favor of the terminal
point ¢ of the observations in the sum. The limit theory when t > k, — co as n — oo
for these two standardized processes is given in the following theorem which reveals the

importance of the endpoint conditions.
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Theorem 4. If there exists € > 0 such that for all v € [0,e] U[1 —¢,1], ¢(r) > C > 0,
then for all r € (0, 1] asﬁ+%"—>0

1 - d o?
19 an Xc = 07— )
(19) o 5 e = (0,555
1 ~ d o?
20 Vol — Vo = N (0, -2,
20 o 2 Yoo = 0575

and the limit variates X o) and Y1) are independent.

Thus, the standardized process X, /v/k, tends for all r € (0,1] to the same random
variable X,y whose distribution depends on ¢(0) and no other value of the function c(-).
The explanation is that since ¢(-) > 0 the time series X; is explosive, which means that
initial shocks and initial conditions are magnified, as is apparent in the solution ((17)).
More particularly, the coefficient exp {i Sile (=)
decreases, so that in , the early shocks {uy,us,...} have the largest coefficients and
the greatest impact on X; comes from the early part of the series. Correspondingly,
the standardized process X, in is dominated by the early k, elements of the series,

which leads to the common central limit theorem given in Theorem {4| for \/kaf( lnr|» Whose

} is positive and increasing as j

variance involves only ¢(0) rather than the full function ¢(-). Analogous mirror-image
intuition applies to the standardized process Y/Lm" | / 'k, where the terminal k,, elements of
the series lead to a common limit theory that depends on the end point ¢(1) rather than
the full function c(+).

Next we turn to the limit behavior of the autoregressive coefficient estimate Oors. After
suitable centering and scaling we obtain the following result.

Theorem 5. Suppose c(r) is integrable over [0,1] and ¢ (r) > C > 0 for all r € [0,e] U
[1 —¢€,1] for some e > 0. Then, as é + %" — 0, the least squares estimate Oors has the
following common limit theory with random and deterministic centering

(21) fpetn doc@da | g o g =1 4 2./c(0)e(1)C,

(22)  kpernJoc@da | g o= 45 2,/c(0)c(1)C,

where C is a standard Cauchy variate.
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The proof of Theorem [5] is lengthy and involves complex calculations which are given
in full in the proof in the Appendix. Importantly, although and differ in terms
of their respective centering, the limit distribution behavior remains the same. As shown

S e(t/n)XE

T X7 that appears in (21]) equals

in the proof, the random centering quantity

2t C(t/n){% Sy e(i/n)
kn Z;L=1 67% Z?:t c(j/mn)
affect centering but which, as shown in the proof, still comes into play in calculating the

plus a random component of smaller order that is too small to

limit behavior of the rescaled and recentred estimator. As the result shows, the random

centering can be replaced by a deterministic centering that is still dependent on the sample

size but without affecting the Cauchy limit distribution or the scale of this distribution.
Further, as é + %" — 0 we find that

Z?:l C(t/n)efﬁ Z?:t c(j/n) B % Z?:l C(t/n)e_%% Z;L:t c(j/n)
(23) S —Z " o(j/n) - Ly "Iy oG/m) — ¢(1),
=1 € " TIT = AR

giving a simple limiting form of the re-centering element . This simple form can-

not, however, be used directly in the limit theory because the exponential rate of

n 1
R d
convergence k,ekn Jo cla)da

plays a key role in defining those components that drive the
asymptotics, as explained in the proof of Theorem [3|.
Observing that 62, — 1 = %3) {1+0(1)}, 03, —1 = 22—(5) {14+0(1)} and II}7_,6;, ~

—1lywn n 1
ekn Eiae(%) o e Jo cla)da e may write in the equivalent form

n _2 ¥ c(g/n
ety e
=1

iz Oon fors —1 -1

(24) 1 -
[(67, = D)(0F, = 1)]2 n o S| o

which is suggestive of earlier work in simpler cases of explosive process autoregression.
In particular, shows that, upon suitable standardization which in this cases relies on
the time varying autoregressive coefficient, central limit theory holds for autoregressive
estimation in the functional LUR with the same Cauchy limit theory as holds in (i) the
fixed coefficient explosive case under Gaussian innovations with no invariance principle,
and (ii) in the mildly explosive case under central limit theory (Phillips and Magdali-
nos (2007)). Importantly, both the convergence rate and the centering depend on the
functional coefficient ¢(-) throughout the [0, 1] interval.

In the special case where ¢(-) = ¢ > 0 is constant and 6, = 1 + = = 0,, for all
t=1,...,n, reduces to the form

(25) O (éOLS —-1- i) — ¢,

02 —1 k, ) n—o
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the result obtained originally in [Phillips and Magdalinos (2007) for a constant mildly
explosive process X; with autoregressive coefficient 6 = 1 + ;= for which 62 ~ etn®. In

n n

that case the convergence rate of is 2~ Eae®r® The limit theory given in 1}

02—1 2c
then specializes to this earlier theory as ki + %" — 0.

In the present case, the primary implication of a functional localizing coefficient is to
adjust the rate of convergence in to embody the aggregate impact of the function
c¢(+) over its full domain via the integral fol c¢(a)da, so that the standardization factor
is kyein Jy e(@)da pather than knen©. It is then the accumulative (mild FLUR) departure
from unity that determines the convergence rate of the estimator 0. Interestingly, a se-
condary implication of the new limit theory in is that the limit random variable
ZWC depends explicitly on the behavior of the localizing function at the origina-
tion and termination dates via the pair (¢ (0),¢(1)). This dependence is a consequence of
the magnification of early and late shocks that takes place in the limiting process described
above for a mildly explosive time series. The re-standardization by [(02, — 1)(62, — 1)]z
in adjusts for these initial and terminal effects and the dependence is eliminated.

Next consider the second specification (L6)) with ¢(-) > 0. In this case, time is measured
in 1/k,, units rather than 1/n units in the localizing coefficient function ¢(-) and since
2 — oo the domain of the function is [0, 00), leading to the following limit theory for the

standardized process when ¢(-) > 0 is integrable over [0, 00)]

(26) \/Lk_nXWJ — Koo =a N (0,02 /0 o208 c<p>dpda) .

The limit in (26| remains the same random variable for all values of r, just as in Theorem
above. But in the present case, as is clear from , the limit variance depends on
function values ¢(-) > 0 over the full domain [0, c0) rather than the single function value
¢(0) at the origin.

We may also consider the case where the standardized time series is measured in seg-
ments of length O(k,,) rather than length O(n). The framework then matches the usual
FLUR model of Bykhovskaya and Phillips (2017) but over a much wider (infinite) domain.
More specifically, when we focus on the process X; with ¢ = |k,r| instead of ¢t = |nr],
we have the following limit theory for the standardized process J%X Lnr]

1 ~ d /T _[a
27 ——Xpr| —— Xep =q0 [ e Jo®@dgy(a).
( ) \/k_n | knr| oo , d 0 ( )
Importantly, in the domain of r is the half line [0, c0), thereby accommodating limit
behavior of the process X; for ¢t > k,,. Thus, the limit X, in (26) may be interpreted
as the limit of the stochastic process X., as r — oo. The covariance kernel of X, is

y(r,s) = o? Omin(r’s) e~2Jo «®p g which reduces to the usual expression for the covariance
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kernel of a linear diffusion when ¢(+) is constant or to that of a Brownian motion when
c() =0.

4.2. Mildly stationary FLUR. We focus on the first specification . As shown
below, this formulation leads to a limit process for a standardized version of X;_ ||
where there is explicit dependence on the localizing function value ¢(r) at the sample
fraction r corresponding to the sample point ¢. This outcome differs from and
in the mildly explosive case where there is dependence on the end point values ¢(0) and
c(1).

Suppose that ¢(-) < —C < 0. By we have the representation

t

Xt:Ze

J=1

and the following limit theory then holds for X; after suitable standardization.

Theorem 6. Given any fized v € (0, 1] for which c¢(r) < —C < 0, then as n — o0

1 fdd B o
(28> \/_k—nXLnrJ m Xc(r) —dN (0, T(T)) , T e (0, 1]

Different values of r lead to independent random variables.

Importantly, gives a finite dimensional limit distribution for each fixed r, not a
functional law. This is signified in by the affix ‘fdd’ in place of weak convergence
over [0, 1]. As the theorem indicates, the limit variates X, and X are independent for all
r # s. While the limit random variable X, exists for each fixed r, the limiting stochastic
process X, on r € (0, 1] has pathological path properties because the independence of
arbitrarily adjacent components X, and X, implies a degree of local variability that is
unrealizable.

5. SOME IMPLICATIONS OF BOUNDARY LIMIT THEORY

Local unit root limit theory enabled analysis of the power properties of unit root tests
and helped explore the passage to stationary and explosive behavior by examining boun-
dary behavior in the asymptotics. The LUR methodology has since been used extensively
in the econometric analysis of tests in unit root models, cointegrated systems, and pre-
dictive regression. In FLUR models, departures from unity allow for functional, time
dependent forms that vary over the sample period. Correspondingly, in FLUR specificati-
ons both the limit theory and the asymptotic power properties involve richer possibilities
that accommodate realistic empirical situations where unit root behavior may be interrup-
ted by episodes of near-stationary or near-explosive behavior in the data. The passages
to stationary and explosive behavior at the boundary of functional specifications become
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similarly more complex and have implications for practical work with inference for time
series data.

This paper has explored these implications in autoregressions when no allowance is
made for time variation in the parameters in estimation and inference, as happens in
practice when an investigator proceeds with parametric autoregression and standard tes-
ting procedures in ignorance of the greater complexity of the generating mechanism. In
moving to the stationary boundary as might be expected in a time varying environment,
the dominating component of the limit theory is any remaining nonstationary episode in
the data. For the process itself, for the autoregressive estimate, and for unit root test
statistics, the boundary asymptotics depend on the interval that defines this episode, lea-
ding to a form of segmented unit root limit theory. These results differ significantly from
those of LUR boundary asymptotics which are well known to lead to standard normal
asymptotics at the stationary boundary (Phillips| (1987); |Giraitis and Phillips (2006);
Mikusheval (2007)). The implication is that functional departures from unity can have a
major effect on limit theory and test performance.

Likewise, moving to the explosive boundary produces material changes in the asympto-
tics. In this case, the dominating component of the limit theory comes from the explosive
episode in the data. Again, the boundary limit theory depends on the region that defi-
nes the episode. In the explosive direction, the boundary limit theory is centred in the
explosive region. But while unit root tests have non-trivial power at the boundary they
are not consistent, which partly explains the poor performance of right-sided unit root
tests in the detection of periodic episodes of bubbles and the need for recursive regression
methods of detection which have greater sensitivity to local departures from unity.

Functional local alternatives such as those considered here in the unit root context
obviously have wider applications in statistical limit theory and power function analysis
beyond those of unit root models, although there seems to have been little use or mention
of them in the literature to date. They are also useful in the construction of functional
point-optimal test procedures, where there are potential gains from the consideration of
explicit functional alternatives rather than fixed alternatives. For instance, Bykhovskaya
and Phillips (2017) examine some of the implications of functional departures for unit root
testing with a focus on the properties of point optimal procedures. A further application
of these boundary asymptotics that is relevant to empirical work is the impact of local
time variation of the type considered here on uniform inference in autoregression. That
subject is investigated in other ongoing work (Phillips (2017)).
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6. APPENDIX

Proof of Theorem [1l

o0
Proof. From and with long run variance w? = > FEu,uy, we deduce that the limit
h=—occ
process for X; as n — oo has the following segmented form

X Ba(r)a r S T,
%J ﬁ WK (r) = F.(r) =< J(r;r), re<r <rg,
Bb(r) + J.(ro;r1), ma<1r <1,

with B B = BM(w), B* 1 B® and

Jc<7";7“1>:/ efSch(a)dadB(s):/ efrrlcf(a)dadB(S>+/ efs’"cf(a)dadB<8)

0 0 1

= ol f@dapag.y 4 / ecJs @dagp(s),
1
Because f(-) is strictly positive on (r1,79), we know that f; f(a)da > 0 for all s >
ri, v > s. Thus, e¢/s F@da _y (0 monotonically in s as ¢ — —oo, so that Jo(r;r1) — 0
as ¢ — —oo for r € (ry,re]. Therefore, the limit process F.(r) in converges to
F (r)y=B(r)x1{0<r <r}+B(r)x 1{ry <r <1}.

We may now calculate the limit distribution of the OLS estimate éOLS — Lo XiXin

Z?:O Xt271
in sequential asymptotics as n passes to infinity followed by ¢ passing to minus infinity,

which we write as (—c¢, n)sq — 00. Write

A LSV XaAXy Y X, Z fm x2
(29) n <QOLS _ 1) = =il n 7
o X EDIP G Ly Xz,
t=0 t=0 t=0

and note from Lemma (1| that we may deduce the joint weak convergence

1 & !
axt = [ B
t=0

0

cf(t/n)Xfln—>/ cf (r)F2(r)dr = w? /TQCf(r)Kf(r)dr.

"2
n
t=0

To calculate the limit of % Yo Xi—1u in the numerator of the first member of square
, sum over t, and scale by n, giving

n’le =n ! Z up + 2n " ZXt,lut +2n7 !t Z Cf(:l/mel + 0, (n’o'f’) ,
t t

t
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so that
n! E X quy —— W K*(1)/2 - 0%/2 — w2/ cf(r)KZ2(r)dr.
n—oo
=0 0
Stochastic differentiation of K?(r) gives K2(r) =r+2 [y cf (r)K2(r)dr+2 [] K.(r)dW(r),

from which we deduce that n 1ZX,5 LUy —> w? fo )dW( ) + A\, where \ =

t=

Z Eu,up, = §(w —02), B(r) = B(r)x1{0 <r < r}+B(r)x1{r <r < ry}+B°(r)x
h=1
1{ry <r <1}. Thus, as n — oo we find that

<é ' f,f"fcf<> 2(r >dr> Jy Fe(r)dB(r) +
n oLs — 41— 1
nfo r)2dr L Jo Felr)2dr

Jo Felr)dB(r) + A+ [}7 ef(r) F2(r)dr

fol F.(r)2dr

(30) n (éOLS . 1) S

The limits of [} F.(r)dB(r) + A and [, F.(r)2dr as ¢ — —oo are straightforward and we
find the following centered limit theory in the boundary asymptotics

" (9 L LrernE >dr>

nfo r)2dr
(31)
I B“(r)dBa + [ BY(r)dB(r) + A
(—em)acq. 400 S Ba(r)2dr + [ BY(r)2dr

Note that the centering of the limit theory for 0 in is stochastic and involves the
weighted quantity f:f cf(r)E%(r)dr whose limit behavior is complicated. We proceed to
calculate this limit to develop a non random centering in place of (31)).

T2 T2 - r . 2
c/ f(r)Ff(r)dr:w%/ f(r) (ecfrl f(a)daWa(r1)+/ ecls f(“)d“dW(s)) dr

—w CWa / f 2cf f(a)da
(32)
+2w2cW“(r1)/ f(r)ecfrlfa a/ e s T@de gy (s)dr

T1

T2 r 2
+w20/ f(r) (/ el f(“)dadW(s)) dr.

We evaluate the limit of each of the three terms in Eq. (32). First, denoting 0, := £,
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T2 ” T2 1 r
wQCWa(Tl)Q/ Fryeedn e g, — wQCWa(Tl)g/ Or (2—6ch’”1 f(“)da) dr
T1 T1 ¢

(33) 1 1
= W) (echﬁ? J(a)da _ 1) — B ()",

c——00

The second term has mean

T2 , T -
E[cha(rl) / F(r)ethn flda / el T@degyy (s)dr | =0,

T1

as W and W are independent. We now show that the variance of this term converges to

zero as ¢ — —o0, so that the term tends in probability to zero. We have

T2 " r , 2
E [2cW“(n) | s [ f(a)d“dW(s)dr]
1 T1

T

o - r N 2
= 4r,*E {/ f(r)ecf’“l f(a)d“/ ec s f(“)d“dW(s)dr}

T2 pra , . 2
= 4T1C2E [/ / f(r)ecfrl f(a)daecfs f(a)dadeW(S):|

(34> 72 T2 2
= drc? / (/ f(T'>€C Iy Haydage [ f(“)dadr> ds
T1 S
T 2
_ 47,102/ 2 (i (ecf:f f(a)da+cfsf"2 f(a)da . echsl f(a)da)) ds
o \2¢
T2 . r s T
- / <€20fT12 f(a)da+2c [72 f(a)da + 62Cfr1 fla)da 262Cfrl2 f(a)da) dr —— 0,
1 cC——00
and hence
T2 - d T -
(35) QwQCW"“(rl)/ f(r)ecfrl f@) a/ el @ daqyy (s)dr —2— 0.
r1 r1 c——00

We are left with the third term. As with the second term, we show that the variance
converges to zero, and thus the whole term converges to the limit of its expectation. We



BOUNDARY LIMIT THEORY FOR FUNCTIONAL LOCAL TO UNITY REGRESSION 21

first calculate this limit as follows

r 2

E wQC/ f(r) /cfsrf(a)d“dW(s) dr

2 . :
=w C/ f(r {/ ecls fla dadW(s)l dr = WQC/ f(?“)/ 27 fa)da gg gy
1 r
a)da 2 9 ;
_w2c/ / f(T’)e Sf() d”r‘dS—%/ (@2Cf82f(a)da_1> s

2

"2 2¢ [ f(a)da w2 w
:7/ e s dS—T(TQ—Tl)ﬁ—7(T2—T1).

We proceed to show that the variance of the third term goes to zero. We use the fact that
for a stochastic process & with finite second moments we have

2
ro 2 o 2
v / ¢dt = / qdt| — (E / @dt)

=E (/ &dt/ 5st) —IE/ gtdﬂE/ £,ds
/m / (&6,) dsdt — / / (E¢,) (EE,) dsdt = / / cov (6. £.) ds.

Therefore,

T2 T 2
c/ f(r) (/ ecls I a)dadW(s)) dr]
r 2 r! , 2
=c / / f(r)f(r)eov </ ecfsrf(“)dadW(S)> ; (/ ecls f(a)d“dW(S)> dr'dr.

For this calculation, we need the covariance between two squared normal variables with

(37)

\Y%

zero mean. By Isselis’s theorem, if ., & are normally distributed (possible dependent)

with zero mean, then

cov(&7,€2) = BE2E, — EEEE = 2(BE &)
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Thus, we can rewrite Eq. as

) r 2
c/ f(r) (/ ecfsrf(a)d“dW(s)) dr]

T2 T2 r r! 2
e[ s (E [ et [ et f<a>dadw<s>> ardr
(39) 2

min(r,r’) ,
/ / f(r (/ ¢ i f@dage ]S f(“)d“ds) dr'dr
_40/ /f 2cf fa)da(/r
T1

\Y%

2
e s f(“)d“ds) dr'dr

/ /

N 462/ 2 / / / F(r)f(r)e f(@dag2e [} fla)da2e [1) f(@daqy gy gy

T1 T1 T1 T1

2e 7 e d“d5/> Fr)exd f(a)d“drf(r/)e%f!/f(“)d“dr’ds

(39)
= / / </ 2Cf f dads > (620‘[:/2 fla)da __ 1) f(r/)€20fsr/ f(a)dadT,dS
r1
= 2@/ / / 2cf f < 2Cf:/2 fla)da __ 1) f(rl)e%f;, f(“)dadr'ds'ds,
T1 r1 max(s,s’)
with
2¢ /T2 /VT2 /T2 GQCfST// f(a)da‘]c(rl)eﬂzf:,2 f(a)da62cf;/ f(a)dad’l“/dslds
r1 Jr1 Jmax(s,s’)
T2
_ / 2 / 2 ch!f(a)da (6201‘:{2 f(a)da . QCijlax(s )8 )f ) dslds
r1 T1
(40)

T 2 r S r
_ (/ : eZcfS"'Q f(a)dad5> - / 2 e2cf;'2 f(a)da /eQCfSS, f(a)dads/ + / : dS/ ds
1 r1 s
1
r 2 r s r
_ (/ ’ 62cf;2 f(a)dad8> o / ’ / 62cf:,2 f(a)dadslds . / 2(7“2 - 3)62‘3[;2 f(a)dads7
1 1 1 1
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2c / m / ” / C e F@da p (o2 I} S(@dagyt g g
r1 Jry Jmax(s,s)

72
T2 T2 2 da—+2 "2 max(s,s max(s,s’
- %/ / Jop B BT @ g e payaanze 7 fada | ot

1 o . 2 ro s .
_ - (/ 620fs f(a)dad8> - / / chfS, f(a)dadS/dS.
2\ riJr

Using and in gives

T2 T 2
c/ f(r) (/ ecls f(“)dadW(s)> dr]
r1 r1
7 2 r s 7
(42) _ % (/ ’ Q2 f(a)dads> _ / 2/ G2e P flayda gy e / 2(r2 _ g)ereli fadag

+ /T2 /S €2C f:, f(a)dadslds 07
r1 ry c——00

as each term goes to zero. It follows that

and

\Y%

2

T2 r 2
(43) WQC/ f(r) (/ ecJs f(a)dadW(S)) dr —2 _%(TQ — ).
1 71 c——00
and using , , and in , we obtain

/T2 cf(r)Ff(r)dr :d;j —% (wz(rz —7r1)+ Ba(T1)2> .

Finally, taking the limit as ¢ - —o0 in leads to a form of segmented unit root limit
distribution as follows

Jo Fe(r)dB(r) + X+ [ cf (r)F2(r)dr

[} Fu(r)2dr
fom B*(r)dB“(r) + f Bb(r)dB®(r) + X — % (W (rg — 1) + B%(11)?)
p— S Be(r)2dr + [ BY(r)2dr

[ BY(r)dB®(r) + X — 22
_fO”Ba( )2dr + [ Bb(r)2dr

Using these results and working in a similar way, we can derive the boundary limit

behavior of the unit root ¢ statistic associated with éOLS, ie.,

5 \ 2o X (éOLS - 1)
_bors—1 Vi3

foLs — §é ’ L& N 2'
ors = ( Xy —OorsXi—1)

t=1
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Since fprs =14 O, (n™1) = 1+ ¢f(t/n)/n+ O, (n~1), it follows that

n

n! (X: — éOLSXt—l)Q £, UQ,

n—oo
t=1
and we have already shown that

; ) Jo Fo(r)dB(r) + X+ [T cf (r)F2(r)dr
n ( OLS — ) oo fol Fc(r)zdr

bl

r

/1 F.(r)dB(r) + A —j:? | Be(r)dB(r) + /1 BY(r)dBY(r) + A,

/T2 cf(r)F2(r)dr 4 —% (W2(T2 —r)+ B“(T1)2) ,

c——00

1 T1 1
/ Fu(r)2dr —2— B®(r)2dr + / B(r)2dr,
0 c——00 0 ro

Combining these limits yields the desired result
téOLS
LY BB + [ B )BYr) + A= (WA — ) + B (r)?)
’ 1/2
o ( o Be(r)2dr + frlz Bb(T)QdT>

(—¢n)seq—ro0
1 w?r
L BY(r)dBY(r) + A — 2

- <f0m Be(r)2dr + frlz Bb(r)er> 1/2°

Proof of Theorem 2

Proof. By Eq. , the limit process for X; has the segmented form

Ba(,r,)’ r S 1,
(44) Kl LN (r)=4q Je(r;r1) rm<r<r
ﬁ oo c c\»7"1), 1 12,

Bb(r) + Jo(ro;m), mo <71 <1

with B* | B’ and

(45)  J.(rr) = / el f@dagp gy = ¢¢Jr J@dapagy. y 4 / et s T@dagp ().
0

1
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So
e_cf:l f(a)daJC(T; 7"1) _ Ba(Tl) + / e_cf:l f(a)daecf; f(a)dadB(S)
(46) e
= B%(r) +/ eI @B sy = Bo(ry) + 0p(1).
T1
Thus, for all r,
e @b gy = gl f@de o (1) —Ls 0,
Cc— 00
and, for all r < 79
efcf:f f(a)daJC(’I“; rl) _ e—cf:2 f(a)da (Ba(Tl) + Op(l)) j 0,
while
e I @B g (o)) =4 BY(ry).
c—00
Thus e~/ f(@de Xl 4, B(ry) x 1{ry <r <1},
vn (e,n)seq—ro0
By the same argument as in the proof of Theorem [I]
. Z X 520 MXEA
n (éOLS — 1> + tl B
nz Z Xt2 1 n? zt: Xt_l
. Jo F r) A+ [ ef(r)Fu(r)?dr
n—00 fOl Fc( )2dT ’
so that
; Jilef(r ) (r)?dr\ 4, F. ) + A
n QOLS —1-— 1 .
nfo r)*dr e fo FC( )2d7"
Using Eq. (46), we can calculate the limit of the denominator fo r)2dr as ¢ goes to

infinity. First,
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Then,
(48)

T2 T2 T2 . r , 2
/ Fc<7“)2d7’ _ / Jc<7";7“1)2d7" _ / |:@ch1 f(a)daBa<?,,1> + / €Cf5 f(a)dadB<$):| dr
T1 1 71 r1

1.2 ™ T S 2
:/ 2 vy J(a)da {Ba(rl)—l—/ eI f(a)dadB(s)} dr

T2 r
_ / G20 @ (ag ) 4o (1)) dr
1
T2

@) [ g 0) [ R

71 T1
Finally,
1 1 )
/Fc(r)2dr:/ (Bb(r)—l—Jc(?"g;rl)) dr
: 21 1 1
—/ Bb(r)zdr+2/ Bb(T)JC(TQ;Tl)dT+/ JC(TQ;Tl)ZdT.

Hence, using Eq. , we have

1 1

o2 )i} f(“)d“/ F.(r)?dr = op(1) + 23‘1(7”1)e_cfr12 f(“)da/ Bb('r)dr
(49) T2 T2
+ (1 —r5) (BY(r1))* = (1 = 12) (B*(r1))* + 0,(1).
Combining Eq. 7], Eq. 48] and Eq. [49] then yields
T 1 r2 T2
e 2t f(a)d“/ E.(r)%dr = o,(1) + (B“(rl))2/ e~2c);? fla)da g,
0

1

(50) +o(1) / e T @ gy 4 (1 ) (Bo(r))?

1

= (1 —r2) (B*(r1))” + 0,(1).

In a similar way, we can analyze the first part of the numerator, fol F.(r)dB(r)+ A. Note

that
1 T1
/ F(r)dB(r) = / F)dB (r / Ju(r ) dB(r)
0 1

+/ r) + Jo(ry;ri)) dB°(r)
/

B*(r)dB(r / 1 B(r)dB"(r)

T2

[e=]

+

/ Je(r;r)dB(r) + Je(ro; 1) (BY(1) — B%(ry)) .
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Thus,

e el S V F.(r)dB(r) + A] = 0p(1) + B*(n) (B"(1) = B'(r2))

B [Tt () 4 0,(1) dB()

T1

= B(r1) (B"(1) — B"(r2)) + 0p(1).

Combining Eq. p0] and Eq. 51} we obtain

RO [[TEOBE) £ e (B() - B()
—ZCI f(a)da fo () 2dr c—00 (1 —mr9) (Ba(rl))Q
_ B(1) — B(ry)
(1 —ry)B(r1)
N(0,1—75) 1

U= rN ) i)

Thus
fo( )Fe(r)*dr

_n d R 1 C,

e f:f f(a)da
n [} F.(r)2dr | emeaoe /(1= 1)

>
|

leading to a scaled Cauchy distribution in the limit.
We are left to analyze the second part of the numerator, f cf(r)F.(r)*dr. The analysm
is almost identical to the case ¢ — —oo studied in the proof of Theorem |1 I 1l By Eq. ,

/f F2 r—ch“rl /f chf dr

+2w20Wa(7’1)/ f(T)ecfrlf(a)da/ eI T@daqyy (s)dr

T1

ro r 2
+ue / ) ( / eol: f(a)d“dW(s)) dr.

By Eq. B3] for the first term we have

" T2 ZCff(a)da
6720‘];12 f(a)da 2CWQ(7“1) / f(?”)@ =t dr
(52) 1
1 Coe [T 1
— w2Wa(T’1)2§ (1 — e 2l f(“)dal) — 2B

c—o00 2
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Next, for the second term,

Re~2¢Jri f(@)da [QCWa(rl)/ f(r)ecfa f(a)da/ ecfsTf(“)d“dW(s)drl
71 r1
= 2cEW(r,)E / F(r)emed f(ayda / oo+ 12 F@e gy gy — 0,
T1 T1
and by Eq [34]

, T2 r r r 2
E {e_QCfrf f(a)dQQCWa(ﬁ)/ f(T)ecfﬁ f(a)da/ el f(a)dadw(s)dr}
r1 1
—n / m (62%«1 oy SR O [0 e f(a)da) .
T

c— 00

Finally, by Eq. 36 and

T2 r 2
6_26fr2 a)da 20/ f(r) (/ e s f(a)dadW(s)) dT]

2 —QCff w2 ,
= —/ ds — —(7’2 — T1)€_26fT12 fla)da — 0,

E

2 c—00

T 2 " T ?
e~2¢y f(“)d“c/ f(r) (/ ec s f(a)dadW<5)) dr]
T1 T1
ry . 2 i, 7o s _9 }/f(a)da
- 1 Jr

T 7‘2 S
. —20fr2 f(a)da/ (TQ . S) —QCfT f(a)dads

” s —2c f+fT2 f(a)da
e 2eknt fa)d / / ds'ds — 0.

and

\%

c—00

Combining these three terms gives
(53) o2 02 f(a)da/ Cf(r)Fu(r)2dr ——s ;Ba(m '
r1
Further, combining Eq. 50, Eq. 51} and Eq. we get
e RO [LE(r)AB(r) + A+ ¢ [ f(r) Fulr)?dr
6_2Cf:12 fla)da fo F.(r)2dr

N %BG(T1)2 B 1
e (L) (Be(r))” 21— 72)’
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so that

. 1
n(60— 1) LN ,
< (c,n)seq—ro0 2(1 — 7“2)
giving a constant in the limit.

The limit behavior of the ¢ statistic for éo s follows as in previous results. In particular,

we have
n 1
n <6’ — 1) LN ,
(e,n)seq—ro0 2(1 — 7"2)
1 1/2
—c 72 f(a)da a
oIz T ( / FC(T)QdT) L TR IB ().
0 Cc— 00
leading to

,Cfrz f( a)dat d . 1 ,—1 — RBo 1 \/_CL) N O 1
fors (¢,n)seq—r00 2(1 — 7“2) T2| (r1)|0' 204/1 — 7”2| ( )|

Proof of Theorem 3

Proof. From the proof of Theorem , we know that e“/n Je(r;r) = B*(ry) + 0,(1). Thus,
J.(r2;71) has the largest stochastic order among the J.(r;ry) for r < ry. It is convenient

to rewrite J.(r;71) in terms of J.(ro;71) as
(54)  Ju(r;r) = / el 1@dagB(g) = e=cJ? f@da g (1)) _/ ec i f@dagp(g).
0 T

—05) since it

whose first term is exponentially large and whose second term is O,(c

_ r+s _
is Gaussmn with zero mean and variance f =27 fla)dagg f 2 [T f(r)dagg —

(1 — e 2/ . Define &, := frz e[ H@)dagB (g \/20f ~ N(0,1) and re-

2cf( ) 2cf
fF( YdB(r) +)\+f cf(r)F2(r)dr
write both numerator and denominator of ° — in terms of J.(re; )
[ F2(r)dr
as follows. ’
(55)
1 1 T2 1

| Ewise) = [ Brwase)+ [ aeindse)+ [ B0+ dbrs) dBe)

0 0 1 T2

— Jrs ) (B(1) = B0) + rr) [ C Y B 1+ 0,00),

[ erwree = [or e = osre [ e oy

2¢J.(re; 1) /7“2 e ("2 fla)d [,
- &/ f(r)e el f@dagy. o —/ gdr,
V 20 71 2 71
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where

T2 2 T2 T2 v
E(/ g (’”)ecfrzf(a)dadr) B [ [ /T fDe el e gray

r

T2 T2 v vy ) ,
/ / Fr) F(R)ee i Saxag=cf? fa)dagyq,. ( / Ve ek f(a)dadr) ~ Wlf()
T1 T1 . - TQ

Hence, [ &/ f(rye—clr? f@dagr — O (1/c). Noting that cf? f(r)e=2el? f@dag, —

2 (1 el f(“)da>, we then have

(56) / " ef () P () dr = % (1= 2T P2 r0im) + T2 11) 0, (1/V0),

and
1 1 T2 1
/ Ff(r)dr :/ Ba(r)QdT—l—/ Jf(r;rl)dqu/ (Bb(r) + JC(T’Q;Tl))QdT
0 0 1 T2
" _ T2 2=]c('r2' 7”1) " fr —c T2
= J2(ro; 7 / e~2c )2 fla)da g, 4 e~cli? f@)dag,
c( 2 1) s \/2—0 s /_f<7")
1 9 2 1
(57) b [ S (=) 2w+ 20t [ B+ 0,0

T2 1
= Jz(raim1) <1 — T +/ e2cfr2f(“)d“dr) +2Jc(r2;7"1)/ Bb(r)dr

T1 T2

+ Jo(r2;11)Op(1/cv/c) + O,(1),

where - :12 fg(,;) dr < 54 f:f &2dr = O,(1/c). Combining Eq. (55), (56), and (57), we get

B¢ & < VEQEG =vVT-1=1.



BOUNDARY LIMIT THEORY FOR FUNCTIONAL LOCAL TO UNITY REGRESSION 31

Jo Fe(r)dB(r) + X+ [ cf (r)F2(r)dr
fol F2(r)dr

1

3 (1 el ﬂa)da) J2(re;m1) 4 Je(ra; Tl)(Bb<1) - Bb<7"2)>

Y (R A R Y e

~
~

1+ (Bb(rlz)*Bb(Tz))
ro L[ 7267;{ f(a)da J .
% <1 _ €—2cf7ﬂ1 f(a)da) 5| 1-e o (r2;r1)
- 1—ry+ frTIQ e—2c [[? f(a)da g, ' 2leb(7~)dr
(58) 1+ r

T2
—2¢ [ f(a)da
(1r2+f:12 e r dr) Je(rair1)

(1 e ) (1+ (B(1) - B'(r2)

Tl [ e IR @ egy

L —20}2f(a)da
51—e Je(ro;m1)

2 f:? Bb(r)dr

ST )
(1 —ro+ [ e_2cfr2f(a)d“dr> Je(ro;m)

T1

Rewriting Eq. and using the fact that J(ro;r;) = e/ /(@4 Bag)) 4+ O,(1), we
get

(59)
—2¢ T2 a)da
o gy [ Jo Fer)AB(r) + A+ [T cf (r)F2(r)dr 1 (1 S OL )
e " 1 2 - _ T2 _QCI.TQ f(a)da
Jo F2(r)dr L—ry+ [ e2¢): dr
—2c :2 f(a)da
oL B'(1) — B"(ry) 2 [ Bb(r)dr § (1 ek st

2 [ Bb(r)dr
(60) ~ S Tj)Ba(h) (2(Bb<1) — B(ry)) — fri ’ 7{2) ) .

! b T)ar
Because 2(B%(1) — B%(ry)) — ”ﬁ# is Gaussian and independent of B%(ry) the limit

variate in has a Cauchy distribution. We proceed to calculate the scale coefficient of
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this distribution. The component terms in the variance of the numerator are as follows:

E (2(Bb(1) —Bb(rQ))l 2 /T: Bb(r)dr) =1 1 EB(1 —rg)/ol_TQB(r)dr

— T2 — T2

4 2 1—ro
ok ~ / rdr = 2(1 — ry)w?,

E (2(B%(1) — B"(ry)))” = 4(1 — ry)?,

9 1
E ( / Bb(r)dr) / / B(r))dsdr
]_ — T2 ro 1 — 7’2 0 0
/ / min(s, r)dsdr
1 - T2 0 0

. 2 (1 — T’2>3 4
(1 —r9)2 3 3

—(1— r2)w2,

2 frl2 Bb(r)dr

so that 2(B°(1) — B®(ry)) — ~ N (0,5(1 — r2)w?) and thus

1—ro
1 T2 9 [72 f(a)da
(el fa)da Jo Fe(r)dB(r) + X+ [[*cf(r)FZ(r)dr B 1 — 2¢f? fla)d
fol Fg(?”)d’r‘ 2 (1 —ry + fTQ _QCLZ”Q f(a)dadr)
d . 1 4/3(1 — TQ)C - 1 C
c—+00 2(1 — 7"2) \/ﬂ 37~1(1 — 702) ’
It follows that
vy R | _ 2 /72 f(a)da .
€CfT1 f(a)dan QOLS 1 e d ) c

9 ”
2n (1 — 19+ f e~2¢ /% fla)da gy

T1

) (n,¢) seq—+00 37”1(1 — 7”2)

Proof of Theorem [l

Proof. The proof of follows by the martingale CLT for triangular arrays by establis-
hing the stability and Lindeberg conditions. First consider the variance of \/ka)? Inr|, for
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€ (0,1]. Using the martingale difference property of {u;};, we have

7]
1 - 2 ZULTJ (\_n'r] l+l }
_X nr e kn l=|nr|—j7+1 _|_ 0
< T J> E : 1)

Lnr)
%0_2/ kn 6{72fozc(ajk7n)dl‘}dz+0(1>
0

(61)

00 0.2
0,2/ e—ch(O)dZ — 7
n—00 0 20(0)

which is constant. Next suppose that s > r and note the covariance

[nr] [ns]
9 Lnr] _1< > c( Lnrj—l+1)+ >

[ns|—1+1 ))
l=|nr|—j+1 " l=|ns|—j+1 " + Op(l)

kn z n
~ o? e 205 e(@f)dag, 4 o(1)

00 2 1 ~ 1 ~
0_2/ —22¢(0 dZ_ o :< an>:<_Xn8>a
N—00 0 26(0) /kn Lnr) /k,n [ns]
is also constant. The Lindeberg condition is established as follows. Take § > 0, and

noting that ¢ (a) > 0 over a € [0,1] and ¢ (a) > C > 0 for all a € [0,£]U[1 — ¢, 1] for some
€ > 0, we obtain

[nr] SR (el
ZE e kn ~li=|nr] l:;rl n U]]_ |:’uj’ =5 /kneﬁ Zg{#ﬁﬂﬁ(%)]
=1 n

— i 6_% ZZLZIiT'J7j+1C(w>E {u?l |:|uj| > 5 /_kneﬁ Z}z{iﬂ,j+1c< \_nrj;l+1):| }

k,, 4
7j=1
1 [nr| _lz\_nr] C( |_nrj—l+1) )
< . e Fn &i=lnr]—jt1 " X E{ull [|u1| > 6\/16”}}

1 on = Lnr lnr]—t41
= LN R « E{u%l [|u1\ >0V k }}
J

~ _/ e in Jo cl@)dag ]E{u%l []u1| > 5\/@]}

~ e it > 6V} o
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since E (u}) < oo and

/r 6_% N cla)da o o /6 e—%c(o)sds _ i <1 _ 6—%%:(0)5) ~ L
0 0 2nc(0) 2nc(0)

Thus, the Lindeberg condition holds and holds for all r € (0,1]. Result follows
in a related way and the proof is omitted. 0

Proof of Theorem [A

Proof. The proof is similar to the line of reasoning used in the proof of Theorem [3| but the
calculations are considerably more complex. First, it is useful to re-normalize the time
series X; as X;, and then rewrite everything in terms of the last observation, X,. Note
that

J

] ! -+ c(l/n
X = e_ﬁg:lc(tiﬁl))(t = e R E§:lc(%)Xt = Xy + Z e " & )Uj

(62) | =

n 1 <
~ Z — 5 2 cl/n)
— Xn - € Fn =1 Uj.

j=t+1

We start with the decomposition

% Z?:l X 1AX, % Z?:l &_E)Xf—l % Z?:l X 1uy

n
- +
1 n 2 1 n 2 1 n 2 ’

and rewrite the component sums in terms of X, using . We consider each term

63) Kk (éOLS - 1) -

separately, starting with the common denominator.
(i) Denominator of ((63))
Upon scaling by e Zi=1 c(%), we write the denominator as

. n 2 n ~ 2 2 t-:llc(l)
—2 T e()1 Xia\"_ 1 Xy | emn el

t=1

(64)
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From Theorem , we know that \)/(_k% = O,(1). It is easy to see that in the last part
of the first term D, ; has the largest order of magnitude and the second term D,, 5
has the second largest order. More specifically, the three terms of take the following
forms as — —i— n— 0

TL,

1
[ n / e iz ) c(a)da/ efﬁ I C(a)dadB<S)dZ

1 1
- fO c(a)da/ —n le c(a)da/ - [ c(a)dadB( )d
e [ n e n S V4
V n 0 z

Y 1 s
(66) _ 22X =il C(“)d“/ el C(a)d“/ e in e c@de g dB(s)
vV, 0 0

~ 1
2X kn ,L fO c a)da / efﬁ 1C(a)da 1 dB(S)
\/_ 2¢(s)

2X kn —ifo c(a)da / e Fnls ! dB(s),
\/_ . c(s)

_ O kn —L fo c(a)da
7’L s

Ign 2y i) [ —,%;(Z/n u;
TR <><Ze : ﬁ>

1

—/ e n (/ e Jo (@dagB (s ) dz

67 1 1

(67) :kﬁe 7 Jo e /(/ekns dadB )
_2n ca)da ( [ n /6 = N dadB( )) dz

=0, (e*ifz Jo (@ d“) :

and

3k
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Note that the stochastic integral representation f e~ T Ju cla)da 15 dB(s) that appears
in the Eq. (66) relies as n — oo on the function ¢(s) only in the immediate neighborhood
of the end point s = 1, so asymptotically the condition ¢(1) > 0 is sufficient for the
asymptotics to hold.

(ii) Numerators of (63))
Start by con31der1ng the numerator in the first term on the right side of ( . Upon
scaling by e~ o 231 (J), as for the denominator, and by expanding the expression in

terms of X,,, we obtain

(68)

By the same logic employed with the denominator, in the first term has the largest
order of magnitude, and the second has the second largest order of magnitude. Note, in
particular, that

N'ril2 Z ( )e kn ;‘LtC(ZL)En:e_kln Llc(}l)\;{/_li—n

i=t

1
/ / 6 kn c(a)da/ e—ﬁ Io c(a)dadB(S)dZ

1 1

B n oo fo c(a)da/ ( ) - zl c(a)da/ - N c(a)dadB( )d

= 6 clz)e Fn € Fn S)|az
V 0 z

1 1 n ol $
(69) _ 2X 67 7; 15 c(a)da/ e Tn I c(a)da/ c(z)e kn L[5 dadde( )
\/ 0 0

1
?/X_ k—e_kn I C(a)da/ e Fn Js (a)da | dB()

X, k n
. n ——fo c(a)d . kn dadB( )
- et e [
= Op (ﬁek’r}n fo C(a)da) ,
n

22

Q
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which has precisely the same form and consequently the same order as . Similar
arguments to those of the denominator apply to the other two terms in this numerator
expansion.
Next consider the numerator of the second component of . Scaling this term by
ﬁe_ﬁ 7:10(%), we have
" e

1
_1 5w J X —1 Ug Xt 1 Ut ekn &j=1
e Fn J=lc(n> E tz1 E '
t=1 V k:n \% kn =1 V \% n ekn = (%)

n 1 el L

n Xn - Ze o l; (n)u]

o j=t Uy n (J)
(70) = = e R S

t=1 kn kn

S n n L U ] )
_ X}: U D) -y e T Y o 2 eln) u

VI y=y VIn t=1 V1 j=t v
=: NP, + NJ,

The first term of is approximately

e S [ =, () o o55) o

since

kn 1—¢ N 20(1)

The second term of is approximately

1
——/ e *n / e lo g B(5)dB(2)

(71) = —¢ Fa / / ¢ I g B(5)dB(2)

:Op<\/z?€ e )

which is of smaller order than the term NB Further, upon multiplication by

%"e* i 25=1<(%) to match the scaling of the denominator and the ﬁrst part of the nu-
merator, both terms of (| are evidently of smaller order than and . It is
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convenient to employ this standardization in what follows and let

— k 1 n J — k 1 n J
NB = Do Siae(E) B and NB, = e mm Zie(3) N B,
n,l n n,l n,2 n n,2

(iii) Bias Calculation

Combining , , and , we obtain the following bias expression for centering
the limit behavior of o5

(72)
: Ny + 0, (uen i o)
kn(Oors — 1) =

o == v, D

n

(3/%)2 >c(h) e~ Zimee() Op (%e_ﬁfé C(a)da>
() S BT ) 10, (e o)

LN () o Smee(2)

n Zt:l c (n) ek ! . <1 + Op (@6_’; fol c(a)da)) p C(l)

DD e~ Xi=<(%) n oo

3=

(iv) Combining the Components of ((63)
Neglecting smaller order terms according to the earlier calculations of the respective

orders of the elements of the numerator and denominator terms yields the asymptotic

approximation
o (o1 - S _ N R R
" Dn,l Dn,l + Dn,2 + Dn,3 Dn,l
Dn,l (Dn,l + Dn,? + Dn,3)
Dnl DTQLJ .

)

Using , , and , this recentred and scaled estimation error has the following

explicit representation
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(74)
n t =X c(l) kn 7ﬁ zj:16(%) \ n LSS (4
kn | Oors —1— 2= € (ﬁ) RN U B Xn l e_m;::tC(;)
ky, Z?:ﬂf e 2= (3) VEn t=1 Vi
n 2 n . j n 1 J . 1 ) <7 2 n
_zXnZ (£>6 S (n)Ze B () vy / = Ao e~ T Zi=o(%)

/

;’E 1 2n 1l 2
n —=2 " c(a)da
e kns ds .

From Theoreml

0_2 . . . ~
T m Xe0) =a N0, 2(:(0))’ and only early innovations with ¢ ~ 0

influence the limit behavior of X,, and, hence, the denominator of . By contrast, the
numerator in downweights early innovations and its limit behavior is governed as
n — oo by the right side of the unit interval, i.e. for values of ¢ ~ n. Thus, numerator
and denominator of are independent as n — oo, both being Gaussian in the limit.
Thus, the limit distribution of the ratio on the right side of is Cauchy (C) and it
remains to calculate the correct scaling factor of this distribution, which is determined by
the respective variances of the Gaussian components.
Note that

/1 k ! e(a) dad /1 7,%—”0(1)(175)d - kn (1 —k—"c(l)s) kn
Lo A A T o T ) T aney
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1
/ 1 o JL ela)da g Fn 1
o (2¢(s))? 2n (2¢(1))3’
and

! k
/ c(s)e s cladag (1 et do > ~
0

n
Then

o (f[ e B8] o (i)

and by direct integration

2, [ — / s Ca)d“/ c(z)e” i J el Va2 dB(s)
0
[k / 1 1
/ e~ kn c(a a 1 N e—i—z Io c(a)da) dB(S) ~ ﬁ\/ e—ﬁ Js C(a)dadB(S).
n-Jo

We may therefore simplify the representation as follows

1 1 s
2/ 0(5)67% Sl c(a)dads lﬁeiﬁ fol C(a)da/ efﬁ fsl c(a)da/ efi—z Zsc(a)dadde<S)
0 kn 0 0

Q

e \/—/ - & I elaa g gy 2(2(0)/\/(0,1) (2;1)>2]

O P 4 LY
[ (20(1))3/\/(0,1)]/[ 2¢(0) <20(1)) N(O’l)]
—, e Jo cl@)da 24/¢(0)c(1) x C.

. . . . 1
As earlier, the representations involving fo

2cts) ¢~ Ja el@dag p (s) in the above argument

rely as n — oo on the function ¢(s) only in the immediate vicinity of s =1 and ¢(1) > 0
suffices for the asymptotics to hold.
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We deduce the following asymptotic form of the centered estimator

. " ) o= Fr Li=ee( %)
kn<60Ls—1—Zt_1c( )62 ) )N2ekf0€(“ Vv ¢c(0)e(1)C,

ki D oog € Fn o=t

which leads to the limit theory

e (y) e =)
kn Z?:l 67% Z;'L:t C(%)

n—o0

et i i (ém_l_ ) s 2\/c(0)e(1C.

as stated.

Finally, from (63)) we have with random re-centering

ki | fors — 1 — 21 A — 5 2o Xeo1ty
Zt:l XtQ_l ﬁ Z?:I X7,

Then, using (64), (70), and the fact that

n ! n rl n ! 2n 1l o2
\Y o — fs c(a)dadB _ 2_/ — Js c(a)dad
<1//€n/0 e (s) o E e 5 — 2e(D)

we have

TL
Dnl

t/n 2 kn NTB
kneﬁfol e@da | org —1— 2 QXt S [PV Nt
thl Xi

N /kn f(] e kn dadB( )
~d

o kn

2¢(0) <2nc(1)) N<07 1)

SN 2y/¢c(0)e(1)C,

n—oo

as required.

Proof of Theorem [@

41

Proof. We proceed in the same manner as for Theorem [4] and apply the martingale CLT.

We first establish the stability condition for the variance of
1 \_n’rj 1 [nr]—j
\/k:_nXLWJ \/_ Z e =1 Uj.

C( Ln'rJn—l+1 )
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which has the form

[nr] lnrl -3 —i41
1 2 2 5 (lnrlot
<—XLmJ> =" A e
VE o &

j=1
o2 LnrJLX:\/knnjl 9 [nr]—j LTLTJ 41
= — exp § — c| ———
(76) k, 4 P k, n
7j=1 =1
9 [nr]

W‘|M

Lnr]—j
o nr] —1+1
" 2 - (—)

" =l Ve =
Note that when j < |nr] — |VEk,n|, we get |nr] —j > |Vkan], so that

[nr]—j
2 lnr] —1+1
exp ™ ; C(T> §exp{—2\/n/kn0},
and
" 4 exp i | =
(77) j=1 =1

SUQW@@{ QWC} —>0

Now consider the second summation in . Ifj > |nr|—vknyn, we get J%l > % Vit
r, so that ¢ <w> ~ c(r) uniformly for  =1,..., |nr| —j. Then

9 [nr] [nr]—j
o 2 lnr| —1+1
D S I Cy

" i=lnr) = VEn) v

(78> ’ e e 9 ( )LHTJ _j
X —
E p < 2¢(r .
" j=lnr)—VEnn]

Q

w|q

Vknn 0o 2
2 kn 20 (r)z 2 2¢(r)z o
=K dz —— o e dz =
0

n—oo
Using ([77) and . in gives
1 o2
79 — X ) — :
(79) <w? L J> o Z2e(7)

Next observe that for n large enough and s > r, |nr] < |ns| — Vknn, as k, goes to
infinity slower than n. Hence, for s > r the covariance

1 1
XTL'I’? XTLS
<m " “>
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g |nr] |nr]—j [ns]—j
Z 1 —1+1 —1+1

n

j=1 =1 =1
9 ns]—vknn |nr]—j [ns]—j

o 1 lnr] —1+1 ns] —1+1

<hY erp| X (—)+ > c(T
j=1 =1 =1

_ o2 _ T \_TLSJi:\/knn 1 |nr]—j Ln?“ a1

—e n ex — c|l ——
~k j=1 b kn =1

02(Ln5J — \/k'n_n) e~ Vn/kaC

- kjn n—00
In precisely the same way as earlier in the proof of theorem [4] it can be shown that the

Lindeberg condition holds, thereby giving the finite dimensional convergence

nr) lnr)—j
1 1 lnr| —1+1
\/k_XLm"J \/_ E exp k’_n E C (T) Uy

=1

and the stated result follows. O
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