Statistical Papers 44, 47-65 (2003)

Statistical Dhpers
© Springer-Verlag 2003

Maximum likelihood estimators
in regression models
with infinite variance innovations

Vygantas Paulaauskas! and Svetlozar T. Rachev?

! Department of Mathematics, Vilnius University, Vilnius, Lithuania

2 Institute of Statistics and Mathematical Economics, University of Karlsruhe,
Karlsruhe, Germany, and Department of Statistics and Applied Probability,
University of California, Santa Barbara, CA, USA

Received: September 6, 1999; revised version: November 22, 2000

In this paper we consider the problem of maximum likelihood (ML)
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tions with known characteristic exponent and unknown scale parameter. We
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1 Introduction and Formulation of Results

We study the classical autoregressive model:
X; =bX;_1 + ¢, i=1,2,...,n, (1)

where X1, ..., X, are observed variables, b is the unknown parameter to be
estimated, and (g;);>1 is the innovation process. We assume the initial value
Xo to be known. The asymptotic properties (such as consistency, rate of
convergence and limiting distribution) of the ordinary least squares (OLS)

estimator of b, given by
n
> XiXia
=1

- n
2
> Xk,
i=1

will depend on the probabilistic structure of the innovation process. From
now on, we assume that the innovations ¢; are i.i.d. random variables (in-
dependence is an essential assumption, while the hypothesis that all €; are

by , (2)
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identically distributed, can be relaxed). Next, it is usually assumed that
€1 has a completely specified distribution, for example N(0,0?), (that is,
normal with mean zero and variance o?), or a stable law with known pa-
rameters, or just a distribution belonging to the domain of attraction of a
given stable law. From this, there exists an appropriate normalization factor
arn and a limiting law for a, (b, — b), where b is the true value of the param-
eter in (1). Generally speaking, this limiting law depends on the asymptotic
behavior of the appropriately normalized sums .., €;, and is different in
the cases |b] < 1, |b| > 1, and |b| = 1. There exists vast literature devoted
to OLS estimators in this classical model: we mention here only the seminal
papers by Mann and Wald (1943), White (1958) and Anderson (1959). For
more recent results encompassing more general settings, we refer to Phillips
(1987), Rachev, Kim and Mittnik (1997) and Mijnheer (1997).

The assumption that the distribution of the innovations (g;);>1 is known
is rather difficult to justify. It is by far a more realistic situation when only
information on the form of the distribution of &; is available. Suppose that
g1 is distributed as N(0,02), where ¢? is unknown. Since

EiIXi-—in_l, 7::1,2,...,71,

we can write the likelihood function (LF) explicitly and obtain the maximum
likelihood (ML) estimators of both unknown parameters b and ¢ as follows:

iXiXi—l
_a=1 : &

= —_
2 i=1
> XP,
i=1

It is then not difficult to find limiting distributions for properly normalized
errors of the estimators, i.e. for

bn

Vv, —b) and  /n(6% - o?).

For the first quantity, we need to consider separately the cases |b] < 1
("stationary” case), and [b] = 1 ("unit root” case).

If the assumptions of our model are compatible with the true underlying
generating process, then the sample residuals

gi = Xi - ani—l 1= 1,2, ey (4)

should comply with the hypothesis that the e;’s are normally distributed.
However, if they exhibit “heavy tails” or skewness, (such features are fre-
quently observed in financial data, for instance), we can infer that our as-
sumption on the probabilistic structure of the innovations is incorrect. The
natural candidate for the distribution of £;, which allows heavy tails and
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skewness, is the family of stable laws. We recall that stable (non-gaussian)
distributions are usually defined by means of their characteristic function

expy — o*|t|® [1 —if(sign t)tg T } for a # 1

valt;o,B) =
( ) expq —olt|[1+iB2(signt)Inlt]] ¢ fora=1,

where 0 < @ < 2, 0 > 0, and —1 < 8 < 1. The parameter « is called the
stable (or tail) exponent; o is the scale parameter; and g is the skewness
parameter, (if § = 0, then the corresponding stable distribution is called
strictly stable). Note that in this representation it is assumed that the shift
(or location) parameter is 0.

Denote by G, (z;0,8) and go(z;0,5) the distribution and the density
functions, respectively, of a stable distribution with characteristic function
Yal(t;o,B). Now suppose that the distribution of e; is Go(z;0,8) with
known ¢, but unknown parameters ¢ and §. This assumption is analogous
to the Gaussian case mentioned above (known a = 2, but ¢2 is unknown).
However, if we proceed as in the Gaussian case to obtain the likelihood
function, we face a serious problem: stable densities, except for a few cases,
do not admit an analytical expression, so we cannot write the likelihood
function explicitly. When dealing with a similar problem of estimating the
parameters of a stable law, one can try to perform a numerical maximization
of the log likelihood function with respect to the unknown parameters (see,
for example, Mittnik, Rachev and Paolella (1998), Nolan (1997), and ref-
erences therein). However, this approach is not attractive. It does not lead
to analytical expressions of the underlying estimators, while the asymptotic
analysis of numerically obtained estimators is just intractable.

Even in the few cases for which an analytic expression of the stable
density is available, the ML estimators cannot be easily analyzed.

For example, suppose that (€;);>1 follows the Cauchy distribution with
density

0.2

z,0,0) = ———
gl( ’ ) 7T(0'2+272)’

where ¢ is an unknown parameter. The ML estimators Zn and 0, can be
obtained as solutions of the system:

0% +(X; —bX;1)?

n

i (Xi —bX;—1)Xic1 0
=1

1
2 —
7 ; 0T+ (Xi —bX, 1)

The equations for the unknown ¢ and b are highly nonlinear hence, it is
hard to find simple explicit expressions for the estimators.

A similar situation arises in the case of the Lévy law with exponent
o= % and density

1/2 P
9172(x,0) = (237;) w_3/2eXp{—§;}, z > 0.
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Again, the equations obtained by maximizing the likelihood function do not
lead to explicit expressions for the estimators of the unknown parameters b
and o.

So far these difficulties do not allow us to study the general case of stable
innovations. However, we can propose a solution in the particular case of
symmetric a—stable innovations with unknown scale parameter ¢. To this
end, we assume that (¢;)i>1 are i.i.d. symmetric a-stable (SaS) random
variables with characteristic function

Pa(t) = exp (— o*[t|%), (5)

where « is known and o is unknown. The random variable £; with charac-
teristic function (5) is called subgaussian (see for example, Feller (1971) or
Samorodnitsky and Taqqu (1994)), and it admits a representation as a prod-
uct of two independent random variables: &, = UV}, where U, ~ N(0,202),
i = Ai/ % and A4, is an a/2-stable subordinator, that is, A; is a positive
random variable with characteristic function ¢g (:z:, (cos %q)z/ * 1).

Taking independent sequences of i.i.d. random variables (V;);>1 and
(Us)i>1 with Uy and Vi as defined above, we can write

8.,; = %Ui. (6)
From (1) we have
X —bX;4
— v

Now, since the U;’s are normally distributed, we can write the likelihood
function and obtain the following ML estimators:

Ui =

-~

Zn:XiXqufZ
_ =1

by = =k : (M
S X2V
i=1
1T ~ -
O'i = —'r; Z (Xz e an5—1)2‘/i 2. (8)

The estimators (7) and (8) are similar to those in (3), with the only dif-
ference that the variables X; and X;_; are now replaced by XiVi—1 and
X;_1V71, respectively. There is however, the following problem: while in
(6) V; and U; are independent, in the relation U; = z—:iVi_l, we cannot as-
sume €; and V; to be independent. If €; and V; were independent, then U;
would be a heavy-tailed random variable in the domain of normal attraction
of a—stable law, denoted shortly as DNA(«). The problem of generating val-
ues of V;’s seems rather difficult and we shall address this issue later on.
The selection of a is a separate problem. One possible way to estimate o
is to first consider the estimator (2), then to evaluate the sample residuals
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(4). We consider these residuals as a sample from stable distribution and
then we can estimate the exponent « of a stable distribution. There is vast
literature on the estimation of parameters of stable distributions, both in
univariate and in multivariate cases, see for example survey paper McCul-
loch (1996), or a recent paper Davydov, Paulauskas and Rackauskas (2000),
where it is proposed that an asymptotically unbiased and consistent estima-
tor of the exponent of a multivariate stable law, is asymptotically normal
with standard /n rate.

Next, we study the asymptotic properties of the (appropriately normal-
ized) error terms En — b and 52 — 02, where b and o are the true values of
the parameters under consideration. We separately treat the cases |b| < 1
and b = 1. Qur main result is the following theorem whose proof is given in
section 2.

In what follows, “=-" stands for convergence in distribution.

Theorem 1 Suppose that in model (1) the innovations (g;)i>1 are i.i.d.
symmetric a—stable random variables with unknown scale parameter o. Then,
as n — oo,

1 \1/2,52
If [b] < 1 (the ”stationary case”), then
1/ S
n'/% (b, — b) = ZL. (10)
So

Ifb=1 (the "unit root case”), then
Jo Yo (8) dW (1)
INVAO K

In (10), S1 and S are stable random variables defined in (30) and (31),
respectively. In (11), a(a) := EV] 2, Y,(t) is a standard a-stable Lévy
motion, (see Lemma 3 below), Y, (t) = li#rtl Y, (s), and W (t) is a standard

/212 (g(a))/? (B, — 1) = (11)

Brownian motion, independent of Y, .

The main advantage of the ML estimator En in the case of unit root is
its better rate of convergence compared with that of the OLS estimator.
Namely, Chan and Tran (1989) showed that the rate of convergence for
the OLS estimator is independent of a and is of order n, while in (11),
we achieve a rate of convergence of order n'/?t1/® which is better for
all @ < 2. We recall that in (10), the limiting distribution depends on
the unknown parameters b and o, and this is a drawback of our theorem.
However, the limiting distributions in (9) and (11) are independent of b
and o, and therefore they can be used to construct confidence intervals.
Moreover, the limiting distribution in (11) can be obtained by a simulation
method (see Mittnik, Paulauskas and Rachev (1999)).
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Another drawback of Theorem 1 is the difficulty of generating values
of V;. Indeed, we can write the joint two—-dimensional density function of
the pair (g,V’), and then obtain the following expression of the conditional
density of V, given that € = xg

y~lpy(y) exp { — 127}
Iz py(2)exp { — r:ﬁ;g}dz,

fv(yle = zo) = (12)

where py (z) = 2zgg (2%; (cos ”4—"‘)2/0‘, 1). Since the density g (z;0,1) has
no explicit expression (except for the case a = 1), it seems that the only pos-
sible way to generate values of V; is to evaluate the density py numerically.
Furthermore, the question of choosing zg is also nontrivial. We suggest the
following procedure: evaluate OLS estimate b, given by (2), then compute
the sample residuals &; = X; — i)nXi_l for all ¢ = 1,2, ...,n. To generate the
value V;, take zg = &; in (12). The unknown scale parameter o is present
in (12), therefore, from the obtained residuals &;, we need to estimate o.
At this point, we can propose the following estimator for the scale parame-
ter o of a stable random variable. The estimator is based on the following
formula (see Samorodnitsky and Taqqu (1994)): if €; is an SaS random
variable with characteristic function (5), then for any 0 < p < a, it holds

E|€1 |p = C(a7p)ap7

where C(a, p) stands for a constant depending on o and p. Therefore, we

can take

1/p
. (13)

~ Sl 7 p

7n = ()75 1K= BuXial?)
For all values of p in the interval 0 < p < «, the consistency of this es-
timator will follow from the law of large numbers and the consistency of
the estimator b,. Instead of b,, we can take any consistent estimator of b,
but the rate of convergence of &, to ¢ may depend on the choice of the
estimator for b. In fact, the choice of p is a separate problem of considerable
interest and we intend to investigate the properties of the estimator (13)
elsewhere. Since the main goal of the paper is the discussion of theoretical
issues of ML estimation in the case of stable innovations, we intend to dis-
cuss simulation results and related problems in a separate paper, as it was
done in the case of OLS estimators (see Paulauskas and Rachev (1998) and
Mittnik, Paulauskas and Rachev (1999)).

Here we give only a table with preliminary simulation results for several
values of «, o, and b. The last column of the table gives the value of a
parameter A, which has the following meaning. In order to generate values
Vi, we need to evaluate the conditional density (12). We approximate the
integral in the denominator with an integral over the interval [0, A] with
step h = 0.01. In most cases we took A = 500 and n = 10000, but it seems
that for the smallest values of a, even A = 500 is too small. Therefore, for
a = 1.1, we tried A = 1000, then to make the computations in a reasonable
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Table 1 Preliminary simulation results

a o b b, (MLE) bn (OLS) n A
05 01 05  0.499962 0.4999579 10000 500
05 01 0.8  0.7999551 0.7999551 10000 500
05 01 09  0.8988169 0.8988137 10000 500
05 0.1 095 0.9422095 0.9420699 10000 500
05 01 099 0.9901045 0.9901055 10000 500
0.5 01 1 1.0000384 1.0000562 10000 500
1.1 01 05 05114295 0.5112379 1000 1000
1.1 0.1 0.8 0.7952818 0.7954026 1000 1000
1.1 0.1 0.9 0.9013114 0.9052705 1000 1000
1.1 0.1 1 1.0000114 0.9996152 1000 1000
14 01 05  0.500875 0.502669 10000 500
1.4 01 08  0.7947087 0.7910217 10000 500
14 01 09  0.90010468 0.90183797 10000 500
14 01 1 0.99931134 0.99855534 10000 500

time frame, we were forced to lower n. (Evaluating the residuals &; for
a = 0.5, we observed the values of the order 107, and this shows that even
A = 1000 is too small).

For a = 1.1 and @ = 1.4 and b = 1, we can see the effect of the better
rate of convergence of ML versus OLS estimators, and the simulation results
fit well to theoretical comparison given after formulation of Theorem 1. For
example, the ratio of errors for OSL and ML estimators in the case of @ = 1.1
is 33.75, and it is of the same order as predicted by theory n’@ = 101227,
Only the case @ = 0.5, b = 1 does not fit well into the picture and at present,
the only explanation for this is that the value of A is too small for this case.

We now consider the multivariate generalization of the model (1):

X;=BX;_1+e¢i, (14)

where X; = (Xil, ...,Xik), B = {bi»j}i,jzl,...,k is an unknown matrix, and
E; = (€i1,...,€ik). We shall assume that (g;);>; are i.i.d. random vectors.
The case €1 ~ N(0, X) with known or unknown covariance matrix X' is well
investigated: see, for example, Park and Phillips (1988), Johansen (1988),
(1996) and references therein. (Here, as usual, N(0, X) stands for a normal
distribution with mean zero and covariance matrix X.) Furthermore, the
OLS method can even be extended to the case of innovations £; belonging
to the domain of normal attraction of the known operator-stable law, (see
Paulauskas and Rachev (1998)). However, difficulties arise when we assume
€; to have a multivariate stable law with unknown spectral measure and at
present, we are not able to analyze this general case.
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Next, we recall some facts about multivariate stable distributions. A
random vector X = (X, ..., Xj) is called multivariate stable with exponent
0 < a < 2 if its characteristic function has the following form

i) _ {exp { = Joel(t,9)| (1 isign((t, $))teZ2) P(ds)},  a#1
exp { = fou|(t,9)I(1 +1 Fsign((¢,9)) In|(t,5) ) T(ds)}, =1,

where S¥ = {z € R* : ||z|| = 1} is the unit sphere in R* and I is a finite
measure on S*. I' is called the spectral measure of the stable random vector
X, and the pair (o, I") completely characterizes the stable law. (Again, as in
the one~dimensional case, we have assumed that the shift vector is zero). For
a detailed survey on multivariate stable vectors, we refer to Samorodnitsky
and Taqqu (1994), and to Jurek and Mason (1993) for facts on operator—
stable vectors.

The straightforward generalization of the approach used in Theorem 1 is
obtained assuming that e; = U; V4, where U; is a k—dimensional normal law
with mean zero and covariance matrix X' (which we assume to be unknown),
and V; = Ai/ 2, with A; one-dimensional a/2-stable subordinator, a being
a known parameter, 0 < a < 2. In other words, €, is an Sa.S random vector
with a subgaussian characteristic function

Eeilhe1) = exp{ - (%Zt,t)a/z}. (15)

Then, arguing in a similar way as in the one—dimensional case of Theorem
1, we obtain the following ML estimators:

~ LA |
B.=C.'y" 7z (Xim1Xi) (16)
i=1 ?
and
~ 11 ~ 5 '
Zo= R pr (- BaXin) (G- BaXi)s 0D

where X; = (X;1,..., Xix) is a k x 1 column vector, X! is a 1 x k row vector,

n
1
and C, = Z W(Xi—l - Xi_1)-
i=1
We formulate the generalization of Theorem 1 in the stationary case
only; the proof follows the same type of arguments as in Theorem 1, but is

more cumbersome.

Theorem 2 Suppose that in model (14), the innovations (€;);>1 are i.i.d.
symmetric a—stable random vectors with sub-gaussian characteristic func-
tion (15) and unknown matriz 2. Suppose that the unknown matriz B sat-
isfies ||B|| < 1. Then, as n — oo,

n'/*(B, - B) = Z;1Z, (18)
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where Z, is k x k matriz with a-stable entries depending on X and B.
Furthermore, Zy is a diagonal k x k matriz with o/2—stable positive entries
also depending on X and B. As for the estimator X, the following relation
holds:

Vi(E, - ) = Zs. (19)

Here, 75 is a k x k random normal matriz with mean—zero entries Z2 and
2 3 3
covariances

Cov (2¥,Z7Y) = E(U1iUsj — 0ij) (UrmUn — omt),  4,5,m,l=1,... k.

Remark. It is easy to see that (19) is the multivariate analog of the “tradi-
tional” difference /n(2 — 0?) in the one—dimensional case. Therefore, the
limiting distribution depends on the unknown matrix 2. Most likely, in or-
der to obtain a limiting distribution that does not depend on the unknown
parameters, one needs to consider the difference

Vr(Z 8, - 1), (20)

where I is the k x k identity matrix. (However, (20) does not provide a
method for easily constructing the confidence regions for X.)

In Paulauskas and Rachev (1998), we considered the more general model
with innovations being multivariate with coordinates having different expo-
nents. However, the assumption that the distribution of ¢; is specified. It
seems that such an extension is also possible here. To see the difficulties in
this case, let us introduce the coordinate-wise multiplication and division
of vectors as follows: for z,y € R¥, x Oy := (2141, ..., Teyx) and, if y; # 0

foralli =1,..., k, then
:v_(:cl a:_k)
vy Ny Ty

We can assume then that
e1=U1 ©V; := (Un1Vi1, ..., U Vag)- (21)

In (21) we assume that Uy is N(0,Y), and V; = (Vu, --~,V1k), Vi = A;/Q,
with A; being a;/2-stable subordinator, 0 < a; < 2, j = 1,...,k. Next,
let V1, § = 1,..., k, be independent random variables and independent of
the vector U. Now ¢; has a more complex structure: it is no longer SaS
(furthermore, it does not seem possible to get an explicit expression of
the characteristic function of 1), but its coordinates ¢;; are Sa;S random
variables with unknown scale parameter o;, where o7 = EU};. Assume
that the multi-index & = (ay, ..., ax) is known. (The problem of estimating
& should be treated separately as in the one—dimensional case).
In model (14), (21) we have

_ Xi—BXi,

Ui ‘/1 )
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and then we can write the likelihood function as a function of two unknown
matrices B and X¥. However, the equations for the ML estimators B and E
are too complicated and we were not able to obtain explicit expressions of
the estimators. (Of course, one can try to solve these equations numerically,
but we do not consider this approach here.)

One reason for these difficulties is the fact that the usual matrix and
vector multiplication and coordinate-wise division do not commute, that is,
if B is a k x k matrix and z,y € R*, (y; #0, i =1,...,k), then

Bz ,p.% (22)
y y

Even if one assumes that B is diagonal, (then there is equality in (22)), and
thus the model (14) becomes

Xij = Binﬁlyj + Ui’va,"j, ] = 1, very k, = ]., v,

the equations for the variates B and X' do not separate due to the depen-
dence between U,;, j = 1,...,k. As a consequence, one cannot find explicit
expressions for the ML estimators of the unknown parameters.

2 Proofs

Proof of Theorem 1. We consider the model defined by (1) and (6), and
the ML estimators (7) and (8). Assume that |b| < 1. In this case it is known
that under an appropriate choice of the value Xy, there exists a stationary
solution of (1):

Xn=) Yien i, n=12,.. (23)

with exponentially decreasing coefficients ¥;. (Here we have assumed that
the sequence of i.i.d. &, is defined both for positive and negative values of
o0

n). In fact, it is enough to set Xo = » b’e_; to obtain (23) with &; = b.

=0
From (9) and (10), using (1) we obtain
R n -1.n
by —b= (ZXf,lAi_l) Z&Xi—lAi_l, (24)
i=1 i=1

and

n

{7\% —og?=n"1 Z (z—:?Ai_l - 02) —2n~! (Zn - b) ZeiXi_lAi_l

i=1

n
+(bp = b)Y X2 A7, (25)
i=1
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where 4; = Vi2. Denote &, = siAi_l = UiVi'l. From the independence of U;
and V;,

Eé, = EULEV] ! =0,

Eé&2 = EUYEV? = 0% - a,
where a = a(a) := EV;"? is finite as the stable subordinator has exponen-
tially decreasing density at zero. The expectations EV;"! and EV,"? are

finite due to the following lemma. Let p; and p, denote the densities of the
random variables V;™! and V1”2, respectively.

Lemma 1 The following asymptotic relations hold: for 0 < a < 2,

p1(z) ~ c(a)z* !, as z —0,

pi(z) ~ c(a)xl(;{c%l exp{ — (1 - %)x:fZ }, as & — 00,
pa(z) ~ c(a)z? 1, as = —0,

p2(z) ~ c(a)w'ﬁs‘g—? exp{ - (1 - %)m?fa }, as z — oo,

where a(z) ~ b(x), as £ — a, means lim o) _ =1, and the generic constant

z—ra (:L‘)
c(a) can be different in the above relations.

Proof We use the following well-know fact (see Zolotarev (1986)): for 0 <
a < 1, it holds

ga(®,1,1) ~ ¢ (@)z? /2 a=1) exp{ - (1- a)xa/a_l}, as z—0

golz,1,1) ~ C3(a)x'(°‘+1), as 1 — oo.

The positively skewed random variable A; has density go /2 (2, c(@), 1), and
therefore pa(z) = Z2gas2(%,c(@),1), pi(z) = 2zp2(z?). These relations
prove the lemma.

Next, we need to find a proper normalization and joint limiting laws for
the sums

n n n
I (AT —0%), D oeXiaATh, D XP AT (26)

=1 =1 =1
(see (24), (25)). Because e2A; ! — 02 = U? — 0%, i = 1,...,n are i.i.d. with
mean zero and finite variance, the first sum in (26) is easy to analyze: by the
Strong Law of Large Numbers and the Central Limit Theorem, as n — oc,

n

n~t Z (e%Ai_l - 02> -0 a.s., (27)

i=1

\/_602 Z (— —o ) = N(0,1). (28)
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Consider then Wp; = 31 giXi A7l = Yoi €iXi—1. Using (23) we write

ZE,ZW Ei—1—j —Z!P Ze €im1—j-

=1

For a fixed j, consider the random variables nfJ )

= éit’;‘i_l_j, 1= ]., 2, ., n,
and the sum 21—1 nzj). For each j > 0, ¢&; and €;_1—; are independent
and £; has finite variance, so the marginal distribution of 771(1) belongs to
the DNA of a SaS random variable. For small values of n (n < j -+ 1), the
random variables n(’ ) = 1,2, ...,n are independent. Nevertheless, to study
the limiting relations as n — oo, we need to consider the case j < n. In
the latter case, it is possible to rearrange 77(’), 1=1,2,...,n in such a way
that they will be 1-dependent random variables. (Recall that a two-sided
sequence (X, k € Z) of random vectors is said to be m—dependent if, for
every n € N, the g—algebras o(..., Xn—1,Xn) and o(Xntm+1, Xntmtr, )
are independent.) To prove the relation

n
ey = ¢, (29)
i=1
where (; is an SaS random variable with scale parameter a; depending on
unknown o, we apply a result of Davis (1983). (In our case the verification
of conditions D and D' from that paper is standard, so we omit it.)
Using (29), for any fixed m we obtain the limiting relation

m n m
n-t/e Z!pj ZéiEi-—l—j = ijcj as n — 00,
j=1 =1 =1

for any fixed m. Then, applying Theorem 4.2 from Billingsley (1968), we
conclude that

lim n~ /Wl_ngj._s1 (30)

n—oo
j=1

S, is an SaS random variable with scale parameter (> 7° W;"aj)l/a which
depends on both unknown parameters b and ¢. For similar calculations we
refer to Davis and Resnick (1986).

Now we consider the third sum in (26). Let

an = i Xiz_lAi—l = iAi_l(inEi_l_j)z = Wr(é) + W(z),
i=1 i=1 j=0
where

Wn(é) _ZA IZW2 &i— 1—-7 — ZW2ZA €i-1— —J

i=1

7(13) _ZA 12??};&] 1—j€i—-1—k-

i=1 J#k
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The analysis of W(2 goes along the same lines as for the sum W,,;. Let
Z; @) = A7'e? ;. Note that A7 ! has finite moments of all orders and is
independent of €;_;_j, therefore the marginal distribution of Zi(’) (for all
7) is in the DNA of an o/2-stable random variable with 8 = 1, as Z) > 0,

for all ¢ and j. The random variables Z,-(j) are independent if j > n — 1
and (after rearrangement) at most 1-dependent, if j < n — 1. Therefore, we
obtain the following limiting relation

n
n~2/e Z Zi(j) = Kj,
i=1

where «; is a stable random variable with density g,/2(z;d;,1) and d; is a
scale parameter depending on ¢. Now, arguing in a similar way as in the
derivation of (30), we show that

n"2/aW,(é) = Zspfnj = S. (31)
3=0

Random variable S5 has density g, /2( (Zgﬂ/ o )a/ 2 ) It remains to
show that
n=2ew @ = o (1). (32)

For a > 1, we use the bound:

P{|n_2/°‘W(2)| > s} < ln—z/aE|W(2)|

gg wakZE

J#k i=1

Ei—~ 1—351 1— kl

—2/a+1
n———é———~(E|51|)2E|A;‘1| ijwk — 0, as n— oo.

i#k

IN

If a < 1, we apply a similar moment inequality with some § < «, and (32)
is proved. Formulae (31) and (32) imply

n"2 W,y = Ss. (33)

Although (30) and (33) only provide convergence results of the marginal
distributions, it is not difficult to show that joint convergence holds: for
example, one could use the Cramer—Wold device (see Billingsley (1968)).
This leads to (12).

From (25), using relations (27), (28), (30), (33) and (12), we obtain

Zn: Ui —a®) + 0, (n™'/%)

i=1

Vn(c2 — o?)

§|H

and this relation proves (11).
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Note that the assumption of stationarity of the solution of model (1),
based on the specific choice of X, is not essential. Namely, instead of (23),
we can use the equality

n—1
Xo=b"Xo+ Y bens.

i=0

Indeed, Xy does not affect the limiting relations implying that we can get
the same limiting result, making non-essential changes in the proof.

Now we consider the ”unit root” case b = 1. Here X,, = Xo + Y .-, &
is indeed a nonstationary sequence. Formulae (24) and (25) remain valid
setting b = 1 . Again, we need to find the limiting distributions of the
normalized sums (26). Consider the three-dimensional random vectors ¢G=
(€i,€1,€7F), 1 > 1, where ¢; and &; were introduced earlier and & = V- . We
have

E& =0, E&=EV?=a=a(a),
E& = EU? EV1 = o?a,
E(& - a)2 = BVt —a? := b2,
E&1(&] — a) = E&1€] = EUlV_ =0,
Eeq€] = EUlVl_ =0,
Eeé, = EU} = o®.

These relations show that despite the fact that all three coordinates of (; are
dependent, the pairs (£1,£7) and (g1, £7) are uncorrelated, and only €; and &;
are linearly correlated. Furthermore, the third coordinate of (; has positive
mean, therefore, in order to construct the partial sum process, we need to use
centering. Let Z,(t) = (Z(l)(t) VA (1), Z(3)(t)) 0 <t <1, where Z(])(t) =
ng)([nt]) S(l)(k) _ U—ln—l/az L iy 5(2)(]6) (an)~ -1/245-1 Zi:l &,
S (k) = (nb)"Y2 3k (€7 - ). Let Dy = D([0,1],R3) be the usual
Skorohod space of cadlag functions on [0, 1] with values in R®. We recall
that by Y,(t), we denote a standard a—-stable Lévy motion, i.e., Y,(0) =0
a.s., Y, has independent increments and Y, (t) — Y, (s) is an SaS random
variable having characteristic function (5) with o = (t — )/« for s < t.
The following lemma is important for the rest of the proof.

Lemma 2 For the partial sum process Z,, we have
Zn=>W in Ds, (34)

where W (t) = (Wi(t), Wa(t), Ws(t)), Wi(t) = Ya(t), Wo and W3 are stan-
dard Brownian motions. All three components of W are independent.

Proof of Lemma 2 is standard (see, for example, Mittnik, Paulauskas,
Rachev (1999)). We shall only show the independence of the coordinates of
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W. Independence of W, from W, and W3 follows from Sharpe (1969), and
the independence of W5 and W3 follows from their uncorrelatedness:

€167
\/anl

Again, for simplicity of notation, we consider the marginal distributions
only. We have

-1
1 1l -1 I S :
N 27 E eiXi1A] =n" 2 aa %0 E 51(X0+ZEJ)
Vao ; ;
=1 =1 J=1
~ i—1

DRI SR
—~ \/nac nt/eg = nllog = I

= Z S —1)(SP () = SP (i - 1)) + Xon /a7 SP) (n)

_ZZ(1)< )(2(2)(n) Z(z)( — ))+O (n=1/2)

- / ZO(B)dZP (1) + 0p(n~72), (35)
and
m ZZZ:A;le_l = Z = \_/Ebj - (aflo/a +<m11/a gej)2
- = zn; (5(3)(1) 8B - 1))( +SV®- 1))2
+ai ( 1/a + S — 1))
- a/o (28 (w))2du + Op(maxn~Y/2 n~1/2). (36)

To get the limiting distribution in (35), we use results concerning conver-
gence of stochastic integrals. This topic was discussed in detail in a similar
setting in our previous work Paulauskas, Rachev (1998), so we do not verify

here the so-called UT condition for the sequence Z{>) (t). The relations (34),
(35) and (36) lead to

1 = !
—_— X AT Wit , 37
s ek = [ W@ (37)

1
m EA 1X12 1 = a/ Wl (u)du (38)

i=1
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From (25), using (37), (38) and the relation b, — 1 = O, (n"1/271/2), we
obtain

\/ﬁ(%—l) 22 (U2 = o2) + 0, (n=1/?). (39)

Thus, we have (11) in the case b = 1. Formulae (37)—(39) prove (13) and
the proof of Theorem 1 is completed.

Proof of Theorem 2. Theorem 2 is a straightforward generalization of
the one—-dimensional result, and we shall give only a sketch of the proof.
From (16) and (17) we have

B,-B= CIZ 2(X,1 -eh),

n=1
~ 1 —
Zn—Z—_—EZ(U{U{—2)+JI+J2+J3>

i=1

where
I = %(ilU (%))(B—En),
Jy = (B—En)%;X‘TU{,
0= s 5 () e B
C, = ivl'g(xi—l < Xi_).

i=1

In order to prove (18), we need to consider the joint distribution of (Cy, Wy,),
where W, = 3.0 | V. %(X;-1-€}). Again, for simplicity of notation, we study
the marginal distributions only. Denoting &; = U;V,™!, we have

n
E : ~/

Wn = X,-_lsi.
=1

Under the assumption [|B|| < 1, without loss of generality, we assume that
© .
Xn = Z B 5n-—j-
i=0

Then

oo n
n~tew, = ZB’n—l/a E €i—1—j - Ej
j=0 i=1
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Similarly to the one-dimensional case, we show that
n~ew, = i, (40)

where Z; = (ijl ))ijzl... . 18 jointly a-stable vector with scale parameters
depending on the unknown B and X, (here we use results of Jakubowski and
Kobus (1984)), A complete description of this vector is rather complicated

and we do not provide it here (see Theorem 5.3 in Jakubowski and Kobus

(1984)).
Similarly,
n 1 ) n 1
C, = Z —W(Xi—l' 1) = Z B’ ( Z —‘;§€i—1—j52-1—£)31£ = Cpn1+Cha,
=1 i 3. i=1 ¢
where

fers n

. 1 .

Cnl = ZB] (Z Visi"l_jEQ*l“j)Bm’
j=0 i=1 *

n
an = Z B](Z %Ei_l_jE;_l_Z)BM.
J#L =1

Since V;”? has all moments and the distributional tail behavior of the en-
tries of the matrix s,-_l_jsg_l_j is different on the diagonal and outside
the diagonal, it is not difficult to check that there exist diagonal random
matrices T with positive a/2-stable random variables Tj(z), i=1,..,k, on
the diagonal such that

n
1
n_2/0£ Z W(Ei—l"jefi—l—j) = TJ

i=1 !
and -~
n"*Cpy = > BIT;B" = Z,.

Jj=0

As in the one-dimensional case, we show that
n~HeC, = 0,(1).
Thus, we obtain
n=2*C, = Z,. (41)

From (40), (41) we get (18).
To prove (19), note that

1 n
7n E(UiU{ —X)=> 73
i=1

and J; = 0p(1) for ¢ = 1,2,3. Theorem 2 is now proved.
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