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The random walk is used as a model expressing equitableness and the effectiveness of various
finance phenomena. Random walk is included in unit root process which is a class of nonstationary
processes. Due to its nonstationarity, the least squares estimator (LSE) of random walk does
not satisfy asymptotic normality. However, it is well known that the sequence of partial sum
processes of random walk weakly converges to standard Brownian motion. This result is so-
called functional central limit theorem (FCLT). We can derive the limiting distribution of LSE of
unit root process from the FCLT result. The FCLT result has been extended to unit root process
with locally stationary process (LSP) innovation. This model includes different two types of
nonstationarity. Since the LSP innovation has time-varying spectral structure, it is suitable for
describing the empirical financial time series data. Here we will derive the limiting distributions
of LSE of unit root, near unit root and general integrated processes with LSP innovation. Testing
problem between unit root and near unit root will be also discussed. Furthermore, we will
suggest two kind of extensions for LSE, which include various famous estimators as special
cases.

1. Introduction

Since the random walk is a martingale sequence, the best predictor of the next term
becomes the value of this term. In this sense, the random walk is used as a model
expressing equitableness and the effectiveness of various finance phenomena in economics.
Furthermore, because the random walk is a unit root process, taking the difference of the
random walk, we can recover the independent sequence. However, the information of the
original sequence will be lost by taking the difference when it does not include a unit
root. Therefore, the testing of the existence of unit root in the original sequence becomes
important.
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In this section, we review the fundamental asymptotic results for unit root processes.
Let {¢;} beiid. (0, 0?) random variables, where 62 > 0, and define the partial sum

1’]‘ = T]'_l +€]‘ (1’() = 0)

1.1)

j
=>e, (j=1...7),
i=1

which is the so-called random walk process. Random walk corresponds to the first-order
autoregressive (AR(1)) model with unit coefficient. Therefore, random walk is included in
unit root (I(1)) processes which is a class of nonstationary processes. Let C = C[0, 1] be the
space of all real-valued continuous functions defined on [0, 1]. For random walk process, we
construct the sequence of the processes of the partial sum {Rr} in C as

Rr(t) = ml/frj +T<t— %)G%gﬁ <];1 <t< %) (1.2)

It is well known that the partial sum process { Rt} converge weakly to a standard Brownian
motion on [0, 1], namely,

L(Rr) — L(W) asT — oo, (1.3)

where £(-) denotes the distribution law of the corresponding random elements. This result is
the so-called functional central limit theorem (FCLT) (see Billingsley [1]).

The FCLT result can be extended to the unit root process where the innovation is gen-
eral linear process. We consider a sequence {Rr} of a stochastic process in C defined by

~ 1 i\ 1 j-1 j >
- 7 _ L \_= 4. L << L
Rr(t) ﬁr] + T(t T) Tu], < 7 S t< T) (1.4)
where 7; = Z{zlui and {u;} is assumed to be generated by
uj = E aejg, ag=1. (1.5)

1=0

Here, {¢;} is a sequence of i.i.d. (0, 0?) random variables, and {a;} is a sequence of constants
which satisfies 3% l|a;| < oo; therefore, {u;} becomes stationary process. Using the Beveridge
and Nelson [2] decomposition, it holds (see, e.g., Tanaka [3])

ﬂ(ﬁr> — L@W), a=a. (1.6)

The asymptotic property of LSE for stationary autoregressive models has been well
established (see, e.g., Hannan [4]). On the other hand, due to its nonstationarity, the
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LSE of random walk does not satisfy asymptotic normality. However, we can derive the
limiting distribution of LSE of unit root process from the FCLT result. For more detailed
understanding about unit root process with ii.d. or stationary innovation, refer to, for
example, Billingsley [1] and Tanaka [3].

In the above case, the {u;}’s are stationary and hence, have constant variance, while
covariances depend on only time differences. This is referred to as the homogeneous case,
which is too restrictive to interpret empirical data, for example, empirical financial data.
Recently, an important class of nonstationary processes have been proposed by Dahlhaus
(see, e.g., Dahlhaus [5, 6]), called locally stationary processes. In this paper, we alternatively
adopt locally stationary innovation process, which has smoothly changing variance. Since the
LSP innovation has time-varying spectral structure, it is suitable for describing the empirical
financial time series data.

This paper is organized as follows. In the appendix, we review the extension of the
FCLT results to the cases that the innovations are locally stationary process. Namely, we
explain the FCLT for unit root, near unit root, and general integrated processes with LSP
innovations. In Section 2, we obtain the asymptotic distribution of the least squares estimator
for each case of the appendix. In Section 3, we also consider the testing problem for unit root
with LSP innovation. Finally, in Section 4, we discuss the extensions of LSE, which include
various famous estimators as special cases.

2. The Property of Least Squares Estimator

In this section, we investigate the asymptotic properties of least squares estimators for unit
root, near unit root, and I(d) processes with locally stationary process innovations. Testing
problem for unit root is also discussed. For the notations which are not defined in this section,
refer to the appendix.

2.1. Least Squares Estimator for Unit Root Process

Here, we consider the following statistics:

T

XX rXT

P=—gr 2 @1
Z;‘:ij—l,T

obtained from model (A.3), which can be regarded as the least squares estimator (LSE) of
autoregressive coefficient in the first-order autoregressive (AR(1)) model xjr = pxj-1,1 + uj7.
Define

1 T
Ut = T_ozéxj_” (xjr = xj,1)

a 0)“1T

ZTO' o' JTo |

(2.2)
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then we have

R u,,
Sir=T(p-1) = ﬁ (2.3)

Let us define a continuous function H;(x) = (Hy1(x), H12(x)) for x € C, where

1 2 2 (1 2 ! 2
Hy(x) = 3 x(1)° = x(0)" - fo Zcxl(v) dav g, Hyp(x) = f x(v)“dv. (2.4)
1=0

0
It is easy to check
Uir = Hiui(Xr) +op(1), Vir = Hia(Xr) +op(1). (2.5)
Therefore, the continuous mapping theorem (CMT) leads to £Z(U1,r, Vir) — £L(H:i(X)) and

L(S1r) = £(T(p-1))

a0y, 2{XM?- X0 - [; SZom (v av}
Hip(X) IS X(v)2dv .
o X@)AXE) + (1/2) 3 [ S ) - SZom(v)]dv
J’g X(v)2dv

2.2, Least Squares Estimator for Near Unit Root Process

We next consider the least squares estimator pr for model (A.11) in the case that (t) = fisa
constant on [0, 1], namely,

yir = pryjar+ujr, (G=1,...,T), (2.7)

with pr =1 - /T. Then, we have

Sy ryr R ~
L, Syr=T(pr-1)=—p =2, (2.8)

. p
r=1-5 = .
1 2joYiar 2
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where
1 T
Upr = ﬁ%yj—l,T(yj,T - Yj171)
]:

= —Yr(l) Y(0)* -

2i< ujr - Ty] 1T>2_ ﬁY(O) (ul,T— gyo;), (2.9)

j=1

—.

1 - 2 _ 1 - Y ] : 1 Y. 2
Var = aga 2¥iar = 7 21 ) ~ "
j= j=
Let us define a continuous function Hy(x) = (Hp1(x), Hpn(x)) for x € C, where

1
Hy (x) = —{x(l) x(O) - Z(xl(v)zdv}, Hy(x) = J‘o x(v)zdv. (2.10)

0 1=0
It is easy to check

Uy r = Hu(Yr) +0p(1), Vo = Hyp(Yr) +0p(1). (211)
Therefore, the CMT leads to Z(Ua1, Vor) — L(H>(Y)) and

2(Sar) = £(T(p-1)) = £(-P)

£<H21(Y)> _, /DY (1) - Y(O) - fy SZom(v)?dv)
Hx»(Y)/) (1Y (v)%dv 212

fo Y)Y (9) + (1/2) [y [{ S (») ) - S (v)?]dv
f& Y (v)2dv

2.3. Least Squares Estimator for 1(d) Process

Furthermore, we consider the least squares estimator

T _{d} _{d}
Sd) _ Z] Zx] 1Tx]T

T (1
RICER

Ssr=T(p!% -1) = ==
p sr=T(p! -1) Vo 2.13)
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obtained from model x},‘;} = pxj.i}j + x}jﬁl}, where

1 &td) (1d) _(d)
Usr = W}Z_;xj—lf (x]vT N xf—LT)

gtz LS [t (2N L gt gyt (1
_ET()_ﬁ]Z:; T T _TT()T T (2.14)
UG 2 e fgiar (N Lt 012
v = mE () -2 (7)) sl of
Let us define a continuous function Hs(x) = (H3z1(x), H32(x)) for x € C, where
1 1
Hgl(x)=§x(1)2, H32(x)=I x(v)*dv. (2.15)
0
It is easy to check
Usr = Hy (X}d]) +op(l),  Vair=Hs (X}"”) +op(1). (2.16)

Therefore, the CMT leads to £(Us 1, Var) — L(H3(X!41)) and

£(Sy1) = ,Z(T(ﬁ‘d} - 1))
Hiy (X141

1) 012 (2.17)
: 1<(1/2>{X{d h) >

[y (X141 (v) 2w
., [y X141 (v)dX 141 (1)
Jo X))y )

The equality above is due to (d — 1)-times differentiability of X!4-1}.

3. Testing for Unit Root

In the analysis of empirical financial data, the existence of the unit root is an important
problem. However, as we see in the previous section, the asymptotic results between unit
root and near unit root processes are quite different (the drift term appeared in the limiting
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process of near unit root). Therefore, we consider the following testing problem against the
local alternative hypothesis:

Hy:p=1 lepzl—é. 3.1)

We should assume that ¢2 is a unit to identify the models. Let the statistics S; 7 be constructed
in (2.3). Recall that,as T — oo, under Hy,

fo X@)dX () + (1/2) [} [{ S @)} - SZem ()] dv

L(S1r) — L

fo X(»)2dv
(3.2)
y: u f; [{Zio‘xl(”)}z - Z;ﬁo"‘l(")z] dv
= — 4+ ,
14 2 [3 X(v)*dv
where
1 1
u = j X()dX(v), V= f X(v)*dv. (3.3)
0 0
Since {>;%a1(v) 12, Z;fotxl(vf are unknown, we construct a test statistic
_ (1/T) X[ 42, — (1/T) S, f(£/T,0)
Z,=T(p-1)+ - , (3.4)

2(1/T) S50 4 7

where u;r = xjr — Xj_1,7. A nonparametric time-varying spectral density estimator f (u, 1) is
given by

flu i) =M f K(M (A1 = pe) ) (w, i) dpa
(3.5)

2aM T/ MZMH

= K(M(\ = pie) ) In (u, px),

k=-T/4mwr M+l

where \; = 2w /T)l -, 1=1,...,T-1and pyx = 27 /T)k -,k =1,...,T — 1. Here, In(u, A)
is the local periodogram around time u given by

2
(3.6)

7

1 N S\ ~ —i\s
In(u,A) = AN Zlh<ﬁ>u[uT]—N/2+s,T€ A
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where [-] denotes Gauss symbol and, for real number a, [a] is the greatest integer that is less
than or equal to a. Furthermore, we employ the following kernel functions and the orders of
bandwidth for smoothing in time and frequency domain, respectively,

1 11
Kx)=6(--x2), xel|-3,2|, h(x) ={6x1-x)}"% xe[0,1],

M=T"Y5,  N=T

which are optimal in the sense that they minimize the mean squared error of nonparametric
estimator (see Dahlhaus [6]); however, we simply multiply the orders of bandwidth by the
constants equal to one. Then, it can be established that, under H,,

2(2,) —>£<%>. (38)

We now have to deal with statistics for which numerical integration must be elaborated. Let
R be such a statistic, which takes the form R = U/V. Using Imhof’s [7] formula gives us
distribution function of R,

Fr(x) =P(R<x)=P(xV-U2>0) = E + 1 fl 1Im{qb(S'x)}ds (3.9)
R = =2 xw)ys ! ! )
where ¢(s; x) is the characteristic function of xV — U, namely,
1 1
$(-is; x) = E[exp{s(xV -U)}] = E[exp{s<xf X(v)2dv - f X(v)dX(v)> }] (3.10)
0 0

However, so far we do not have the explicit form of the distribution function of the estimator.
Therefore, we cannot perform a numerical experiment except for the clear simple cases. It
includes the complicated problem in the differential equation and requires one further paper
for solution.

4. Extensions of LSE

In this section, we consider the extensions of LSE pr for near random walk model y;r =
pryj-1r +ujr, pr =1-p/T.
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4.1. Ochi Estimator

Ochi [8] proposed the class of estimators of the following form, which are the extensions of
LSE for autoregressive coefficient:

_ B6..0, S ryT
p?”@”:l—ﬂ(@];@) = = 9] - o 01,0220,
I Yir t 01y + O2Yrr 1)
~(61,6,) ~ Uyt
Sar = T(PT1 Y- 1> = P60, = W,T’
where
1 T T-1 , , ,
Uyr = To? Zzlyj—l,Ty])T - Zzyj,T -61yir — Oyrr
j= j=
21! 0 P 6 i 0 2
= 5(1—2 1)+T(2 1—1)+ﬁ(1— 1) 1 Y(0)
1 11 < 2
+51- 02)Yr(1)* - ET_OZZl (”LT - g%—LT>
! (4.2)
1 2p 1 ,
+ \/Tg {1 — 291 + T(Ql - 1) }uLTY(O) + T_O'2(1 — 91)11112,
1 < 2 2 2
Var = T252 | 4 zyj,T +01y1 1+ Oyrr
]:
1< i\? 1 1\? 1 )
==>>Yr( = -D=Yr( = -1D=Yr(1)".
3 1(£) +@-n7Ye(F) +@-D¥Q
. . . ~(1,0) ., . (1/2,1/2)
This class of estimators includes LSE p; ", Daniels’s estimator p; , and Yule-Walker
estimator ﬁ(Tl’l) as the special cases.
Define for x € C, Hy(x) = (Hy1 (x), Hpp(x)),
1 1 o0
Hi (x) = §{<1 =26)x(0)* + (1 - 20,)x(1)? —f me)zdv],
0=
’ 4.3)

1
Hiy (x) :f x(v)*dv,
0

then we see that Hy(x) is continuous and

Uyr = Hyu(Yr) +0p(1), Vyr = Hp(Yr) +0p(1). (4.4)
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From the CMT, we obtain £(Uyr, Var) — L(H4(Y)), and therefore,

250 = (150 1)) = 2(-o) — 2(F2T). 69

where

Hy(Y) = %{(1 -261)Y(0)" + (1-26,)Y(1)* - f fja,mzdv}

0 =0

1
=(1 —292)f Y(»)dY () + (1 -60; - 0,)Y(0)>
0
(4.6)

1 =S 2 =)
+ % J' [(1 ~26,) {szl(v)} - Z(xl(v)z] dv,
0 1=0 1=0

1

Hp(Y) = f Y (v)2dv

0

4.2. Another Extension of LSE

Next, we suggest another class of estimators which are also the extensions of LSE. Define for
6(u) (e C) with continuous derivative 6’ (1) = (0/0u)0(u),

p=1- @ _ ZJ'T=29((j -1)/T)yj1ryir
' T 36 -D)/T)y

;o Ssr=T(p)-1) =—po= @)

where

1w, /-1
Usr = T—; — )y Wjr —yi-ur)
_ _1i{9<1> _e<f - 1) }y (j >2 + Loy - Le)r(0y
Y T T )7 2T 2
11 & /] p 21 /1 B\’
310 20(r) (wr - pr) + g0(5) (- gwor) 69
) 2
* 5o 29(0) {u1,T (w11 +2y07) - ?ﬁyo: (yor +uir) + %yg;},

Vs = T2 22 < >3/11T TZG< > <%>2_%9(1)YT(1)2-

If we take the taper function as 0(u), this estimator corresponds to the local LSE.
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Define for x € C, H5(x) = (Hs1(x), Hs2(x)),
1 1
Hs: (x) = =5 {f 0’ (v)x(v)2dv - 6(1)x(1)* + 6(0)x(0)2}
0
1 [e9)
- %{L 9(v)§a1(v)2dv},
1
Ha() = [ 6m)x0)dy,
0

where 0’ (1) = (0/0u)0(u), then we see that Hs(x) is continuous and
Us,r = Hs1(Yr) +op(1), Vs = Hs2(Yr) + 0p(1).

From the CMT, we obtain Z(Usr, Vs7) — £L(H5(Y)), and therefore,

£(Ss7) = ﬁ(T(p“; - 1)) - ﬁ(-ﬁe) — ﬂ(f{ilgg) = z(ye),
where
1 1
Hz (Y) = -3 {L 0'(v)Y (v)2dv — (1) Y (1) + 9(0)1/(0)2}
- %{Ll Q(V)gal(v)zdv},
1
Hs(Y) = L O(v)Y (v)2dv.

The integration by part leads to

o /2){ 3 6)dY D (v) - [ 6v) S0 (v) dlv
) [l ()Y (v)*dv '

with YO (#) = Y(#)%. Hence, using Ito’s formula,

. 2
Ayt = d{Y(t)2} = 2Y(HAY(t) + {Zal(t)} dt,
1=0

11

(4.9)

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)
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we have

o fo O0)Y(M)AY () + (1/2) [, 00) [ SZ0m ) = S ()] dv
B (L)Y (v)’dv '

(4.15)

Appendices

In this appendix, we review the extensions of functional central limit theorem to the cases
that innovations are locally stationary processes, which are used for the main results of this

paper.

A. FCLT for Locally Stationary Processes

Hirukawa and Sadakata [9] extended the FCLT results to the unit root processes which have
locally stationary process innovations. Namely, they derived the FCLT for unit root, near unit
root, and general integrated processes with LSP innovations. In this section, we briefly review
these results which are applied in previous sections.

A.1. Unit Root Process with Locally Stationary Disturbance

First, we introduce locally stationary process innovation. Let {u;r} be generated by the
following time-varying MA (co) model:

uj,T = %“}(%)E}'—l = %0{1(%)[]5] = a(%,L)gj, (Al)

where L is the lag-operator which acts as Lej = €1 and a(u, L) = ijoal(u)Ll, and time-
varying MA coefficients satisfy

9

leup |t (1)] < o0, leup Ew

1=0 0<u<l 1=0 0<u<1

a;(u)| < oo. (A.2)

Then, these {u;r}’s become locally stationary processes (see Dahlhaus [5], Hirukawa and
Taniguchi [10]). Using this innovation process, define the partial sum {x;r} as

j
xj,T = x]-_l,T + uj,T =Xor + ZuilT, (A3)
i=1

where xo1 = 0vVTX(0), X(0) ~ N(yx, 6%) and is independent of {e;}.
We consider a sequence { Xt} of partial sum stochastic processes in C defined by

; P (eter)
Xr(t) = —=xit+T(t-= )—=u;r, <t< = ). A4
0= (11 ) (A
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Now, we defineon R x C

h;l) (x,y) =x+a(t, Dy(t) - JZ a' (v, 1)y (v)dv,

B B (A5)
a(t,1) = %a,(t), al(t,1) = %a(t,l) = %%al(t).
Then, we can obtain
L(Xr) — li{h(l)(X(O), W) } = 2(X). (A.6)
The integration by parts leads to
X () = X(0) + a(t, )W (t) - ﬂ @ (v, )W () dv
t (A7)

= X(0) + IO a(v,1)dW(v),

dX () = a(t, 1) AW (t).

Note that the time-varying MA (oo) process u;r in (A.1) has the spectral representation

ujr = ’[Jr A(%,A) erdg(\), (A.8)

=Jr

where ¢(\) is the spectral measure of i.i.d. process {¢;} which satisfies ¢; = ffn eltd(\), and
the transfer function A(t, A) is given by

A(t,)\) = ial(t)e‘”)‘, A(t,0) = ia,(t) =a(t,1). (A.9)

1=0 =0
Therefore, stochastic differential in (A.7) can be written as

dX () = A(t,0)dW (b). (A.10)

A.2. Near Unit Root Process with Locally Stationary Disturbance

In this section, we consider the following near unit root process {y;r} with locally stationary
disturbance:

yir = piryjar +ujr, (j=1,...,T)

I i/ (A.11)
N Tervor+S ( 11 pk,T> uir,
i=1

i=1 \k=i+1
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where {u;r} is generated from the time-varying MA (c0) model in (A.1), pjr = 1 - (1/T)
B(j/T), B(t) € C[0,1], yor = VToY(0), and Y(0) ~ N(yy,6y) is independent of {¢;} and
X (0). Then, we define a sequence {Y7} of partial sum processes in C as

— L . _ i yi'T yiil'T (J 1 i)
Yr(t) Gﬁy],T +1 <t ; > ow/T , <t< . (A.12)
Define on R? x C

t t t
K2 (x,y,z) = e WP (y _ x) - fo B(v)e W POEZ () dy + (). (A.13)

Then, we can obtain

2(Yr) — ﬁ{h(z)(X(O),Y(O),X)} = 2(Y). (A.14)

The integration by parts and Ito’s formula lead to
t t v
Y(t) = e hPeds <Y(0) - X(0) - J p(v)eh ﬂ<5>d5X(v)dv> + X ()
0
t
= ¢ hP)ds <y(0) +I el ﬂ(/‘)d/‘dX(v)>
0

t
= o~ loP(s)ds <y(0) +I efovﬂ(ll)d#a(vll)dW(v)>, (A.15)
0

AY () = -pB)Y (t) + a(t, 1)dW (¢)
= —BOY () + A(t,0)dW (1)
= —BOY () + dX(1).

A.3. I1(d) Process with Locally Stationary Disturbance

Let I(d) process {x]{.,‘;} } be generated by
(1- L)dx},’;} =ujr, (j=1,...,T), (A.16)

with x[_';Ll == xéiiT] =0, and {u;r} being the time-varying MA (o0) process in (A.1). Note

that the relation (A.16) can be rewritten as

d d-
(1- L)x},T} - x]{.,T 1, (A.17)
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Then, we construct the partial sum process {X}d] } as

x4 1 I\ 1
ol D s

for (j —1)/T <t <j/T,d > 2, and X;l}(t) = Xr(t), where the partial sum process {Xr}
is defined in (A.4). Let us first discuss weak convergence to the onefold integrated process
{X!1}} defined by

XM = X(v)dv-f{X(O f a(‘u,l)dW(y)} (A.19)

For d = 2, the partial sum process in (A.18) becomes

xPo-HSxa(H)r(-Dx(D)) (Fesd)  am

Define on C
t
h? (x) = f x(v)dv. (A21)
0

Then, we can see that

1(X}2}) —>£{h(3)(X)} :z{x“l}. (A.22)
For the general integer d, define the d-fold integrated process {X!4!} by

) = I tX[d‘”(v)dv, X0 () = X(8). (A.23)
0

From the similar argument in the case of d = 2, we can see that the partial sum process {X}d} }
satisfies

z(x}‘”) Hlﬂ{h@ (X[d-”)} :1{de-11}. (A.24)
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