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LIMITING DISTRIBUTIONS OF MAXIMUM LIKELIHOOD
ESTIMATORS FOR UNSTABLE AUTOREGRESSIVE
MOVING-AVERAGE TIME SERIES WITH GENERAL
AUTOREGRESSIVE HETEROSCEDASTIC ERRORS

By SHIQING LiNnG AND W. K. L1?
University of Hong Kong

This paper investigates the maximum likelihood estimator (MLE) for
unstable autoregressive moving-average (ARMA) time series with the
noise sequence satisfying a general autoregressive heteroscedastic
(GARCH) process. Under some mild conditions, it is shown that the MLE
satisfying the likelihood equation exists and is consistent. The limiting
distribution of the MLE is derived in a unified manner for all types of
characteristic roots on or outside the unit circle and is expressed as a
functional of stochastic integrals in terms of Brownian motions. For
various types of unit roots, the limiting distribution of the MLE does not
depend on the parameters in the moving-average component and hence,
when the GARCH innovations reduce to usual white noises with a con-
stant conditional variance, they are the same as those for the least
squares estimators (LLSE) for unstable autoregressive models given by
Chan and Wei (1988). In the presence of the GARCH innovations, the
limiting distribution will involve a sequence of independent bivariate
Brownian motions with correlated components. These results are different
from those already known in the literature and, in this case, the MLE of
unit roots will be much more efficient than the ordinary least squares

estimation.

1. Introduction. Consider the autoregressive moving-average (ARMA)
time series y,, t = 1,2, 3, ..., with the general autoregressive heteroscedastic

(GARCH) error process given by

(1.1) &(B)y, = (B)e,

(1.2) & = nt\/]t‘?’ hy=ag+ E aiatz—i + E Bihi_is
' i=1

i=1

where 7, is a sequence of independently and identically distributed (i.i.d.)
random variables with zero mean and variance 1; ¢(B) =1 — Y2, ¢, B’ and
y(B) =1+ X%, ,B' are polynomials in the backshift operator B with
¢, # 0and ¢, # 0 and have no common root; &, > 0, ay,..., @,, B, s By =0
and the polynomials a(B) = ¥/_, a;B' and B(B) =1 — Xi_; B;B' have no
common root; % denotes the o-field generated by the information set
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UNSTABLE TIME SERIES WITH GARCH ERRORS 85

s M_1,...}. We shall assume that the starting value X = (y,,...,
Yept1rE0r-rer E—grits hg,...,h_s.1) is known and is #,-measurable, where
g* = max{r, q}. As will be seen later, the starting value has no effect on the
asymptotic properties considered. We shall say that the ARMA model (1.1) is
unstable if ¢(z) has at least a root on the unit circle.

The nonstationary time series have been extensively investigated for the
last decade. Some important results for the nonstationary autoregressive
AR( p) models can be found in Fuller (1976), Dickey and Fuller (1979), Hasza
and Fuller (1979), Dickey, Hasza and Fuller (1984), Tsay and Tiao (1984),
Phillips (1987), Chan and Wei (1987, 1988), Tsay and Tiao (1990) and
Jeganathan (1991). Among these authors, Chan and Wei (1988) first obtained
general results in a unified manner for all types of unit roots in unstable
autoregressive AR(p) models. Jeganathan (1991) derived general results for
near-nonstationary AR( p) models. However, two important cases are not yet
investigated completely and satisfactorily.

On the one hand, because of practical motivations from applications,
recently the nonstationary ARMA models have been studied by many statisti-
cians and econometricians. Tsay and Tiao (1990) discussed the asymptotic
properties of the least squares estimation (LSE) for general (multivariate)
nonstationary ARMA time series and proved that if the AR part contains
stationary components and the moving-average (MA) part is nontrivial, the
LSE of the parameters in the AR part will be inconsistent. Pantula and Hall
(1991) used an instrumental variable approach to estimate and test the
regular unit root in an ARMA model, that is, the presence of the factor
(1 — B) in the AR polynomial. Yap and Reinsel (1995a, b) considered a
Gaussian likelihood estimation of the ARMA models with regular unit root.
They showed that Gaussian likelihood estimation for the unit root is more
efficient than Pantula and Hall’s instrumental variable approach and their
simulation results also demonstrate that the performance of the unit root test
based on the Gaussian likelihood estimation is better than that based on the
instrumental variable approach. However, the asymptotic properties of the
maximum likelihood estimation (MLE) for the general nonstationary ARMA
model, that is, ¢(z) with roots 1, —1, e’ and e~ *’, have not been obtained. In
this paper, our results cover this case.

On the other hand, research on nonstationary time series is almost always
limited to innovations with constant conditional variances. In the framework
of Phillips and Durlauf (1986) and Phillips (1987), the long-run variance and
the innovation variances are equal in the presence of heteroscedasticity, but
it does not include many conditional heteroscedastic processes as defined in
(1.2). The autoregressive conditional heteroscedastic (ARCH) model, that is,
model (1.2) with s = 0, was proposed by Engle (1982) and generalized by
Bollerslev (1986) as the popular GARCH model (1.2). This is a very important
class of time series and they have been widely investigated and applied in the
financial and econometric literature. These models are able to model the real
situation better and hence result in more efficient estimation and statistical
inference. Some excellent surveys on the subject can be found in Bollerslev,
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86 S. LING AND W. K. LI

Chou and Kroner (1992) and Bollerslev, Engle and Nelson (1994). There have
already been several papers which attempt to link nonstationary time series
with ARCH processes. Pantula (1989) derived the asymptotic distribution of
the least squares estimator for the AR(p) model with one unit root under a
first-order ARCH process for the innovation sequence. He demonstrated that
the Dickey—Fuller test can still be employed in that case. In fact, the work of
Chan and Wei (1987) can also be applied to the LSE of the nonstationary
AR(1) model with GARCH innovations. However, a well-known advantage of
stationary time series with ARCH/GARCH innovations is that the MLE is
more efficient than the LSE. It seems natural to expect that this advantage
still carries over to nonstationary time series. If so, in the presence of the
ARCH /GARCH innovations, the MLE will be important for nonstationary
time series since one can obtain more satisfactory estimation and inference
procedures, especially better unit root tests. Although there are not many
results in comparing unit root tests based on the MLE, Peters and Veloce
(1988) and Kim and Schmidt (1993) provided simulation results showing that
the Dickey—Fuller tests based on the LSE are often too sensitive. Unfortu-
nately, as far as we know, there have not been any asymptotic results for the
MLE in the presence of ARCH type errors.

In this paper, our aim is to investigate the MLE for unstable ARMA time
series with GARCH processes which links the popular GARCH models and
the nonstationary ARMA models. Under some mild conditions, it is shown
that the MLE satisfying the likelihood equation exists and is consistent. The
limiting distribution of the MLE is derived in a unified manner for all types
of characteristic roots on or outside the unit circle and is expressed as a
functional of stochastic integrals in terms of Brownian motions. For various
types of unit roots, the limiting distributions of the MLE do not depend on the
parameters in the moving-average components. Hence, when the GARCH
innovations reduce to the usual white noise with a constant conditional
variance, they are the same as those of the LSE for unstable autoregressive
models given by Chan and Wei (1988). When the GARCH innovations are
present, the limiting distribution will involve a sequence of independent
bivariate Brownian motions with correlated components. These results are
different from those already known and, in this case, the MLE of unit roots
will be much more efficient than the ordinary LSE. These asymptotic results
not only provide the basis for constructing new unit root tests or other
applications, but also help us to understand more comprehensively the
nature of nonstationary time series. The method for obtaining these asymp-
totic results can be applied to other ARCH type innovations and near-
nonstationary cases as well as multivariate cases.

The paper proceeds as follows. Section 2 introduces the MLE and main
result. Section 3 gives some auxiliary theorems. Section 4 derives asymptotic
properties of nonstationary componentwise arguments corresponding to the
locations of various unit roots. Section 5 gives the proof of the main result.

Throughout the paper, we use the following notation: U’ denotes the
transpose of the vector U; o(1) (0,(1)) denotes a series of numbers (random
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UNSTABLE TIME SERIES WITH GARCH ERRORS 87

numbers) converging to zero (in probability); O(1) (O,(1)) denotes a series of
numbers (random numbers) that are bounded (in probability); —, and -,
denote convergence in probability and in distribution, respectively. D =
D[0,1] denotes the space of functions f(s) on [0, 1], which is defined and
equipped with the Skorokhod topology [Billingsley (1968)]; D" =D X D --- X
D (n factors). || - || denotes the Euclidean norm.

2. The MLE and main result. Suppose that the observations y,,..., y,
are generated by the model (1.1)-(1.2). The log-likelihood conditional on the
starting value X is

) n 1 1¢&?

(2.1) Li,(\)= > 1(A) and l,= —=Inh,— =—,
= 2 2 h,
where A = (¢, ¢',8), ¢ =(¢dy,...,9), ¢y==,...,¢) and &=
(ag, @yy..., @y Bey-.., By)'; & and h, are treated as functions of A, although
g, is only a function of (¢, '); A € O, which is a compact set in the real
space RP"9*7*s*1 and A, is the true value of A. The true errors will be
denoted by &,,, and h, evaluated at A = A, is denoted by %,,. The MLE, A,
of A, is defined as A € ©®, which maximizes Li,(\).
Define the random variables

al, () 32L,(A)

(22) Dt(/\) = and It(/\) = _8_/{_0:\'—,

where the formulas of D,(A) and I,(A) can be found in Appendix A. We shall

use D, and I, to denote D,(A,) and I,(A,), respectively. To obtain the MLE of

Ay, we employ Taylor’s expansion to write

dLi,(X)
U

n

(2.3) f‘, D, +
=1 t

LA =) + XL LA~ Ay,
1 t=1

where X = A, + v(A — Ay) with v = v(n, M) satisfying |v| < 1. Throughout
this paper, we suppose that, when A = A, the following assumptions hold.

AssuMPTION 1. The characteristic polynomial ¢(z) has the decomposition

l
d(z) =(1-2)'(1+ z)b IT(1—2cosb,z+ zQ)dk¢>*(z),
k=1
where a, b, I and d, are nonnegative integers, 0, € (0, 7), ¢*(2) =1 —
YP* ¢Fz' with all roots outside the unit circle and p* =p —(a + b +
2d, + - +2d)).

AssuMPTION 2. All roots of y(z) are outside the unit circle.

ASSUMPTION 3. Y/ ;a; + X5, B; < L.
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88 S. LING AND W. K. LI
ASSUMPTION 4. 7, has a symmetrical distribution.

AssumpTION 5. p(E(A, ® A,)) < 1, where p(A) = maxf{lall eigenvalues of
Al},

Bmtz Bsntz
O(r— 1)Xs

2 2
a7y @,y

I(r—1)><(r—1) O(r—1)><1
oy «a, ‘ Bl Bs

O(s~1)><r I(s~1)><(s—1) O(s—1)><1

I, is the k X k identity matrix and ® denotes the Kronecker product.

Assumptions 3 and 5 are the second-order stationarity condition given by
Bollerslev (1986) and the fourth moment condition given by Ling (1995),
respectively, for the GARCH process (1.2). Denote /,,(A*) = —(1/2)In h, —
(1/2)el/h, with &, = y(B) $*(B)z,, A* =(m*',8"), m* = (¢*', ') and
¢* =($7,..., ¢p)". Define dl,,(1\*)/dm* and dl,,(A*)/38 as in (A.1) and
(A.2) with [,(A) and m replaced by [,,(A*) and m*, respectively. Correspond-
ing to Ay, the true value of A* is denoted by Aj.

To transform {y,} into various componentwise arguments corresponding to
the locations of their roots, now let u, = (1 — B) %,(B)y,, v,=1 +
B) %%y(B)y,, z, = ¢§ (B)¢y(B)y, and =x,, = (1 — 2cos §,B +
B?) o (B)y,, k= 1,...,1, where ¢o(B) = ¢(B)|,-,, and similarly for ¢r,(B)
and ¢{(B). Then (1 — B)u, = ¢(Ble,, (1 + B)v, = o(B)e,, ¢5(B)z, =
Yo(B)e,, (1 —2cos 6,B + Bz)dkxt,k =y (B)e,, k=1,...,1, where a, b, d,
and ¢*(B) are defined as in Assumption 1. Define u, = (u,,...,u,_,.1),
v = (Ut’ ) vt~b+1)/’ z, = (Zt’ ) Zt~p*+1),’ Xir = (xt,k’ ces Xy, + 1,k)’> k=
1,...,1. As shown in Chan and Wei (1988), there exists a nonsingular matrix
Q* such that

(2'4) Q*yt = (ult>vtl>xlt,1’"'>X,t,l’z,t),’
where y, = (y,,..., ¥,_,+1)". Define

Q = diag(Q*?ImIXml)?

G, = diag(J,, J,, Ly,,..., Ly, n 2L, 0 ),

where J,, jn, L,.,k=1,...,1 are defined as in Section 4, m, = q +r + s +
1 and my, =p*+qg+r+s+ 1 Our main results can be stated as the

following theorem.

(2.5)

THEOREM 2.1. Under Assumptions 1-5 of the model (1.1)-(1.2):

(a) there exists a sequence {X,L} of solutions satisfying the likelihood equa-
tion dLi,(N)/dA = O such that

@G (A — Ag) = 0,(1):
W(Q n) (n— 0)_1)()’
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UNSTABLE TIME SERIES WITH GARCH ERRORS 89

(b) for such a sequence,
_ a 1 — ’ 1 - 15\
(R'G) (A = X) = | (F %), £ (FE),

1 1
() oo 2 (HG) N ]
where K,(F, £),(F, £), (H,, ), k =1,...,1, are defined as in Section 4; N
is a (p* +q +r+s+ 1D-dimension normal random vector with mean
zero and covariance X* '33*7 1 3% = diag(E[d%1,,(X5)/dm*am*'],
E[9%1,,(X§)/38 98']) and 3 = diag(E[(dl,,(X§)/dm*) L, (X§)/dm*")],
E[(al,,(X§) /06X al, (X§)/38")).

REMARK. If 7, is not normal, the MLE’s obtained by Theorem 2.1 are only
quasi-maximum likelihood estimators. From Theorem 2.1, we see that the
asymptotic distributions of the MLE of various types of unit roots do not
depend on the parameters in the moving-average part. As the GARCH
innovations reduce to usual white noises with a finite conditional variance
(see Theorems 4.1-4.3), the limiting distributions are the same as those given
by Chan and Wei (1988) and, in fact, are also the same as Tsay and Tiao’s
(1990) results in the univariate case. As the GARCH process is present, the
limiting distribution will depend on the parameters in the GARCH process
and involve a series of independent bivariate Brownian motions with corre-
lated components. These limiting distributions are different from results of
Chan and Wei (1988) and Tsay and Tiao (1990). In Example 2.1 below, we
will illustrate that the MLE of unit roots is more efficient than the LSE in a
special case. In addition, from here to Section 4, all true parameter values A,
and X§ are denoted as A and A*, respectively, for simplicity of notation.

ExampLE 2.1. Consider the model,
(2.6) Y= Y1t &y,
(2.7) &lF_1 ~N(0,h;), h,=ay+ a18t2—1 + Brh,o1,

where ¢ = 1, a; # 0 and Eg} < . Suppose that ¢ is the MLE of ¢. Then we
can obtain directly from Theorem 2.1,

(2.8) n(d;ML - ‘15) ~g Eup = /Olwl(t) dwz(t)/[K/Olwf(t) dt],

where (w,,w,) is a bivariate Brownian motion with mean zero and covari-
ance t(¢'1), 0% = Eh, and K = E(1/h,) + 2a7%L7_, B PE(el ;/h}).
Denote the LSE of ¢ as ¢, g, then (see the remark after Theorem 3.3)

Jo Bi(t) dBy(t)
Jo Bi(2)dt ’

(2.9) n((l;LS - 1) ~g s =
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90 S. LING AND W. K. LI

where B(¢) is defined as in (2.10) below. To compare the efficiency of .
with ¢, g, we normalize the bivariate Brownian motion (w,, w,) in (2.8) by

letting

1
B\(t) = 7{;——;%(0

1 o? o?
B,(t) = =3\ Jag =y D) + | Ty @e(d)-

Then, by It0’s formula [Chung and Williams (1990), page 109],
_ Jo Bi(t) dBy(t) + Vo ’K — 1 [ By(¢) dBy(t)
Sur = Ko?[} B2(t) dt Ko?(} B2(t)dt '

Since By(t) is independent of B,(¢), by the definition of the stochastic
integral [c¢f. Chung and Williams (1990), Chapter 2], it is not difficult to

obtain
E[f& By(t) dBy(t) /¢ By(t) dBy(t)
(/& B2(t) dt)*

and

(2.10)

(2.11) .
gl Jo Bi(t) dBi(2)

. { (& Bi(t) dt)’
Furthermore,

Jo By(t) dB,(2)
Jo Bi(t)dt

E[fOlBl(t) dB,(t){By(¢),0<t < 1}” - 0.

2

(2.12) _ E{[]Ole(t) dt]*zE (/OlBl(t) de(t))2 (B\(t),0 <t < 1}]}

-1
- E[]Ole(t) dt] .
By (2.10)~(2.12),

1 1B,(t) dBy(t)\° o:K—-1 [ -1
2 051 1 9
(2.13) E§LM—K204E( T na | T K E[fOBl(t)dt] .

Further, by (2.9),

E¢2, 1 oK — 1
Eél, Kol | Kot
where ¢ = E[ [} B{(t)dt]™' /E[ [} By(¢)dB(t)/ [} B(t)dt]®. By simulating
the nonstationary AR(1) process with 10,000 replications, we estimate ¢ =

c,

(2.14)
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UNSTABLE TIME SERIES WITH GARCH ERRORS 91

0.4489, 0.4307, 0.4247, respectively, for n = 100, 200, 500. By the
Cauchy-Schwarz inequality, it is easy to show that Ko 2 > 1, and hence,

E¢Z, co’K+1-c¢ Ko 1

= < = <1,
E&ls K%* K%* Ko

with equality if and only if Ko ? = 1, that is, h, = a constant. In particular,
when B, = 0 and «; > 1, Ko ? - », as shown by Engle (1982). This demon-
strates that the MLE for the unit root is much more efficient than the LSE
and the gain in efficiency could be very large.

REMARK. Based on the asymptotic distribution in (2.8), Ling and Li
(1997b) proposed some new unit root tests and presented simulation results
showing that these new tests have better performance than Dickey—Fuller
tests based solely on LSE. We also believe that the asymptotic theory in
Theorem 2.1 can be applied in more general cases. For the simplest GARCH
process (2.7), assumption 5 is equal to 3a? + 2, B, + B < 1, that is, Boller-
slev’s (1986) condition. Under the weaker condition (Nelson, 1990) E[In(a;n?2
+ B] < 0, which allows a; + B; = 1 (in this case, the variance is infinite),
Lee and Hansen (1994) derived the asymptotic distribution of the MLE for
the pure GARCH process (2.7) with 8; # 0. For the model (2.6)—(2.7), whether
or not corresponding results exist will be an interesting research problem.

ExaMPLE 2.2. Consider the model,

(2.15) #(B)y, = ¢(B)s,

where ¢,|%,_; ~ N(0, h,), h, and ¢(B) are defined as in model (1.1)-(1.2) and
¢(B) = (1 — B)¢p*(B) with all roots of ¢*(B) outside the unit circle. Re-
parametrize (2.15) as

p
Ye= Y11+ 2 Vi(Yioiv1 —Yioi) + ¥ (B)e,
i=2

where vy, = XF_; ¢, and y; = —XF_; ¢;, j = 2,..., p. Suppose that $ is the
MLE of the parameter ¢ = (¢y,...,¢,)". Define ¥, =LF ;¢ and ¥; =
—Xr ¢, j=2,...,p. Then

(2.17(2.16) G, ' (Y~ v) »o(céyL, N)
where Gn = dlag(l/n, I(p—1)><(p—1)/ \/—7’:), c = 1/(1 - 257:2 }’i), Y= (71"--’

Y,)'s €y, is defined as in (2.8) and N is a normal random vector with mean
zero and covariance

3= E[(l/ht)(&st/é"y)(58,/&'}")] + E[(l/Z)(l/h?)(&ht/ay)(&ht/&y')].
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Let u,=(1 —B) '¢(B)y, and z, = ¢* (B)$(B)y,. Then u, = ¢*(B)y,
and z, = (1 — B)y,. Denote

I =y =7 = %1 Y%
=11 -1 0 0 0
0 0 0 1 -1
Then (u;, 2, ..., 2, p19) = (¥4, -+, ¥i—p+ 1)@ By Theorem 2.1,
(2.17) (QG) (- ¢) >, diag(éys, N).
On the other hand, we have the relationship, y = P¢ and y = P¢, where
1 1 oes 1

Thus,
(218) G;'(5— ) =G, 'P($ - ¢) = G, 'PQG,[(Q'G,) (- ¢)].

By direct calculation,

0 c 0
2.19) G;'PQ'G, =G| ¢ G :
( ) n Q n n (* I(p‘l)X(p—l) n 0 I(p—l)X(p-l)

where * is composed of elements not depending on n. Further, by
(2.17)-(2.19), (2.16) holds.

REMARK. As &, reduces to white noise with a constant conditional vari-
ance, the asymptotic distribution given by (2.16) is the same as that given by
Yap and Reinsel (1995b) and further, as ¢ = 0, it is also the result in Fuller
(1976) and Dickey and Fuller (1979). This shows that the estimators obtained
by the reparametrization method used by Fuller (1976) and Yap and Reinsel
(1995b) and the estimator obtained by the componentwise argument method
used by Chan and Wei (1988) are asymptotically equivalent.

3. Auxiliary theorems.

THEOREM 3.1. Let {S,(¢), 0 <t <1} and {¢,, k=1,2,...} be two se-
quences of random processes such that:

(a) S,(t) =5 S(t) in D;
1 [ntl
(b) = X & s £(2) inD;
N p=1
(©) max [&,/Vn] >, 0;
1 n
(d) — X 1&l=0,(1);
n,_q
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UNSTABLE TIME SERIES WITH GARCH ERRORS 93

and almost all trajectories of S(t) and &(t) are continuous. Then

1l§18(k)

- 0 asn — o,
n p
k=1

sup
0<t<1

REMARK. Theorem 3.1 together with Theorem 3.4 below will be an impor-
tant tool for Lemmas 4.1-4.4.

Proor. First, by conditions (a)—(b) and Theorem 15.2 in Billingsley [(1968),
page 125], there exists a constant M such that, in probability,

(3.1) sup [S,()| < M,
0<t<1
1 J
(3.2) sup |—— Y. & | <M,
1<j<n |Vl p—1
(33) sup |, (x) - S,(v)| - 0,
lu—vi<1/yn
1 [nty]
(3.4) sup |-~ Y & |—0.
ltr—tol<1/ym | VIV k=[nt,]
Now, for each n, let N(n)=[Vrn]l+1, m = [n/N(n)] and n, = EN(n),
1<k <m. Then 1 =n,<n; <ny< -+ <n,, <n. Denote s = sup{k, n, <

J}. Then we have

sl

np_a

1 J k
§k+ ; Z Sn(_)fk

||
S|+
™
3
17
n
—_—
f

Il
S|+
S
I
—
e
n
3
—
S| >
N ———
|
n
=
—
S
ST
—_
| N—
e
Bl

(35) l=1k=n;_,
18 1) Mot
oy s, (M) ng+—2‘,s( )
=1 k n;_q
=1, +1, +1;, say.
By condition (d) and (3.3),
1 n
(3.6) ILl<  sup  [S,(w) =S, (v)|= X 1&I-, 0.
lu—vl<1/ym =1
By (3.1) and (3.4),
1 ™ 1
I, < sup |S, (t)lmax — ). & \/__
0<t<1 nog=n,
(3.7) (nt,] )
< sup |S,(¢ max — & |— —, 0.
Ost£1| ( )|It1 tol<1/yn ‘/—k=[X1:zt1] flVn 7
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94 S. LING AND W. K. LI
By condition (¢) and (3.1),
1 J
1Ll < sup [S.(t)|= X I&l
n t=ng

O<t<1

j_n’s

(3.8)

IA

sup |S,(1)| max ||
0<t<1 l1<k<n

IA

2
S (t)| max — —_ 0.
Oiltlgll a )llngnlgk"/; »

By (3.5)-(3.8), we complete the proof. O

THEOREM 3.2. Let {¢:t=1,2,...} be a series of F-measurable random
variables and %, is the o-field generated by the i.i.d. random variables {n,,
i=t,t—1,...}. Suppose that the following conditions are satisfied:

Cl. sup, E{¢? <wand E¢, =0, t=1,2,...;

C2. E|¢, — E(&|GE ™1 = O(m™27) for some v > 1/2, where GI*I" =
T Myms s M s

C3. {¢&: ¢t = 1,2,...} is uniformly integrable;

C4. 62 =EX!_, &/Vn)? > o2 asn -«

Then
1 [n7]
(3.9) I Y & >y aW(r) inD asn — o,
t=1

where W is a standard Brownian motion.

REMARK. Theorem 3.2 is an extension of Theorem 21.1 in Billingsley
(1968), where &, is a fixed measurable function of {n,}, that is, ¢ =
f(n,,m,_1,...). Here, the measurable function f can depend on time ¢. In
particular, when o = 0, (3.9) still holds.

Proor. We only need to verify that Assumptions A.1, B.2, A.3, A4 and A5
of Theorem 2.11 in Wooldridge and White (1988) are satisfied.

Let X,, = £,/ Vn . By C1, Assumption B.2() holds. Taking d,, = 1/ Vn, by
C2, Assumption B.2(ii) holds. Assumptions A.1 and B.2(iii)—-(iv) are obviously
satisfied. Let c,, = (1/ Vn)max{1,(E£?)/?}. Then X2 /c?, < £? and hence,
Assumption A.3 holds by C3. Now, for A < « but sufficiently large, by C1,

[n(§€)]c’2” - [max{l, (Sltlp E§t2)1/2}rn~1([n(7 N E)] B [nT]) ane

[n7]

Hence, forall0 < e<1—-—7and0<7<1,

[n(r+e)]
lim sup|e ! Y 2] <3A <,

n— o [nr]
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That is, Assumption A.4 holds. By Theorem 2.11 in Wooldridge and White
(1988), {£{*] ¢,/ Vn} is tight in D. When o2 = 0, by C4, E[X}_, N'&,/ Vn ]2
— 0 and hence, we can obtain E[Z\**] \'¢,/Vn1? — 0, where 0 < 7 < 1. It is
easy to show that all the ﬁmte dlstrlbutlons of {X1""] &,/ Vn \/— } converge to zero
in distribution. Thus when o2 = 0, (8.9) holds. When o2 # 0, since [nr]/n

- 7, by C4,
(nr] \? nr [nr] |2

as n = ©, where 0 < 7 < 1. That is, Assumption A.5 holds. By Theorem 2.11
in Wooldridge and White (1988), (3.9) holds. This completes the proof. [

The remaining part of this section will be devoted to invariance principles
of some random variables involved in Section 4. We first introduce three
lemmas. The proofs of Lemmas 3.1 and 3.2 can be found in Ling and Li
(1996); see also Bai (1993) and Ling and Li (1997a). The proof of Lemma 3.3
can be found in Appendix B.

LeEMMA 3.1. (i) Under Assumption 2, ¢ (z) has power series expansion.,

o0

(3.10) b (z) = Y u(k)zt, lzl<1,

k=0
and v (k) = O(p") with 0 < p < 1.
(ii) Under Assumption 3, a(z)B~(2) has power series expansion,

o0

(3.11) a(2)BN(2)= Y vy(k)z*, lzl<1,

k=1
and v, (k) = O(p*) with 0 < p < 1.
LEMMA 3.2. Suppose that the process {,} is defined by (1.2) and Assump-

tion 3 holds. Then e, is strictly stationary and ergodic and &? has the
following causal representations,

w  j-1
(3.12) 8t2 =vy'é + Z y' nAt—i§t~j’
j=1 i=0
where &, = (aonf,O, ey 0, g, . ,O)’(,H)><1 with the first component a,n? and

the (r + Dth component «,, y=(1,0,...,0),,4y, and A, is defined in
Assumption 5.

LEMMA 3.3. Let GIZ" = a{n,. s+ Mp_m), Wherem = 0,1,... . Under As-
sumptions 3 and 5, there exists a constant p, 0 < p <1, such that, for
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96 S. LING AND W. K. LI

k=0,1,....,m
2 E|et, — B(s2 0G0 = 0(pm *);
®) Blh, , — B(h,_ )G ) = 0(p" )
1 2
© B - E(h_'GHm) =0(p");
(d) El‘/ht—k _E(\/ht—kIGttf,'Z),z=0(pm—k);
(e) Elgtfk E(‘gt kIGt+m)|2=0(pmfk);

(f) if &, is one of the following random variables:

t—1 -1 t—1
Yoo(k)e s L (=) Fou(k)e s, L u(k)E,
k=1 k=1 k=1
t—1 t—1
Y vy(k)e,_,sinkd, Y v,(k)e,_, cos ko,
k=1 k=1
g Y(B)e, i i=1,...,p, ¢* Y(B)eg_,,j=1,...,p%
t—1 -1
> vh(k)gt—klpﬁl(B)gtfk’ Z vh(k)gt—k¢*71(B)gt—k?
k=1 k=1
then E|¢, — E(gth”'")F O(p™), where (1 — Bz — -+ —B,z5) ! =

Yiov(R)z" and &, = (1,8 4,...,87 ,,hy 1, By )

Now denote

1 2 t—1
A, = (‘5}’ . _(8_t - 1) E vh(k)gtfk),’

B, =

. & . 1 (&
C,,(0) =V2|& sinth, — sintd — — ———1
t-1
X Z v (k)e, ksm(t—k)@)

& 1 [&f t-
C,,(0) = V2| e, costh, — cos th — — = -1 Z vy(k)e,_, cos(t — k)6 |,
h, h,\ h, P

Z, = (9l (X*)/am*', al,,(A*)/38"),
where [,, is defined as in Section 2.
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UNSTABLE TIME SERIES WITH GARCH ERRORS 97

LemMA 3.4.  Suppose that g, is one of A,, B,, C,,(6), C,,(6) and Z,. Then
there exists a constant p, 0 < p < 1, such that Ellg, — E(g,|GE™|* = O(p™).

t—m

Proor. By Lemma 3.1(Gi) and Lemma 3.3, it is not difficult to verify that
the conclusion holds. This completes the proof. O

THEOREM 3.3. Let

St=(A,taB;’ ,lt(al)’CIZt(al)"“’ &t(el)’C,Zt(el)’Zé),’
where 0, € (0,7), 6, # 6, ifi #j,i,j=1,...,1. Then
1 [n7l
_\/_____ ZSt >, W(T) in D4(l+1)+p*+q+r+s+1’
-1

where W(r) = (W{(7), Wo(7),..., Wy, (1), W3,, (1), N (7)), the W, (1)s are
sequences of i.i.d. bivariate Brownian motions with mean zero and covariance

Eh, 1

"YU Bk + kT 0l (R)E(e2 1 h2) |

k=Ent—1, N(r) is a (p* + q + r + s + 1)-dimension Brownian motion,
which is independent of W(r), i =1,...,2]l + 2, and has mean zero and
covariance 73, where 3, is defined in Theorem 2.1.

REMARK. When A, is a constant, W(r) is a singular multidimensional
Brownian motion but its components are still usual Brownian motions. This
theorem serves a similar purpose as Theorem 2.2 in Chan and Wei (1988).
The elements of S, will be basic processes corresponding to nonstationary
componentwise arguments in Section 4 and the stationary componentwise
argument. The theorem actually is a special extension of Theorem 2.2 in
Chan and Wei (1998). When their assumption that E(e?|%;) = a constant is
replaced by the assumption that ¢, is a GARCH process defined by (1.2), by
Theorem 2.2 in Kurtz and Protter (1991) and Theorem 3.3, we can show that,
under Assumptions 1-5, Chan and Wei’s (1988) results still hold. Similarly,
in this case, Jeganathan’s (1991) results also hold.

ProorF. Let A be a (4] + p* + q + r + s + 5)-dimension constant vector
with M'A # 0, & = NS, and QF = diag(l ® 1, 2), where I is a (I + 1) X
(I + 1) identity matrix. In the following, we verify that ¢, satisfies conditions
C1-C4 in Theorem 3.2.

(a) By Assumption 5, the fourth moment of &, is finite and further, by
Lemma 3.1(i1), it is easy to verify that sup, E£? < ©and E¢, = 0,¢t = 1,2,... .
(b) By Lemma 3.1(ii) and Lemma 3.4, we can show that

E|¢ - E(&1GEm) [ = 0(m2)

for some v > 1/2.
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98 S. LING AND W. K. LI

(¢) By direct verification, condition C3 is satisfied.
(d) Note that, for 0, 8* € [0,27],

1 7
lim — ) cos kfsink6* =0

n=e Mgy
and
12 17
lim — Y cos kfcos kO* = lim — ) sinkOsink* =0 if 6+ 0*.
n—>wnk=l n— o nk=1

Thus it is not difficult to show that, for any two different vectors, &, and &,,,
chosen among A,, B,, C,,(0,) and C,,(6,), k =1,...,1,

1 [/ » n
oo e Eal(Ea o
noe B\ t=1

Since 7, has a symmetrical distribution, by straightforward calculation, we
can also obtain

(3.14) lim iE'( 3 5)( iz;” -
[\e=1 t=1

n—-o>x N

Again, since 7, has a symmetrical distribution,

2[££ )

(3.15)
1 Zn: Eh, 1
n /= 1 E(RY) + kS [vE(R)E(e2 4Ry ?)]
1 t-1 v2(k)el,
- ZE Z 2 !
o1 k=1 h;
(316) n vz(k)gz 1 n 0 UZ(k)EZ
h “k h —k
Rt
k=1 ¢ nh=1 |k=¢ ¢
(3 17) 1 i E i U}%(k)etz—kJ E( 8t2—i) 1 i O( 2t) 0
' - | < - p*') =0,
i1 | k=t h} af n,_q

by Lemma 3.1(i). By (3.15)—(3.17), we have

(3.18) lim — [( Y A, )(;ZIA;” ~ lim — Y o-o.

n-ox RN n—w« nt=1

Similarly, we can show that

(3.19) lim —1—E[( i Bt)(téB;” -0

(3.20) hm% [(2 ”(ek))(z ;t(ek))]ﬂ) fori=1,2,k=1,...,1.

t=1
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By Assumptions 1-5, the process {Z,} is strictly stationary and ergodic with
finite fourth moments [cf. Ling and Li (1997a), Theorems 3.1-3.2 and Weiss
(1986), Theorems 3.2-3.3]. Thus,

(321)  lim 1E[( » Zt)( » Z;)] _ lim — » E(Z,Z)) = 3.

n t=1 t=1 noe Mg

From (3.13)-(3.14) and (3.18)—(3.21), we know that

1 no\?
(3.22) ol = —E( Y gt) - g% = NOQ*A.
noo\s-1

Combining (a)-(d), we have already shown that conditions C1-C4 in
Theorem 3.2 are satisfied and hence,

1 [n7l
(3.23) = Y NS, >, MW(r) in D,
t=1

where W is a (4] + p* + q¢ + r + s + 5)-dimension Brownian motion with
mean zero and covariance (*. Finally, by Proposition 4.1 of Wooldridge and
White (1988), we complete the proof. O

THEOREM 3.4. Suppose that g, is one of the following types of random
variables:

th -1 2 8t2 -1 \ 2
53—[ r vh(k)at_k] , zﬁ[ L (-1) vh(k)atk] ,
t Lr=1 t lr=1
g2[t-1 2 1 g2[t-1 2
h_ts[ Y v,(k)e,_, sin k()} s h—tg[ Y v,(k)e,_, cos k()} ,
t [r=1 t tlr=1
8t2 t—1 t—1
—| 2 vi(k)e,_, sin k()” Y v,(k)e,_, cos k()].
ht k=1 k=1
Then
(a) n ' Y lg, — Egl=0,(1);
=1
(b) max g, — Eg|/Vn = o,(1);
1 [n 2
;E[ Zl(gt - Egt)] - o,
t=
(c) L tr)

T (gt—Egt) g 0'()(00(7) inD;
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100 S. LING AND W. K. LI

1 [ 2 2
;E[ Y (g, — Eg,)sin t()*} - af,
t
1

@ e
Vn (8 — Eg,)sint0* -, oyw(7) inD;
t=1
1 [ 2
—E| ) (g, — Eg,)cos to* ] - o,
(e) tole
1 [n7]
Vn Y. (g, — Eg,)cos t0* >, oy0,(7) inD,
t=1

where o, o, and o, are constants, 6* # 0 and w;, i = 0,1,2, are standard
Brownian motions.

Proor. We only consider the case with g, = (e2/hRIIX: v, (R)e,
sin £601%; other cases are similar.

(a) Denote g, = (¢2/hDIT;_; v,(k)e, ,1?. By Lemma 3.2 and Assumption
5, {g,} is strictly stationary and ergodic with finite variance. Since |g,| < &,,
by the ergodic theorem, we know that (a) holds.

() It is clear that max,_,_,lg, — Egl/Vn < max,_,_, &,/ Vn +
max, _, ., Eg,/ Vn . It is easy to show that the second term converges to zero.
Note that {g,} have a common distribution and Eg? < «. By Chung (1968),
page 93], MaX; <<y g,/ Vn =o0 ,(1). Thus (b) holds.

(c) Denote g} = (&2/hDIL;_, v,(k)e,_, sin k6]% Then, by Lemma 3.2 and
Assumption 5, we can show that {g7} is strictly stationary and ergodic with
finite variance. Let ¢, = g, — Eg, and & = g — Eg;. In the following, we
first prove the fact that, for £ = 0, 1,...,

(3.24) E(&565) = O(ph).

Let m = [k/3]. Then, for k large enough, E(¢f1G™,,) and E(&F|GEE™) are
two independent random variables and hence,

(3.25) E[E(&1G™,)E(&1GH )] = [BE 1 EEr] =

where G’“r " is defined as in Lemma 3.3. On the other hand, by Lemma 3.3, it

is easy to obtain that, for m = 0,1,..., E|&F — E(&f IG’”’")I2 = O( p}") with
p; € (0,1). Thus, by stationarity of §t* and the Cauchy—-Schwarz inequality,

we have
|E(¢56i)| <|E[E(&1G™,) E(&1GE ]|

+2(B[E(g1em,))") Bl - E(griatm))
+ B[ & - E(grlak )

= 0(pi") = 0(p"),
where p € (0,1) is large enough such that p/* < Cp* for some constant C.
That is, (3.24) holds.
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UNSTABLE TIME SERIES WITH GARCH ERRORS 101
Now, by (3.24), we know L}~ 1 E(&5¢F) and L2 1 RE(EFE)) converge abso-
lutely. Therefore,

1 n ? , "ln—k
w( Do) -met e o P tmese)
k=1

t=

-

(3.26) ;
— E&F+2 Y E(&5EF),
k=1

as n — oo, Note that

1({2 \ 1(=x 22
;(Zé)=;(2§* -
t

t=1

Zn: (‘ft - gt*)]( i §t*)
t=1 t=1

(3.27) ,
Z (gt - ‘ft*)] :

t=1

By Lemma 3.1(i1), it is easy to obtain that E(¢, — %)% = O(p?) with p € (0, 1)
and hence, by applying Minkowski’s inequality, we know that E[X}_,(¢, —
E¥12/n — 0. Further, by (3.26), we can show that the second term in (3.27)
also converges to zero in probability. Thus,

1 n 2 o
(3.28) ——E( Y §t) - E&F? + 2 Y, E(€F¢)) = aconstant o,
no\¢=1 k=1

as n — . By (3.28), Assumption 5, which implies Eg/ < « [see Ling (1995),
Theorem 6.2] and Lemma 3.3, we can verify that conditions C1-C4 in
Theorem 3.2 are satisfied. Thus (c) holds.

The proof of (d) can be found in Ling and Li (1996). The proof of (e) is
similar to (d) and hence is omitted. This completes the proof. O

4. The asymptotic behaviors of componentwise arguments. As
shown in Section 2, the general model (1.1)—(1.2) can be transformed into
various componentwise arguments corresponding to the location of their
roots. In this section, we will discuss the asymptotic behaviors of these
component arguments according to the different locations of unit roots. These
results will be used to prove Theorem 2.1. All of the limiting results obtained
in this section are jointly convergent by Theorem 2.3 of Chan and Wei (1988)
and Theorem 3.3. We will no longer give special statements.

4.1. Roots equal to 1 and —1. In this section, first we consider the model
(4.1.1) (1-B)"u, = y(B)s,

where ¢(B) and ¢, are defined as in (1.1)-(1.2) and the initial value u, =
(ugy .., U_oyy) =0.Defineu, = (u,,...,u, o ) u k) =0 —-B) *u, k=
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102 S. LING AND W. K. LI

0,1,...,a and U, = (u,(a), ..., u,(1)). Then

(4.1.2) u,(0) = ¥(B)s,,
t
(4.1.3) u(k+1)= Y ui(k) fork=0,1,...,a — 1,
i=1
and, as shown by Chan and Wei (1988), there exists a nonsingular a X a
matrix M such that Mu, = U,. Denote JJ, = N, 'M and N, = diag(n®, n® 1,
.,n). Let
t
(414)  Fo(2) =B(t),  F(t) = [[F_i(s) ds,
1 1 ,
(4.15) e=(['F (0 B0, [TF0) aB)
0 0
(4.1.6) F=(ay),,, and o= [F(t)F(t)dt,
0

where i,j=0,1,...,a — 1 and W(¢) = (B(¢), By(¢))' is a bivariate Brown-
ian motion with mean zero and covariance ¢} defined as in Theorem 3.3. For
the process {u,}, we have the following theorem.

THEOREM 4.1.
n
(a) I LA s £
t=1
n
(b) L JuBudy >z KF,
t=1
where
e t—1 1 2 il
t . J ‘
Ay = h_ti=0U€(l)utfi71 B h—t(h_t - 1) g ;0vh(l)l’g(])az—iut*iﬂ*l’
t-1¢-1
By, = 2 Lv(i)v()a,_;
ht i=0j=0

417 2¢f 1t
( ) ts )y Y v(i) (i) v, (1) v (J2)

toip,ip=171,75=0

!
X € iy Wy -1 Wiy jy— 15

+ 2 Z Uh(‘)E( }:2 )’

i=1

)
Tk

and v,(i) and v, (i) are defined as in Lemma 3.1.
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Before giving the proof of Theorem 4.1, we first present two lemmas.

LEMMA 4.1.
(a) Vn N, 'U,, =y (1) E%(2);
nle 1 [ &2 i-1
(b) N;! El[h—i - Z(h_i - 1) i);lvh(i)et_i]m =g ¥(1)€,
(©) N-U Y U UL Ny wE(1)F,
t=1

where ¢¥(t) = (L F,_(s)ds,..., [l Fy(s)ds)'.

Proor. For (a),

t

u,(1) = )y u;(0) = _El Y(B)e;

i=1
q

t r—1
(4.18) ERARE L Y ;0 o

r=1
=¢(1) Y& +R(1),
i=1

where ER?(1) < M (a constant) uniformly on ¢. By (4.1.8),

(4.1.9) u k) = 2:' i]E:le(l) + ¢(Dui (k)

=R,(k) + ¢y(D)uf(k), k=1,...,a,
where ER%(k) < Mt**~ Y (1 — B)*u}(k) = &, and thus,

t
(4.1.10) uf(k+1) =Y uf(k), k=0,1,...,a — 1.
i=1

Using Theorem 3.3, we have

[nt]

1
(4.1.11) —\/ﬁ-—uiknt](l) = 7—‘;— 'g:l &g gy Bl(t) in D.

By (4.1.10)—(4.1.11) and repeatedly applying the continuous mapping theorem
[Billingsley (1968), Theorem 5.1],

(4.1.12) n #1205 (k) >, [F,_y(s)ds inD, k=1,.,a
0

Further, by (4.1.9) and (4.1.12), we can claim that (a) holds.
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For (b), by (4.1.9), the kth element of (b) can be written as

n & 1 €t2 -l .
nk Z [_t - _(_ - 1) Z Uh(‘)gti]utl(k)

t=1 i=1
=—kn ﬁ_iﬁ_lt_l ) & (&
(4 113) . tgl[ht ht(ht i;vh(l)gt_l t—l( )
i 1 (&f t—1
+y(Hnt Z [— - h—(h_ - ) ) Uh(i)et_i}uj‘ﬂl(k)
h, e\ e i=1

=1, +y¢(1)1,, say.
Note that, by (1.2) and (3.11), &2 ,/h, < 1/v,(i) a.s. and further, by 1/ \/ﬁ; <
1/ ya, as., we know that, almost surely,

& 1 (&} el 2
[___(__1)21,;1(;)8”]

c|lnl + (n? + 1) Z [v4(2)]

2

t

(I”’h| + 7It + 1)
where ¢ is a constant not depending on ¢. Since R, ,(k) is 4,_,-measurable,
we have

2 oy &t 1 ‘o : ’ 2
EIf =n Y E O h—_l Y vp(i) e, | R} ()
t=1 t t t i=1
(4.1.14)
n
<c;n %Y ER? (k) =n 2*0O(n?** 1) =0(1),
i=1
where ¢, = cE(In,| + n? + D2
Let
t-1
Y, = (1/‘/;) &/hy — (l/ht)(8t2/ht - 1) Z Uh(i)atz}-
Then {Y,,} is a F-measurable Martingale dlfference It is easy to verify that
sup, X' ,1Y,,|* < «. Further, by (4.1.12), Theorem 2.2 in Kurtz and Protter

(1991) and Theorem 3.3,

- ~k+1/2 % 1 &t 1 €t2 ‘' .
I2 = Z [ ut 1(k)] ——‘/;L— h_ - Z‘ h_ -1 Z vh(L)gt-i
(4.1‘15) t=1 t t t i=1
>, ['Fi(t)dBy(t) fork=0,...,a 1.
0

By (4.1.13)-(4.1.15), we can show that (b) holds.
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UNSTABLE TIME SERIES WITH GARCH ERRORS 105

For (c), by (4.1.9), Lemma 4.2(a) below and Fuller’s (1976) Lemma 5.1.4,
the (%, j)th element of (¢) can be written as

nkt Zut W(R)u,y(j) =n"* ZO (th732)
(4116 71

+ wz(l)n_k_j Z ui_1(k)uy_1(J)-
t=1
In the last equation, the first term converges to zero and, by (4.1.12) and the

continuous mapping theorem, the second term converges in distribution to
1[12(1)0kj, k,j=1,...,a. Thus (c) holds. This completes the proof. O

LEMMA 4.2.
(a) E(uj(k))=0@** DY), k=1,...,a;
nof1 1
b N1t — —E|—||U,_,U_,N; ' = 0,(1
o Bl »;
1w g (L ’ g [t . ’
(© N, t§1 h_?( =Z vh(l)gti) - E Z:;T(iglvh(l)gz—i) }}

XU, U ,N;* = 0,(1).
ProOF. Similar to Lemma 3.3.5 of Chan and Wei (1988), (a) can be
established, and the detail is in Ling and Li (1996). (b) and (c¢) hold by
Theorem 3.1, Theorem 3.4 and Lemma 4.1(b)—(c). This completes the proof. O

PROOF OF THEOREM 4.1. For (a), consider the kth element of J, X/ ; A,,,

nz[ T 0,6 (h)

tL 0
4.1.17 1 g
( ) —h—(—— 1) Y Y v () e, -j-1(k)
i=1j=0
=Il_12'

Note that

w (k)= Y wy(k - 1)

j=1
(4.1.18) = til uj(k -1) - til uj(k - 1)
j=1 J=t—i

=u, (k) — X u,_j(k—-1), k=1,...,a,
j=1
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106 S. LING AND W. K. LI

where the last term is defined as zero if i = 0. Now,

I=n2[2 )uul(m]
e {Fol o

i[h—‘i i t,(k—l)}
(4.1.19) B -
() ; 7t (k)

g

=1t

Y v, )u (k)
[ Sue )

By Lemma 3.1G), Lemma 4.2(a) and the Cauchy—Schwarz inequality, the
expectation of the absolute value of the second term above is less than

(4.1.20) not 2 (ht)z p'O(n*~1/2) = o(1),

and the expectation of the square of the last term is given by

v L E| - D) Zut_,»(k—n}
ti=0 j=1
-%z[zw )!Z\/Eu?,(k—l)}
(4.1.21) t=tle=o
Oo(n™1), ifk =1
" | no2 Xn: O((tzlzplnk 3/2) =0(n?%), ifk>1
t=1 1=0
=o0(1).
By (4.1.19)-(4.1.21),
(4.1.22) L=y ()nt Yy %ut,_l(k) +0,(1).
t=1 t
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Similar to (4.1.22), by Lemma 3.1, we can show that
-1 -k L 1 8t tl .
(4129 L= v Wn T (7 - 1) Tueu i) 0,0,
t=1 e \ 1y i=1

By (4.1.17), (4.1.22)-(4.1.23) and Lemma 4.1(b), we complete the proof of (a).
For (b), consider the (%, j)th element of X}, J, B;,dJ},

t—1 t—-1

p T T T wi) i) (R )

i;=0i=0

el L N ~ ;
2n kY F[ Y X op(d)v(iz)v.(d)v.(J2)
=1 "

(4.1.24‘) il,i2=1 jl)j2=0

X & igUy—iy—j—1(R) Ui, j—1(J)
=1, +1,,
say. By (4.1.18),

n 1 t— -
IL=n"*" ; h_ 2} g (i) v (o) Uy —1(R)uy_yy,—1(J)
n 1 [t
= EDY h_[ )y E v (il)vs(iZ)]ut—l(k)ut—l(j)

no1

Sy h—{ i) X - )}
(4.1.25) )
[ OU Sig)u, ig— 1(J)}

noke ‘2 [ y o (zl)u,_l(k)]

i,=0

t—1
[ Y v.(h) Z u,_(J— )}-

J1=0 ip=1

Denote the last summation above by T, + T, + T5. Then

. 2
n t—1 1y
EIT, <n "7 Y |E| X v.(iy) X upj(k - 1)}
t=1 i1=0 =1
t—1 2\ 2
(4.1.26) XE| ) vs(iz)u,_iz_l(j)] )
ig=0
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108 S. LING AND W. K. LI

O(ti=1/2), ifE =1,

;\
M:

IA
T

[O(tZ(k 2)+1)O(t2(] 1)+1)] , ifk>1,

R
;
[\1:

[
—

t
O(n 1/?), ifk =1,
n Y Oy = 0(nY), itk>1 | o)
t=1
Similarly, we can show that E|T,| = o(1). Thus, we have
1
n~t (1) Z ut (R)u, 1(5) = 2n~ "y 1(1) Z (Z . ))
t

t=1 Jj=t

X u, (k)u, 4(j) + 0t Z (Ev (i)) up1(k)u,1(J) +0,(1).

1=t

By Lemma 3.1(1) and Lemma 4.2(a), it is easy to show that the second and
third terms converge to zero in probability. Thus,

IL=n"*"y 2(1)E( )Zut (k) u, 1(J)
(4127)  + 0t Z[—_E(; ”uu(k)utl(j) +0,(1)

1
nk Jl,[/ 2(1)E( )Eut W(R)u,1(J) +0p(1)

where 2 = 1,..., a and the last equation holds since the second term in the
first equation converges to zero by Lemma 4.2(b). Further, we have

(4.1.28) I, =2n" "y %(1) Zlvh( )E( H2 )Eut 1W(k)u,1(J) +0,(1).

The proof of (4.1.28) can be found in Ling and Li (1996). By (4.1.24), (4.1.27),
(4.1.28) and Lemma 4.1(c), we complete the proof. O

For the case with unit root —1, we consider the model

(4.1.29) (1+ B)°v, = ¢(B)s,,
where (B) and ¢, are defined as in (1.1)—(1.2) and the initial value v, =
(vg,.--,V_p.1) = 0. Similar to the process {u,}, we define v, =(vt,...,

v, 5.1, v (R)=0+ B *tv, k=0,1,...,b, and V, = (v,(b),...,v, (D).
Then v,(0) = y(B)e,, (—D'v(k + 1) = L. 1( 1)Lv (k), fork =0,1,...,b -1,
and there exists a nonsmgular b X b matrix M such that Mv, = V Denote
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J,=N;'M and N, = diag(n®, n®"',..., n). Let

b

- 1~ 1
(4.1.30) £= —(f Fb_l(t)de(t),...,f Fo(t)de(t))',
and F = (6,)pxp> Where F(t) and G;;,1,j=0,1,...,b — 1, are defined simi-

larly as (4.1.4) and (4.1. 6) respectively. For the process {v,}, we have the
following theorem.

THEOREM 4.2.

(a) jn Z Ay >y é;
t=1
(b) Y. J,Bs.d, =5 KF,
t=1
where
£tz 1 812 t—1¢-1
Ay = Z‘ Z v ()Viiy h—(—ﬁ— - 1) Y X va(2)v,(J) & iVioijo1s
t t i=1j=0
1eictic . . ,
B,, = h_ Z v (l)va(-])vt—i—lvt—j—l

23,2 t—1 t—1
=5 B3 Z Z v (81) v, (i) v, (J1) v, (J2)

t iy ig=1j1,J3=0
X & i & iVimii—ji— 1Vt iy—jy—15
K is defined as in Theorem 4.1 and v,(i) and v, (i) are defined in Lemma 3.1.
The proof of Theorem 4.2 is similar to that of Theorem 4.1 and can be found
in Ling and Li (1996).

4.2. Roots equal to e'® and e'®. 1In this section, we consider the model
(4.2.1) (1 - 2cos 6B + B2) x, = y(B)e,,

where (B) and &, are defined in (1.1)-(1.2) and the initial value x, =
(xg,..., %_9q.1) = 0. Define x,(j)=(1— 2cos 6B + B®)? /x, for j=0,1,

code X, =(x,y. ., %,_94,1) and X, = (x,(D), x,_(D),..., x,(d), x,_,(d))'.
Then, as in Chan and Wei (1988), there exists a nonsingular 2d X 2d matrix
C such that Cx, = X,. Note that

(1 =2cos 6B + B*)x,(j+ 1) =x,(j) forj=0,1,...,d — 1.

Since x, = 0 implies X, = 0, we have

x,(j+1)=—
(4.2.2) sin 6 .~}

t

sin(t — k + 1)0x,(J)

forj=0,1,...,d — 1.
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110 S. LING AND W. K. LI
Let

(4.2.3) S,(j) = Z cos kOx,(j) and T,(j) = Z sin k0x,(Jj).
k=1
Similar to those of Chan and Wei (1988), we have the following identities:
(4.2.4) sin 0x,(j) = S,(j — )sin(t + 1)8 — T,(j — 1)cos(¢ + 1)0,
2sin 6S,(J)

(425) = ft_: [sin 6S,(j — 1) — cos 6T, (j — 1)

+sin(2k + 1)0S,(j — 1) — cos(2k + 1)0T,(j — 1)],
2sin 0T,(j)

(426) = Zt: [cos 6S,(j — 1) + sin 0T, (j — 1)

—cos(2k + 1)0S,(j — 1) — sin(2k + 1)0T,(j — 1)].
In the following, we first introduce some notations:

§=(§1’~~"§2d), ( J)2d><2d’
(/f&ﬂd&w) [, 1(5) dBy(s)).

gz’;l B 2sin 0

£oj = 2si1n ; {cos 0[[01]”]-_1(3) dBy(s) — folgjq(S) déz(S)J

—sine[folfj_l(s)déz(s) + /Olgj_l(s) de(s)]},
= O2k,2j

= (/ fr1(s)f;- 1(S)ds+fgk 1(5)g;-1(s) ds)

O9r-1,2j-1

4 sin? 6

Ogp—1,2j = O2j,2k-1

- 4511 o{c"s"[f fi-1(8) - 1(8)d8+fgk ()8 1(3)ds]

—sin 0] ['f, i) () ds = [, s(5) i +() s

F(1) = 5o (sin efotfj_l(s) ds — cos e[otgj_l(s) ds),

P of ds + sin 0" d
g;(t) = Ssin g |8 /ij_l(s) s+s1n6f0gj_1(s) s],

fo(t) =By(t) and g(t) = By(2),
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where (B,(¢), B,(¢)) and (B,(¢), B,(¢)) are two independent bivariate Brown-
ian motions with mean zero and covariance ¢} as in Theorem 3.3. Further
denote L, = N, 'C and N, = diag(nl,,,,...,n%,, ).

THEOREM 4.3.
n
(a) Ln Z A3t __)Y g;
t=1
(b) Y. L,ByL, >, KH,
t=1
where
g, t-1 1 (&2 —1l:-1
Ay, = 711 v ()X, q — ;L‘(‘— - 1) Z Z Uh(L)Ug(J)at—ixt—i—j—l’
ti=0 t t =1,=0
1 t-1¢t-1
BSt—— ZU()U(-])thlxtjl
he =0 j=0
2e2 ¢ t—1
+ 73 Z Y va(i)va(iz) v, (Jy) ve(Js)

toiy,ig=1j1,Je=0

!
Xe& i 8 i, Xpi 1% p—iyjy— 15

K is defined as in Theorem 4.1 and v,(i) and v,(i) are defined as in Lemma
3.1. The following are two auxiliary lemmas.

LEMMA 4.3. Ford >j > 0,
(4.2.7) \/gn_j_l/z(s[nt](j)’T[nt](.j)), g ‘P(R)(fj(t), gj(t))/ in D?,
where R = (229 ~sin0) and (R) is the matrix polynomial LI_, ;R".

ProoF. We prove the lemma by induction. By the definitions of S,(0) and
T,(0) in (4.2.3),

S,(0) = Z cos kOy(B)e,

W

=Y Z cos koe,_;
i=0 k
a  t-

=Y Z cos(k +i)6g;, + 0,(1)

(428) 70 A

q t q t

= Y Y cos(k +i)fe, — X o Y, cos(k +1i)0g, + O,(1)
i=0 k=1 i=0  k=t-i
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where i,
have

(4.2.9)

e IDe

S. LING AND W. K. LI
t t

k=1 k=1

¥;(cos i0S] — sin 10T} ) + O0,(1),

~
I
[l

1, Sf =X!_,coskbe, and T7 =1}

;| cos 10 ) cos ke, — sinif ) sin ke, | + O,(1)

_1 sin k@g,. Similarly, we

q
T,(0) = Y ;(sini0S} + cos i0T/) + O,(1).

i=0

Writing (4.2.8)-(4.2.9) in the vector form,

S,(0) . (cosi6 —sinio)[S:
T,(0) B El l//"(siniﬁ cos 16 ) T +0,(1)
q . i S
_ cos§ —sin 6 ¢
(4.2.10) = i§1 l/ii(sin 0 cosd ) (Tt* +0,(1)
S
t
By Theorem 3.3 and (4.2.10), we know that
Sini1(0) Bi(t)
4211 Von-12| ! S, w(R)| ! in D2.
( ) T[nt](o) <z ( ) Bl(t)
That is, (4.2.7) holds for j = 0. Now suppose that (4.2.7) holds for j — 1, that
is,
. Siney(J — 1) fi-1(t)
4212) Vap-iriz| 00 =, y(R)| in D?.
( ) T[nt](J -1) « ¥(R) gjfl(t)
By Proposition 8 in Jeganathan (1991), we have that
t
(4.2.13) sup |n 7/ Y2 Y sin(2k + 1)0S,(j — 1) = 0,(1),
0<t<n k=1
t
(4.2.14) sup [n /7Y% Y cos(2k + 1)0S,(J — 1)| = 0,(1),
0<t<n k=1
t
(4.2.15) sup |n /Y2 ) sin(2k + 1)0T3(J — 1) | = 0,(1),
O<t<n k=1
t
(4.2.16) sup [n 7712 Y7 cos(2k + 1)0T,(j — 1)| = 0,(1).

0<t<n k=1
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By (4.2.5), (4.2.6) and (4.2.13)-(4.2.16),

S[nt](j)
T[nt](j)

= __‘/Q__n_j_lﬂ o] (Sin 0 —cos 0) S (J—1)
2sing T \cos@ sinf J\T,(j—1)

‘/'2_n—j—1/2

+ op(l)
Si(J - 1))
T,(j—-1)
+ op(l)

1 (sin0 —cosB)l//(R)(fjl(t)) in D2,

—éy - .
2sin 0 \ cos 0 sin 6 8- 1(t)

1 [nt]

(4.2.17) 1 (sine —cos 0){_ Y Y2n G-D-1/2

~ 2sin 0\ cos 0 sin 0 n /=

where the last step holds by (4.2.12) and the continuous mapping theorem.
Since y(R) can be written as the form ¢(R) = ({ ~.¢2), by straightforward

€1

calculation, the above limiting distribution can be written as the distribution

of
1 (aing —eos o\ Fr(® £(t)
¢(R)[231n O(COS 0 S;:I(l)se )](gj—l(t)) = l//(R)(gJ(t))

Thus (4.2.7) holds for all j = 0,1,...,d — 1. This completes the proof. O

LEMMA 4.4. Fork,j=1,...,d,
(a) E(Sf(k — 1)) = O(t2k-Dr1) E(th(k — 1)) = O(t2k D+
(b) E(x7(k)) = O(2*~Drh),

N T _ _

" t=21|:ht E(ht)](St_l(k DTk 1))
() .
S,1(J—1)

Tia(J — 1)) ~ o

X[y (R)] ercr 9 (R)] (

noh il (S;—1(k —1),T,_1(k — 1))[‘//_1(R)],

t—1 ¢t—1

Y Y vp(iy)vs(is) RMey cy, 0,(iy, ig) R

i=1iy=1

(d) X

Sia(i = 1)

e 1)) = o),

o
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114 S. LING AND W. K. LI
where ¢;, = (sin ¢, —cos t)' and

ooy 9
w,(i1,15) = 18 &,

h? - E(gtzat—ilat—i2/h?) ‘

ProOF. Similar to Lemma 3.3.5 of Chan and Wei (1988), (a) can be
obtained and the details are omitted, (b) follows from (a) and 4.2.4. Since
[1/h, — EQ/h)]ey ¢y, and T[T Y T2 0,00, (i) R ey ¢, 0,(iy, i) R
are composed of the types of random variables as in Theorem 3.4, (c) and (d)
are immediately obtained by Lemma 4.3, Theorem 3.4 and Theorem 3.1. This

completes the proof. O

Proor oF THEOREM 4.3. By (4.2.3),

t—i—1
S,_io1(J) = E cos kOx,(J)
k=1

t—1 t—1

(4.2.18) = Y coskOx,(j) — ) coskOx,(Jj)
k=1 k=t—i

S, ()~ X cos(t — B)0%,_,(J).

k=1

Similarly,

(4.2.19) T,-ia(J) = Tia(J) — kZ sin(z — k) 0x,_,(J)-
=1

By (4.2.4), (4.2.18) and (4.2.19),

x () = sin O[Sin(t —1)0S, ; «(J—-1)
—cos(¢t — )07, ; 1(j — 1)]
(4.2.20) = S glsin( — 908, ,(j - 1)
—cos(¢t —1)0T,_(j— 1)] + Ry,
1 . i Stf l(J - 1)
- e(sm t0, —cost0)R (Ttl(.j _ 1) + Ry,
where R,, = —(1/sin 0)[sin(¢ — i)0X%_, cos(t — k)Ox, ,(j) — cos(t —

)Y _,sin(¢ — k)0x, ,(j)] and R is defined in Lemma 4.3.
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The (22 — Dth element of X} | L, A5, is

n & t—1
n kY [71— Yov(i)x, (k)
i=1] "t i=0

1 (82 t-1¢-1
_h—t(zt— - 1) DM Uh(i)ve(j)xt-i—j—l(k)}

i=1j=0

nk n g, tZ1 o1&
D%fzamww{i—ﬁ

2sin 6,7 ti=0 h\ h,
t—1 MR N(S, (k-1
4221 x| Y v,(i)e, ;R v,(j)R 1 +R,,
( ) i; h( ) t i| J;O ( ) } Tt—l(k _ 1)) 2

nk n & 1 (&2 t—1 .
’ _ _ 1 ; R
2Sin0t§101t|:ht ht(ht ( th(l)gt—lR )

i=1

(k-1
% -1 R t 1( )
v %nlw—l>
O T el ;
" Sem o E,lcu 7w h—t(‘}; - 1)(i=zlvh(1’)8t—iR )
© S (k- 1)
.(Jgtva(.])Rj) Ttﬁl(k _ 1) + R2n’

where c,, is defined as in Lemma 4.4. Denote the last summation above by
C,, + C,, + R,,. By Lemma 3.1(1) and Lemma 4.4(a), similar to (4.1.21), it is
easy to show that the term C,, converges to zero in probability. Note that
R,, is a function of R,,. Using Lemma 4.4(a) and (b), similar to (4.1.21), we
can show that R,, converges to zero in probability. By Lemma 4.3, Theorem
3.3 and the continuous mapping theorem, we have

-k

Y (S, (k) Ty o(R) v (B’

" 2sin 0,7

& 1 [ &f t—1 )
x{—te, - —|+ -1 1o
{htclt h, ( n, )[iglvh(l’)gt—lcl,t—t

=g &gp-1 In D,

Hence, the (2k — Dth element of L, Y7 ; A;, =, &;,-1 in D. Similarly, we
can show that the 2kth element of L,¥7_; Aj, = &,, in D. This completes
the proof of (a).

This content downloaded from 202.40.139.167 on Fri, 17 Jan 2014 00:51:15 AM
All use subject to JISTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

116 S. LING AND W. K. LI
For (b), we consider the (2%, 2j)th element of ¥}_, L, B;, L/, ,

orn 1 - ) . .
nh Yy 5 X U (i) v (Tg) %, i 1(R) %, i,—1(J)
=1 o=

noe t—1 t—1

+2n T Y Sl X X v(i)va(is)v.(J)v. ()

(4.2.22) -1 hi [il,ifljl,jfo
Xatilat—izxt—iljll(k)xt~i2~j2—1(j):|

=1, +21I,,

say. By (4.2.20), Lemma 3.1 and Lemma 4.4, similar to the proofs of
(4.1.25)-(4.1.27), I, can be written as

nfkfj 1 n 1 4
b= S | £ ot 010l )
, 1 St—l(j_ 1)
Xcltclt[w (R)](Tt—l(j_ 1))
n k=i n 1 1 !
toeno & [h_t B E(Z)J(Stxk ~ 1,7, (k= D)[v {(R)]

St—l(j - 1)

Xey,ch, [y U(R)] ( -1 ol

By Lemma 4.4(c), the second term converges to zero in probability. Note that

€1:C = ( s w)(sin t0,cos t)

—cos 10
_ sin? ¢0 —sin 6 cos £0
sin £6 cos t6 cos? t6

(4.2.23)
1{1—cos2t0  —sin2t6
sin 2¢6 1 + cos2t6

2
— 17 . 4 1 —cos2tf —sin2t0
272x2 2\ sin2t6 cos2t0 |’

I, can be further written as

nk-i 1) 2
L= ME(E)EI (St—l(k - 1),T, (k- 1))
S, 1(J -1
[y Y(R)]'[v(R)] THE;— 1;)
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n k-

1\ » B ,
+mE(h_t)t§1(S”(k —1),T, (k- 1))[¢y (R)]

( —cos 2t0 —sinZtO)'ll,l(R) S, 1(Jj—-1)
sin 2t6 cos 2t6 T, (j—1

+0,(1).

By Proposition 8 in Jeganathan (1991) and Lemma 4.3, we know that the
second term converges to zero in probability. Further, by Lemma 4.3 and the
continuous mapping theorem,

(42.24) T, >, ZLH—OE(,%)( [ ) () ds+ ['g ()¢, (5) ds).

Further, we have
€ t2 iy
h?

o
[ )y () ds + ['g, 1(9)g, () s

9,
77 4 sin® 0 L.E‘l vi(i) B
The proof of (4.2.25) can be found in Ling and Li (1996). By (4.2.22), (4.2.24)
and (4.2.25), the (2k,2/)th element of ¥}_; L, B;,L, converges to Koy, ,;,
k,j=1,...,d. Similarly, we can show that the (2% — 1,2j)th element of
Xi L,B3, L, converges to Koy, ;5;, k,j=1,...,d. This completes the
proof. O

I,
(4.2.25)

X

5. Proof of the main result. Before giving the proof of Theorem 2.1, we
first state two lemmas. First, note that by (2.2) and (2.4)-(2.5), @D, can be
decomposed as

_ ’ ’ ’ ’ ’

QDt - (Du,t’ Dv,t’ Dxl,t’ te Dx,,t’ Zt) ’
where D, ,, D, , and D, ,, k =1,...,1, correspond to nonstationary compo-
nentwise arguments u,, v, and x, ,, k= 1,...,[, respectively. Here Z, =

(D}« ,, D, ;, D5 ;)" corresponds to stationary componentwise arguments, which
are defined as in Theorem 3.3. Similarly, QI,Q' can also be decomposed as
(I +3) X (I + 3) block matrices. They are denoted as I, ,, I,, ;, I, ;, etc.,
which are respectively the information blocks in terms of componentwise
arguments u,, v,, the product of u, and v,, etc. For these subvectors and

block-matrices, we have the following lemmas.

LEMMA 5.1.
n
(a) Z JnDu,t _>f/ g’
=1
n ~ ~
(b) Z an t _>f'/ g’
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n
(C) ZLk,ank,t_li” gk’ k=1,,l;
t=1
d N
- — .
(d) T BB (0,%);
(e) Z Jnqu,tJr,z e H;
t=1
n ~ -~ ~
(f) ZJnIvv tJ _).S/’_KF;
t=1
(g) ZLknxkxkthn -, — KH,, k=1,...,1;
t=1
1 n
(h) — XL,y -3
ny—1

where all notations are defined as in Theorem 2.1.

Proor. To simplify notation, in this proof, ¢,, and 4, are still written as
g, and h,. By (A.2)-(A.4) in Appendix A, (2.2) and (24)-(25), D, ,=A,,,
D,,=Ay,D, ,=A;3,, k=1,...,1 where A, and A,, are defined exactly
as in Section 4.1 and Aj;, , are the same types of random vectors as Aj,
defined in Section 4.2. By Theorems 4.1(a)-4.3(a), respectively, we know that
(a)—(c) hold.

Since Z, and I, , are stationary and ergodic, similar to Ling and Li
(1997a), we can show that (d) and (h) hold.

For (e)-(g), by (A.7) in Appendix A, (2.2) and (2.4), we have

I = —By, + Ry, Ivv,t = —B,, + Ry,,

uu,t
I —B; .+ R3, . k=1,...,1,

XpXpst

where B, and B,, are defined exactly as in Section 4.1, B; , , are the same
types of random matrices as Bj, defined in Section 4.2,

9 "5}2 t—1¢-1
Ry, = (_ - 1)[ Z Z Uh(i)ve(j)ut—ij-lgt—i]

Y
hi\ by i=1j=0

t—1¢—1 !
X[ DY vh(i)ve(j)uti—j—lgt—i}
i=1j=0

(5.1) ,:
77

1 C14-1 -
h— - 1)[; Z z:: Uh(')Ug(J')Ug(Jﬁ)“zi—j1u,t—i—j1—1]

t—1

ZU (a4 [Ai.: Li.: h(i)vs(j)gt—iutij—l]’

t e

and similarly define R,, and R, ,.
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By Theorems 4. 1(b) 4.3(b), it is sufficient for (e)—(g) to hold if

n
(52) Y SR = 01, X duRyd, = 0,(1),
t=1 t=1
n
(5.3) Z Lk,nRB,k,tDk,n = Op(].), k = 1,...,l.
t=1

The proofs of (5.2)-(5.3) can be found in Ling and Li (1996). O

LEMMA 5.2.
n
(a) Jn Z Iuv,tjr,z _)p 0;
t=1
n
(b) Jn Z quk,tl‘lk,n -0 l1<k<l
t=1
_n
(C) JnZvak tEkn_)pOa 1Sk<l
t=1
n
(d) Lj,nZlek L,,—-,0, 1<j+#k<li;
t=1
n
(e) n Z uz, t/\/_ _> 0
t=1
_n
(®) Iy 1./ Vn =, 0;
t=1
n
(g) Lkn Z kaz,t/\/;l— _)p 0, 1<k<l
t=1

LEMMA 5.3. Provided |1/ Vn XQ'G,) (A — Al < 1,

£ GQlL - 1106 - 0| = (@) (- a0

|

The proofs of Lemmas 5.2 and 5.3 can be found in Ling and Li (1996).

PROOF OF THEOREM 2.1. Multiply (A — Ay)’ /n to (2.3); we have

1 dLi,(A

7 (A=A a/\( !
L ‘G (A=A 1L f‘,G D
/n (Q n) ( 0)][ n = nQ t]

(5.4)

—%(Q'G;l)”u - m} ti G,QLQ'G, + Rnw}

-1
1 1wy — 1
< m@a) - ),
where R,(A) = X}, G,Q[L,(X%) — I,1Q'G,. Denote the last term by 1I
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Let v and & be two given and sufficiently small positive numbers. Let
V(&) = {A: 1/ Vr)Q'G)) (A — Al = &}. Note that F, F and H,, k=
., 1, are the same as those given by Chan and Wei (1988) and, hence,
these information blocks are negative definite in probability. By Lemmas 5.1
and 5.2, there is a constant ¢; and an integer N, such that, as n > N,

{ZGQIQG’ clme}>1—v,

t=1
where m =p + q +r + s + 1. By Lemma 5.3, there exists a constant ¢ such
that, for small enough &, as n > N; and A € V, (&),

P{ §nj [G,QLQ'G, + R, (V)] < —cIme} >1- .

t=1
Hence, as n > N; and A € V, (&),
(5.5) P{Il < —ce?} > 1 —v.
By Lemma 5.1(a)-(d), we know that X! ; G,@D, = O,(1). Hence, there
exists an integer N, such that, as n > N,, P{n /2|7, G,QD,|l < ce/2} >
1 — v. Thus,as n > N, and A € V (&),

(5.6) P{[%(Q’G;)I(A—)\O)][‘/l_ ZGQD} ¢ }>1—V

Thus by (5.4), (56.5) and (5.6), as n > max{N;, N,} and A € V, (&), with at

least probability 1 — v,
. Lo L) 0 € oy

: —(A=Xy) ————= < —ce?+ —&2<0.
(5.7) (A= d) < —eet 4 2
Let T = (1/Vn)XQ'G) (A — Ay /e and g(A) = G,Q(JILi,(A) /). Then, by
(5.7,

ITI=1 and T'g(VneQ'G,T + A,) < 0.

Since dLi,(A)/JdA is continuous and g is also continuous on T, by the fixed
point theorem [Aitchison and Silvey (1958)], there is a solution A, satisfying
g(W/n eQ'G.T + \,) = 0, that is, dLi,(A,)/dx = 0 and [(1/ Vn XQ'G,) (A, —
)‘O)U < &. Consequently, the proof of part (a) is complete. For such a sequence
of A,, we have

(Q'G,) (A, — A)
{i@mq%
t=1

oo ]| [ o)

By (a), (1/Vn XQ'G.) (A, — A,) converges to zero in probability. By Lem-
mas 5.1 and 5.2, Theorem 2.3 of Chan and Wei (1988) and Theorem 3.3 in
Section 3, all random variables in X}_; G,QD, and ¥X}_, G,QI,Q G, converge

(5.8)
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jointly. Again by Lemmas 5.1 and 5.2 and (5.8), we complete the proof of
part (b). O

APPENDIX A
Denote m = (o', ¢"), & =y, — L, ¢;5,-; — L1 g, and &, =
a,er,,...,e~ by y,..., h,_). The following are some first- and second-

partial derivatives of the equations (2.1):

dLi,(A) n al(A) al(r) 1 sf oh,
Al) ——— = —1|—
(A1) 2N § 38 2h h 38’
(A2) al,(A) _ 1 .9_3 )R e ast’
om 2 h, dm  h, dm
de, ) el .
(A.3) 0.,_¢) == (B)y;_1= Z v.(1)y,—i—1 (if y,=0for t<0),
i=0
oh, r de,_; s dh,_;
— =2 ;& + B;
I El oo i; i
(A4) —11-1
=23 X V(D) v (J)Yioicjr18-; (fy,=0fort <0),
i=1j=0
(A.5) o ¥~ (B) =1
. - = - Er_jy J=1...,49,
ap; =
oh, agt ; s oh,;
=2 ;& ;A + Bi ,
I Z oy i; N
A6
(A.6) oh, 5. dh,
2 _ g ,- ,
98 Tt ST a8
3?1, 1 de, de, g2 oh, dh,
N apod’  h, db dp'  2h3 o i’
7
(A7) gl d[ 1 0oh, 2¢&, dg, oh, g, d%,
e e e — s ,
h, b | 2h, i’ h% 3¢ d¢p'  h, dpip’
3%, 1 de, de, &l h; Ik,
by’ h, dp o' 2h3 9 o’
(A.8)
+ —_—

&l d] 1 oh, 2¢&, de, dh, g d%,
—_— — —— _+. — — —— — e
h, | 2h, oy’ h% 9 oy’  h, dpap’’
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3%, g, de, dh, 1 [&f 3%h,
_———— + —_—
apas’ k% ap 38"  2h,\ h, b 98’
(A.9)
1 22\ oh, oh,
+ooz |1 - — =,
2h? . | 9 98
3%, 1 de, de, el oh, dh,
oy’ h, ap oy 2R W oy’
(A.10) \ \
&/ 1 d[ 1 oh, L 2e 2¢, 9z, dh, g d%
+ —_— P —_— _
h, | 2h, ' h, o h, o'’
3?1, g2 oh, dh, g’ [ 1 ah,
(A.11) = s — | — — 1| = — .
9538 2h3 95 96 h, 8| 2h, 98’
APPENDIX B
Proor oF LEMMA 3.3. Let
m—k Jj—1
gtkmk—?’ftk+ZVHAtszzkp
Jj=1 =

where y, ¢ and A, are defined in Lemma 3.2. Then &, , , is G-
measurable. Thus,

By et B Sl

<2Elef ) - 8t—k,m7k|2 + 2E|E[(8t2—k &l k,m-— k |Gt+m]|

Note that, since {n,} are ii.d. random variables, {A,} are ii.d. random
matrices and, further, we have

i ].—.[Atkz

j=m—k+11i=

m-~k—1 m—-k—1
=E( I—I Ay i ® H Atki)
i=0 i=0

E

®( r HA”””

j=m—-k+11

X E

( i ]ﬁ At—k—i) ®

j=m-—k+1i=m—Fk

£ )

j=m-—k+1i=m—Fk

j-1
[T A

i=m-—*Fk

®

(B.2) =[E<At®At)]’”"*{ Y B

j=m-—-k+1

i

i=m-—~Fk
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Jj-1
T1,40
i=m-—k

J=1+r
@ ( ._I—[_kAt—k—i)}

of 112 )

[E(A,®A)] """

FY X

r=1j=m—k+1

J—1+r

IT A,y

i=m-—k

0

= [E(A1®At)]mk{ Z

Jj=m-—-k+1

£Y Y [B(AeA)

r=1j=m-k+1
x{Ie [E(A)] +[E(A)] @ 1}}
=0(p"™"),
where 0 < p < 1, the last equation holds by p(E(A,)) < 1, which is equiva-

lent to As_sumption 3 [Ling (1995)] and Assumption 5. Since {(4,, &,)} are i.i.d

random variables, by (B.2), we have

2 2 2
Ele’ ), — €t~k,m~k|

w j-1
=E )y YlnAz—k—ift—k—i
j=m—k+1 i
=(y' ®y')vec E > nAt r-iin 1)
j=m—k+11i=
(B3) X( Z nAt k— zgt k J):I
j=m—k+1i=0
o j—1
=(v'®y)E )y nAt—k—i
j=m—k+1i=0
o X I"[At - ) vee[ E( £,4/)]
Jj=m-— E+1i=
=O(pm—k),
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2 2
E[(“"tfk - gtfk,mfk)tht:rnnzl
o

J—1
=K Z ‘y,l_.!)At~kfi§t7k7ilG::rrrnn

Jj=m—-k+1 1=

m—Fk o Jj-1
(B4) = 7, I_[ At—kfi ’ I(r+s)><(r+s) + Z E( ]._[ Atki)
i=0 j=m—k+2 i=m—-k+1
XE(gt—k—j)
m—k
=7y’ D) %: VRPN

J

where ¢ = (I, guiris) & Liem_rs2l ECADY ™" DEE, < oo, since p(E(A,))
< 1. Similar to (B.3), we can show that

2

m—Fk
Y’ l__!) Ay poic| = O(Pka)'

By (B.1), (B.3)-(B.5), we know that (a) holds.

Using (a), we can show that (b) holds, and the detail is in Ling and Li
(1996). By (b), it is easy to verify that (c¢) and (d) hold. (e) comes directly from
(d). The proof of (f) is similar to that of (b) and hence is omitted. This

completes the proof. O

(B.5) E
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