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STABLE LIMITS OF MARTINGALE TRANSFORMS WITH APPLICATION
TO THE ESTIMATION OF GARCH PARAMETERS

THOMAS MIKOSCH AND DANIEL STRAUMANN

ABSTRACT. In this paper we study the asymptotic behavior of the Gaussian quasi maximum like-
lihood estimator of a stationary GARCH process with heavy-tailed innovations. This means that
the innovations are regularly varying with index a € (2,4). Then, in particular, the marginal dis-
tribution of the GARCH process has infinite fourth moment and standard asymptotic theory with
normal limits and /n-rates breaks down. This was recently observed by Hall and Yao (2003). It is
the aim of this paper to indicate that the limit theory for the parameter estimators in the heavy-
tailed case nevertheless very much parallels the normal asymptotic theory. In the light-tailed case,
the limit theory is based on the CLT for stationary ergodic finite variance martingale difference
sequences. In the heavy-tailed case such a general result does not exist, but an analogous result
with infinite variance stable limits can be shown to hold under certain mixing conditions which are
satisfied for GARCH processes. It is the aim of the paper to give a general structural result for
infinite variance limits which can also be applied in situations more general than GARCH.

1. INTRODUCTION

The motivation for writing this paper comes from Gaussian quasi maximum likelihood estima-
tion (QMLE) for GARCH (generalized autoregressive conditionally heteroscedastic) processes with
regularly varying noise; we refer to Section 4 for a detailed description of the problem. Recall that
the process

P q
(1.1) Xy =01 Z;, with Ut2 =ap+ Zain_i + Zﬁjof_j , te€Z,
i=1 Jj=1

is said to be a GARCH(p, q) process (GARCH process of order (p,q)). Here (Z;) is an iid sequence
with EZ12 =1land EZ; = 0, and oy, B; are non-negative constants. GARCH processes and their
parameter estimation have been intensively investigated over the last few years; see Mikosch [19]
for a general overview and Straumann and Mikosch [28] and the references therein for parameter
estimation in GARCH and related models. In the context of QMLE the asymptotic behavior of the
parameter estimator is essentially determined by the limiting behavior of the following quantity,
see (4.21),

n

100 = 23100 (2 4y

2
=1 Ot

where L/, is the derivative of the underlying log-likelihood, h} is the derivative of o when considered
as a function of the parameter 8, and 6y is the true parameter (consisting of the o; and (3; values)
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2 T. MIKOSCH AND D. STRAUMANN

in a certain parameter space. In this context,

_ hi(60)

2 b
0}

Gy te’Z,
is a stationary ergodic sequence of vector-valued random variables which is adapted to the filtration
Fi=0(Y;_1,Y; 9,...), t € Z, where Y; = Z? — 1 constitutes an iid sequence.

If G; has a finite first moment the sequence (G;Y;) is a transform of the martingale difference
sequence (Y;), hence a stationary ergodic martingale difference sequence with respect to (F;). If
E|G1|? < 00 and EY} < oo, an application of the central limit theorem (CLT) for finite variance
stationary ergodic martingale differences (see Billingsley [4], Theorem 23.1) yields

n
n 23" Gy, 4 N0, Z),
t=1
where X is the covariance matrix of G1Y;. This result does not require any additional information
about the dependence structure of (G;Y;). It implies the asymptotic normality of the parameter
estimator based on QMLE.

If EY? = oo a result as general as the CLT for stationary ergodic martingale differences is
not known. However, some limit results for stationary sequences with marginal distribution in
the domain of attraction of an infinite variance stable distribution exist. We recall two of them
in Section 2. Our interest in infinite variance stable limit distributions for >°}' ; G;Y; is again
closely related to parameter estimation for GARCH processes. Recently, Hall and Yao [15] gave
the asymptotic theory for QMLE in GARCH models when EZ} = co. To be more specific, they
assume regular variation with index o € (1,2) for the distribution of Z2. It is our aim to show that
their results can be obtained by a general limit result for the martingale transforms ) ;' | G;Y;
when the iid noise (Y}) is regularly varying with index « € (1,2). The key notions in this context
are regular variation of the finite-dimensional distributions of (G;Y;) and strong mixing of this
sequence, see Section 2 for these notions.

Our objective is twofold. First, we want to show that the theories on parameter estimation
for GARCH processes with heavy- or light-tailed innovations (Z;) parallel each other. We use
the recent structural approach to GARCH estimation by Berkes et al. [3] in order to show that
such a unified approach is possible. Second, our approach to the asymptotic theory for parameter
estimators is not restricted to GARCH processes. In the light-tailed case, Straumann and Mikosch
[28] extended the approach by Berkes et al. [3], including among others AGARCH and EGARCH
processes. The main difficulty of our approach when infinite variance limits occur is the verification
of certain mixing conditions. In contrast to the case of asymptotic normality, such conditions
cannot be avoided. However, it is difficult to check for a given model that these conditions hold;
see Section 4.4 in order to get a flavor of the task to be solved.

GARCH processes and their parameter estimation give the motivation for this paper. The cor-
responding limit theory for the QMLE with heavy-tailed innovations can be found in Section 4.
Our main tool for achieving these limit results is based on asymptotic theory for martingale trans-
forms with infinite variance stable limits. This theory is formulated and proved in Section 3. It is
based on more general results for sums of stationary mixing vector sequences with regularly varying
finite-dimensional distributions. This theory is outlined in Section 2.

2. PRELIMINARIES

In this section we collect some basic tools and notions to be used throughout this paper. First we
want to formulate a classical result on infinite variance stable limits for iid vector-valued summands
due to Rvaceva [26]. Before we formulate this result we recall the notions of stable random vector
and multivariate reqular variation. The class of stable random vectors coincides with the class of
possible limit distributions for sums of iid random vectors, and multivariate regular variation is the
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domain of attraction condition for sums of iid random vectors. Then we continue with an analog
of Rvaceva’s result for stationary ergodic vector sequences. In this context, we also need to recall
some mixing conditions.

Stable random wvectors. Recall that a vector X with values in R? is said to be a-stable for some
a € (0,2) if its characteristic function is given by

BeiteX) _ { exp {— fea1 [(x, )] (1 —isign((x,y)) tan(ra/2))T(dy) +i(x,p)} a#1,
exp {— [ga-1 [(x,¥)] (141 2sign((x,y)) log|(x,¥)]) T(dy) +i(x,u)} a=1,

see Samorodnitsky and Taqqu [27], Theorem 2.3.1. The index of stability a € (0,2), the spectral
measure I' on the unit sphere S¥~! and the location parameter g uniquely determine the distribution
of an infinite variance a-stable random vector X.

Multivariate regular variation. If X is a-stable for some a € (0,2), it is regularly varying with
index a. This means the following. The random vector X with values in R? is reqularly varying
with index o > 0 if there exists a random vector ® with values in the unit sphere S4~! of R? such
that for any ¢ > 0, as ¢ — oo,

je <|X| > te,X € )
P(X]| > z)

(2.1) Lt epP@Oc),

where for any vector x # 0,
X =x/[x],

and % denotes vague convergence in the Borel o-field of S?1; see Resnick [23, 24] for its definition
and details. The distribution of © is called the spectral measure of X. Alternatively, (2.1) is
equivalent to

P(XELU) v
Drxl < M
P(|X]| > z)

where — denotes vague convergence in the Borel o-field of Rd\{ﬂ} and p is a measure on the same
o-field satisfying the homogeneity assumption p(tA) =t~ *u(A) for ¢t > 0.

Stable limits for sums of iid random vectors. Now let (Y;) be an iid sequence of random vectors
with values in R?. According to Rvaceva [26], there exist sequences of constants a,, > 0 and b,, € R?
such that

n
'S Y, —b, L X,
t=1

for some a-stable random variable X, with « € (0,2) if and only if Y; is regularly varying with
index «, and the normalizing constants a,, can be chosen as

(2.2) P([Y1| > an) ~n~t.

For a stationary sequence (Y;) a similar result can be found in Davis and Mikosch [12] as a
multivariate extension of one-dimensional results in Davis and Hsing [11]. For its formulation one
needs regular variation of the summands and a particular mixing condition, called A(a,) which
was introduced in Davis and Hsing [11].
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Mizing conditions. We say that the condition A(a,) holds for the stationary sequence (Y;) of
random vectors with values in R? if there exists a sequence of positive integers r,, such that r, — 0o,
kyn = [n/ry] — 0o as n — oo and

n Tn kn
Eexp{—Zf(Yt/an)}— (Eexp{—Zf(Yt/an)}> — 0,
t=1

t=1
(2.3)
n—oo, Vfedgs,

where G, is the collection of bounded non-negative step functions on Ed\{ﬂ}. The convergence in
(2.3) is not required to be uniform in f. This is indeed a very weak condition and is implied by
many known mixing conditions, in particular the strong mixing condition which is relevant in the
context of GARCH processes; see Section 4. We refer to Davis and Mikosch [12] for a comparison
of A(ay,) with other mixing conditions.

For later use we also recall the definition of a strongly mizing stationary sequence (YY) of random
vectors with rate function (¢y), see Rosenblatt [25], c¢f. Doukhan [13] or Ibragimov and Linnik [16]:

sup |P(ANB) — P(A)P(B)| =: ¢p —0 ask — oc.
A€o(Ys,s<0),Beco(Ys,s>k)

If (¢r) decays to zero at an exponential rate then (Y}) is said to be strongly mizing with geometric
rate.

Recall that absolute regularity (or B-mizing) is a mixing notion which is slightly more restrictive
than strong mixing:

(2.4) E sup |P(B|o(Ys, s<0))—P(B)||=: by —0, k — .
Beo(Y¢,t>k)

Indeed, B-mixing implies strong mixing with the same rate function.

Stable limits for sums of stationary random wvariables. The following result is a combination of
Theorem 2.8 and Proposition 3.3 in [12]. It gives conditions under which an a-stable weak limit
occurs for the sum process of a stationary sequence. In what follows, we write

So=0 and S, =Y +---+4Y,, n>1,

and for any Borel set B C R,

where

s B) =S vV 1s(v | /an), n>1.
t=1

Theorem 2.1. Let (Y;) be a strictly stationary sequence of random vectors with values in R and
the real sequence (a,) be defined by (2.2). Assume that the following conditions are satisfied:

(a) The finite-dimensional distributions of (Yi) are regularly varying with index o > 0. To be

)

specific, let vec(0,, ... ,HI(f)) be the (2k + 1)d-dimensional random row vector with values

in the unit sphere SCRTVI=1 that appears in the definition (2.1) of regular variation of

vee(Y _k, ..., Yk), k >0, with respect to the maz-norm |- | in REk+1)d,

(b) The mizing condition A(ay) holds for (Yq).
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(2.5) lim limsup P <\/k<|t< Y| > any

k—o0 n—oo

WM>%Q:o,y>m

where (r,) appears in the formulation of A(ay,).
Then the limit

. £)o k) o k) o
(2.6) v = tim B (10”1 = Vi, 1)/ Ele”)

exists. If v > 0, then the following results hold.
(i) If € (0,1), then

_ d
anlsn — Xq,

for some a-stable random vector X,.
(i) If a €[1,2) and for all § > 0,
(2.7) ;ii%hmsuppﬂsn(()ay] _Esn(oay” >dap) =0,

then

a;! (Sp — ES,(0,1]) % X,

n

for some a-stable random vector X,.

The structure of the limiting vectors X, is given by some functional of the points of a limiting
point process. The proof of this result makes heavily use of point process convergence results which
are appropriate tools in the context of regularly varying distributions when extremely large values
may occur in the sequence (Y;); see Davis and Mikosch [12] for details.

3. STABLE LIMITS FOR MARTINGALE TRANSFORM

In this section we want to derive infinite variance stable limits for sums of strictly stationary
random vectors which have the particular form

Y =G Y,

where (Y;) is an iid sequence and (Gy) is a strictly stationary sequence of random vectors with
values in R such that (Gy) is adapted to the filtration given by the o-fields F; = o(Y;_1, Y;_o,...),
t € Z. If EYy; = 0 and E|Gy| < o0, E(G:Y;|F:) = 0 a.s., and therefore (G;Y;) is a martingale
difference sequence and

So=0, S, =Y+ --4+Y,, n > 1,
is the martingale transform of the martingale (>, | Yi)n>0 by the sequence (G¢). We keep this
name even if E|Y| = oo.

3.1. Basic assumptions. We impose the following assumptions on the sequences (Y;) and (Gy).

A.1 Y is regularly varying with index « € (0,2).

A.2 E|G|*"¢ < oo for some € > 0.

A.3 (G.Y;) satisfies condition A(a,), see (2.3), where P(|Y1]| > a,) ~ n~! and (r,), defined in
(2.3), is such that

a a+€
(3.1) nry <ﬁ> — 0,
Qn

where € is the same as in A.2.
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Remark 3.1. Regular variation of Y7 with index « and the iid property of (Y;) imply that

—a

P<a;1 max | Y| Sa:) - Qu(x)=e"" |, x>0,

1<t<n
for the Fréchet distribution ®,; see Embrechts et al. [14], Chapter 3.

In this setting, the heaviness of the tails of the distribution of G1Y7 is essentially determined by
the distribution of Y7; see Remark 3.3 below.

3.2. Main result. We are now ready to formulate our main result on the asymptotic behavior of
the sum process (S,,).

Theorem 3.2. Consider the martingale transform (3 71 Yi)n>0 = 1oy GitYi)n>0 defined above.
Assume that the conditions A.1-A.3 are satisfied. Moreover, if o € (1,2) assume that EY; = 0
and, if « =1, that Y1 is symmetric. Then the finite-dimensional distributions of (Y) are regularly
varying with index o and the limit v in (2.6) exists. If v > 0, then
(3.2) a;'s, 4 X,
where the sequence (ay,) is given by

P(|Y1| > ap) ~n~t.

and X, 1s an a-stable random vector.

Remark 3.3. It is not difficult to see that Yy is regularly varying with index «. For the proof we
need a result of Breiman [10]. It says that if one has two independent random variables &, 7 > 0
a.s., £ is regularly varying with index a > 0 and En” < oo for some v > «, then

P(En>x) ~ En® P(§ > x),

i.e., &n is regularly varying with the same index a. Now observe that for ¢,z > 0 and a Borel set
S ¢ S, by multiple application of Breiman’s result,

G Y >
PG| Y| >te, ——— € S
<‘ >t g R

P(|G1| Y| > z)

P (1G] [Yi| > o ,sign(v) G1 € S)
P(|G1| V1] > )

P(\G1|Y1 > tx, Gy GS) P<|G1\Y1 < —tz,—Gy eS)

= -
P(IG1| V1] > ) P(IG1| V1] > )

E (\Gl\alg (él)) P(Y,>tz) E (\G1|a15 (—él)) P(Y; < —tz)
+
E|Gy|* P(V1] > z) E|Gy|* P(IY1] > )
Writing for some p,q > 0 with p+ ¢ = 1 and a slowly varying function L(z),

PYi>z)=pL(x)z™* and P(Y; < —z)=qL(x)z|"*, x>0,

(@)

E|Gq|*

we can read off the spectral measure of the vector Y7:

(3.3) POeS)=p - (‘G;'Téigél))

+4q
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By regular variation, a, = n'/®¢(n) for some slowly varying function ¢. By Breiman’s result and
since F|G1|*T¢ < oo for some € > 0, it also follows that

P(|G1| V1| > z) ~ E|Gy|* P(IV1] > ),
and therefore P(|Y1| > ca,) ~ n~! for some constant ¢ > 0. Moreover, we have
(3.4) nP(a,'Y1 €)% py,
for some measure p; on @d\{O} which is determined by « and the spectral measure.
Remark 3.4. It follows from the proof below that
(3.5) nPla,* (Y1,...,Yp) €d(x1,...,%x3))
= pi(dxy)eo(d(xz, . xp)) + - + p(dxp) eo(d(x1, - -, Xp-1))

=: uh(d(xl, . ,Xh)) .

where (11 is defined by (3.4), ¢ is Dirac measure at 0 and

(3.6) (Yi,...,Yy) :==vec(Y1,...,Yy) and (x1,...,%xp) = vec(Xy,...,Xp).
This means in particular that the limiting measure in the definition of regular variation for
(Y1,...,Y}) is the same as in the definition of regular variation for vec(Y7,...,Y}), where Y/ are

iid copies of Y;. This part of the theorem is valid for any a > 0.

Proof. We verify the conditions of Theorem 2.1. Since A.3 implies A(a,) and since we require
~ > 0, it remains to check (a) and (c) in Theorem 2.1.

(a) Regular variation of the finite-dimensional distributions. We show regular variation of the vector
(Y1,...,Y},) defined in (3.6), i.e., we show that (3.5) holds.

We restrict ourselves to prove regular variation of the pairs (Y1,Y2) := vec(Y1,Y2); the case of
general finite-dimensional distributions is completely analogous. The regular variation of Y; was
explained in Remark 3.3. Let now By and Ba be two Borel sets in [0, 00]¢\{0}, bounded away from
zero. In particular, there exists M > 0 such that |x| > M for all x € B; and x € By. Then for any
e >0,

{a,'Y1 € By, a,'Y; € By}
C {|G1] |Yi| > M ay,|Ge| |Ya| > M ay}
C {elYi| > May,,e|Ys| > M ay}
U{IGH] Ty (1G]} Vil > M ay € [Va] > May}
U{Gal Zieoo)(1Ga) [¥a] > M ay[¥i] > M an}
4
U{IG| Loy (1G1]) [Y] > M an |G| T oy(IGa) V2l > M ay} =: | D
i=1
By independence and an application of Breiman’s result, nP(D;) — 0 and nP(D3) — 0. Similarly,
nP(D3) < nP (|G|l 0)(|G2]) V2| > May)
~ nP(|Ya| > Man) E (|G2|" It 00y (IG2l)) ,
thus, by Lebesgue’s dominated convergence theorem,

liTm limsupn P(D3) =0,

€10 n—oo
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and nP(D4) — 0 can be proved in the same way. We conclude that

nP (a;'(Y1,Y2) € d(x1,%2)) = p1(dx1) eo(dxi) + p1(dxs) eo(dx2) = pa(d(x1,%2)),

see Resnick [24]. This proves the regular variation of the 2-dimensional finite-dimensional distribu-
tions. The higher-dimensional case is completely analogous.

(¢) The condition (2.5). We have for any y > 0,

P (s Gl 711> yan | Gl ¥l > v

k<t

IN

k<t<

|Gol| |Yo| > yan> +P< max |Yy| > sg arn>
<rn

P G| >
(s 1G> yen(sean,)

= Il+12a

where (sp) is any sequence such that sy — oco. In what follows, all calculations go through for any
y > 0; for ease of notation we set y = 1. Then, by Remark 3.1,

lim lim I = lim (1 — ®,(s;)) =0.

k—o0 n—o0 k—o0

An application of Markov’s inequality yields for some constant ¢ > 0 and € > 0 as in A.2 (here and
in what follows, ¢ denotes any positive constant whose value is not of interest),

Tn

Lo< S PG> au/(skar) | |Gl Yol > an)
t=Fk

< <Ska’rn>a+€ 3 E[|Gt|a+61{|G0‘|Y0‘>an/(5karn)}]
- P(|Gol [Yo| > ay)

a
n t=k

n

sk a+e
< c¢nry < T”) E|Gg|*"*
a

— 0 asn— oo.
Here we used Breiman’s result [10] to show that
P(|Gol [Yo| > an) ~ E|Go|* P(|Yo| > an),

condition (3.1) and the fact that E|G1]|*T¢ < oo; see A.2.
Now we turn to

Go| [Yo] > )

—Tn<t<—

P < max k|Gt\ Y| > ay,

IN

n

P G Gyl |Yo| >
(16l > o (sn0n,) | 1Gal 301> 0

Gol Yo > )

k |}/t| > Ska‘Tn

+P ( max
—rp<t<

= I3+ 1.
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The quantity I3 can be treated in the same way as I; to show that Is — 0 a.s. as n — oco. We turn
to I4. Fix 0 < M < oco. Then
< P (max_, <i<_k |Yi| > sgay, , M |Yo| > ay)
- P(|Gol [Yo| > an)
P (|Gol I(a1,00)(IGo) [Yo| > an)
P(|Gol [Yo| > an)

=: Iy + 1.

1,

By independence of the Y;’s, Breiman’s [10] result and since r, — oo,

P (max_;, <t<— [Yi| > spar,) M* P(|Yo| > an)
E|Gol* P(Yo| > an)

Iyn ~

~ c(l—=®4(s)) asn— oo
— 0 ask — oo.

By virtue of Breiman’s [10] result,

E (IGo|* Ita,00) (1Gol)) P(Yo] > an)
E|Gol* P([Yo| > an)

Since |Gyl has finite moments of order greater than «, an application of the Lebesgue dominated
convergence theorem yields

Iyp ~

lim lim Iys =0.
M — o0 n—00

This proves (2.5). O

Thus the conditions (a)-(c) and v > 0 of Theorem 2.1 are satisfied. In the case a < 1, Theorem 2.1
immediately yields (3.2). In the case a € [1,2) we have to check condition (2.7). It suffices to show
it for the components ng) (0,y],i=1,...,d, of S,(0,y]. Since the components can be handled in
the same way, we suppress the dependence on ¢ and, for the ease of notation, write G;Y; for the
summands of the ith component.

We start with the case a € (1,2). As before, write F; = 0(Y;—1,Y;—2,...). Then, for z > 0, since
EY; =0,

ElG Y Lo (|G Yil/an) | Fil = GiE[Yi I (|Gt Yil/an) | Gi]
= —GiE[YiI;00)(|GtYil/an) | Gi].

Consider the decomposition

ap' Y [GeYilo(IGYil fan) = B[G1 Y1 g (IG1 Yil/an)]]
t=1

n

= a,' > [GiYiI (|G Yil/an) — Gy E[Yi I (IG: Yil fan) | G4]]
t=1

—a," Y [GLEYi I (2 00)(IG Vil Jan) | Gi] — E[GA Vi1 00y (|GL Vi fan)]] = Ty + T .
t=1

For fixed n, T} is a sum of stationary mean zero martingale differences. An application of Kara-
mata’s theorem to the regularly varying random variable G1Y; with index « yields for some constant
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c> 0,
var(Ty) = nay? E[G1 Y1 I.(|G1 Yil/an) — GiE[Y: Lo (|G1 Yil fan) | Gh])°
< enaE (G [ (1G1Yil/an)]?
~ ¢227Y asn— oo
(3.7) — 0 asz]0.

Next we treat Th. Fix 0 < § < M < oo to be chosen later. Notice that by Karamata’s theorem and
the uniform convergence theorem for regularly varying functions uniformly for ¢ € [4, M],

EY1 I (g 00)(|Y1])]
cx P(|Y1] > cx)

for some constant C'. Taking this into account, the strong law of large numbers yields, with
probability 1,

—C

(3.8) a," Y " Gilisan(IGH) E[Y: I (. 00y (|G i fan) | G
t=1

= a,' Y Gulis(IGe) [(zan/Ge) P([Yi] > zan /|Gyl | Gi) (C + o(1))]
t=1

= (C+o(1)z'*n! Z |Ge|* Iis 001 (1G]

t=1

—  C 2" E[|G1|"Ij5. a0 (|G )] -

On the other hand, since G11j57)(|G1]) Y1 is regularly varying with index o € (1,2), by the same
argument and Breiman’s result,

(3.9) nay ' ElG s (1G1]) Y1 Lz 00y (1G1 Y /an)]

— na;" [(C+o0(1) (za,) P(GiIisan(IG1) Y] > za,)]

n

= (C+0(1) 27 B[|G1[* 15, (IG1])] -

This shows that (3.8) and (3.9) cancel asymptotically as n — oo for every fixed z.
A similar argument shows that, with probability 1,

(3.10) a, ' 1Y Gelios)(IGi) E[Y: Iz o) (|Ge Yil fan) | Gi]
t=1

< ap" Y G0, (1G]) ElIYA (2 00) (8 [Y1] /)]
t=1

= ¢(2/6)" E[|G1| I 5)(IG1])] -
Moreover,
(3.11) nay ' |B[GiIo5(|G1]) Y1 Iz 00)(|G1 Y1 /)]

< nay E[|Gi|I05(1G1]) Y1l 12,00 (8 Y1/ an)]

~ e(2/6)' 7 Bl|GilIp5(1G1l)]-



STABLE LIMITS AND GARCH 11

Now choose § = 2z2. Then, first letting n — oo and then z | 0, both (3.10) and (3.11) vanish
asymptotically.
Finally, we consider

a, B> Gil(a,00)(IGe]) B[V I 00) (|Gt Vil fan) | Gi]
t=1

< a;' nE|G1(a.00)(IG1]) Y| I(2,00)(|G1 Y| /an)] -

An application of Breiman’s result to the regularly varying random variable G115/ o0)(|G1])Y1 gives
that the right-hand side is asymptotically equivalent as n — oo to

¢z Bl|G1|* Ing,00)(IG1 )]

Choosing M large enough, the right-hand side is smaller than z, say. The same argument can be
applied to

nay ! |B[G11p,00)(|G1]) Y1 1z 00) (|G Ya Ja)]] -
Collecting the bounds above, we see that

limlimsup P(|T2| >r) =0, r>0.
z

10 n—oo

This together with (3.7) concludes the proof of (2.7) for « € (1,2).

For a = 1 we use the additional condition of symmetry of Y;. Then E'S,,(0,y] = 0 and the same
argument as for var(77) above shows that (2.7) holds in this case as well. This concludes the proof
of (2.7).

Since the conditions of Theorem 2.1 are satisfied for a € [1,2) we conclude that

a7l (S, — ES,(0,1]) % X,
for some a-stable random vector in R?. For a = 1 we can drop ES,,(0,y] because of the symmetry
of GY;. For a € (1,2), G;Y; is regularly varying with index a. Since E(G.Y;) = 0, Karamata’s
theorem yields

a,' ES,(0,1] — b

for some constant b which can be incorporated in the stable limit, and therefore centering in (3.2)
can be avoided. This concludes the proof of Theorem 3.2. O

Remark 3.5. If the roles of G and Y7 are interchanged in the sense that Gy is regularly varying
with index o and E|Y;|*™¢ < oo for some € > 0, Y is regularly varying with index a, as the
following calculations show. Observe that the random variables |G1|Ig(G1) and |G1|Is(—Gy) are
regularly varying for any Borel set S C S%~! for which S, —S are continuity sets with respect to
the spectral measure P(®¢ € -) of G; and which satisfy P(©¢ € £5) > 0. For such a set S, any
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t,z > 0, by multiple application of Breiman’s result,

|G| Y1
P(|G1| Y| > z)

G1Y;
P<IG1||Y1|>t:c, — eS>

P (1G1| %3] >t sign(v1) Gy € S)
P(IG1| V] > )

P<|G1|Y1>t.7),él€S) P<|G1|}/1<—t.7},—61165>
+
P(|Gy] [Y1] > ) P(|Gy| 11| > )

EY{*1(0,00)(Y1)] P (\G1| >tx, Gy € 5) ElY1|%](~c0,0)(Y1)] P((\G1| >tx,Gy € —S)
_I_
E|Y1|* P(|G1| > x) ElY1|* P(|G1| > x)

Tr — OO.

Letting x — oo, one can read off the spectral measure of Y7:
E[Y1"1(9,00)(Y1)] EY1|*I(—.0)(Y1)]
By B[«

The spectral measure of Y; under the A-conditions, see (3.3), is completely different from (3.12).
One might hope that a result similar to Theorem 3.2 can be derived simply under the conditions that
G, is regularly varying with index o < 2 and E|Y7;|*"¢ < co. However, it is not clear whether (Y;)
has regularly varying finite-dimensional distributions, and it is not clear how to verify condition
(2.5). Therefore one cannot expect to derive a result as general as Theorem 3.2 without additonal
conditions on the sequences (G;) and (Y;). Examples of limit results when Y; is light tailed and
G has regularly varying tails are given by the sample autocovariances of GARCH processes; see
Basrak et al. [2].

(3.12) P(@®€S) =

P@®g e S)+

P(®g € -8S).

4. GAUSSIAN QUASI MAXIMUM LIKELIHOOD ESTIMATION FOR GARCH PROCESSES WITH
HEAVY—TAILED INNOVATIONS

In this section we apply Theorem 3.2 to Gaussian quasi maximum likelihood estimation (QMLE)
in GARCH processes. The limit properties of the QMLE were studied by Berkes et al. [3]. They
proved strong consistency of the QMLE under the moment condition F|Z;|**% < oo for some § > 0
and established asymptotic normality under EZ;{ < oo. Here (Z;) is an iid innovation sequence;
see Section 4.1 below for the definition of the GARCH model and the QMLE. Hall and Yao [15]
refined these results and also allowed for innovations sequences, where Z? is regularly varying with
index « € (1,2). Then the speed of convergence is slower than the usual /n rate and the limiting
distribution of the QMLE is (multivariate) a—stable.

It is our objective to show that the asymptotic theories for the QMLE under light- and heavy-
tailed innovations parallel each other and that very similar techniques can be applied in both
cases. However, in the light-tailed case (see [3]) an application of the CLT for stationary ergodic
martingale differences is the basic tool which establishes the asymptotic normality of the QMLE. In
the heavy-tailed situation one depends on an analog of the CLT which is provided by Theorem 3.2.

As a matter of fact, the structure of the proofs shows that the asymptotic properties of the
QMLE are not dependent on the particular structure of the GARCH process if one can establish
the regular variation of the finite-dimensional distributions of the underlying process (X;) and the
mixing condition A(ay). Therefore the results of this section have the potential to be extended
to more general models, including, for example, the AGARCH or EGARCH models whose QMLE
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properties in the light-tailed case were treated in Straumann and Mikosch [28]. The most intricate
step in the proof is, however, the verification of this mixing condition for a given time series model.
We establish this condition for a GARCH process by an adaptation of Theorem 4.3 in Mokkadem
[22]; this yields strong mixing with geometric rate of the relevant sequence. We devote Section 4.4
to the solution of this problem.

Before we start, we introduce some notation. If K C R? is a compact set, we write C(K, Rd,) for
the space of continuous R¥ —valued functions equipped with the sup-norm ||v|x = supscje [v(s)].
The space C(K, R%*%) consists of the continuous d; x do-matrix valued functions on K; in R% X4z

we work with the operator norm induced by the Euclidean norm |- |, i.e.,
|A| = sup |Az|, A eRU*d,
|z|=1

4.1. Definition of the QMLE. Recall the definition of a GARCH(p, q¢) process (X;) from (1.1).
As before, (Z;) is an iid innovation sequence with EZ? = 1 and EZ; = 0, and ay, B;j are non-
negative constants. GARCH processes have been intensively investigated over the last few years.
Assumptions for strict stationarity are complicated: they are expressed in terms of Lyapunov
exponents of certain random matrices; see Bougerol and Picard [5] for details. A necessary condition
for stationarity is

(4.1) Bt +fB<1.

(Corollary 2.3. in [5]). We will make use of this condition later.

In what follows, we always assume strict stationarity of the GARCH processes. As a matter
of fact, the observation X; is always a measurable function of the past and present innovations
(Zy Zy—1, Z—2a, .. .); hence (X}) is automatically ergodic.

In what follows, we review how an approximation to the conditional Gaussian likelihood of
a stationary GARCH(p, q) process is constructed, i.e., a conditional likelihood under the syn-

thetic assumption Z; iid ~ N (0,1). Given X, ..., X_,1; and ag, e ,a%qﬂ, the random variables
X1,...,X,, are conditionally Gaussian with mean zero and variances h;(0), t = 1,...,n, where
0= (o, a1,...,0p,01,... ,ﬂq)T denotes the presumed parameter and
. 0't2 t <0,
hi(0) = 9 5 . .
oo + 041Xt_1 + -+ OépXt_p + ﬁ1ht_1(9) + -4+ tht_q(e) t>0.

The conditional Gaussian log-likelihood has the form

log fo(X1,..., Xn | Xo,.. ., X_ps1,00,-..,0% 11)
n

n 2 :
(4.2) = 3 log(27m) — %Z <vXt + log ht(0)> .

t=1 h+(8)

Since X, ..., X_,4+1 are not available and the squared volatilities 08, . ,agq 1 unobservable, the
conditional Gaussian log-likelihood (4.2) cannot be numerically evaluated without a certain initial-
ization for ag, ... ,ng 11 and XP’ ..., X_g+1. The initial values being asymptotically irrelevant, we
set the X;’s equal to zero and h¢(0) = o/(1 — 1 — --- — fB) for t < 0. We arrive at

ao/(1 =B — =By t <0,
(4.3) hi(0) = § ag + OCIAXtQ—l +- Oéminfp,t—l)Xglax(tfp,l)

+51ht_1(0) —+ -+ 5qht—q(9) t>0.

The function (h;(8))'/2 can be understood as an estimate of the volatility at time ¢ and under
parameter hypothesis 8. It can be established that \ht—ﬁt| 2% 0 with a geometric rate of convergence
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and uniformly on the compact set K defined in (4.4) below. This suggests that by replacing hy(0)
by h:(0) in (4.2) we obtain a good approximation to the conditional Gaussian log-likelihood. Since
the constant —nlog(27)/2 does not matter for the optimization, we define the QMLE ,, as a
maximizer of the function

R n . 1 n Xt2 .
L,(0) = Z 0,(8) = -5 Z <B 0 + log ht(0)>
t=1 t

t=1

with respect to 8 € K, and K being the compact set
(4.4) K={0eR" ™ m<a,p <M B+ +05 <P},
where 0 < m < M < 0o and 0 < 8 < 1 are such that gm < 3.

Remark 4.1. From a comparison with [3], one might think at first sight that our definition of the
QMLE is different from theirs. To see that h; coincides with @; in [3], introduce the polynomials

a(z)=az+ -+ ap’ and B(z)=1- iz —-- — 327
for every 6 = (ag, a1, ..., 0, B1,...,3,)" € K. Then one can show by induction on ¢ that
t—1
- o'
j=1

where the coefficients 1);(0) are defined through

(4.6) S > w@,  Fl<L
j=1

B(

Note that the latter Taylor series representation is valid because 3; > 0 and 31 +--- + 3, < g<1
imply B(z) # 0 on K for |z] <1+ € and € > 0 sufficiently small. We choose (4.3) rather than (4.5)
as a first definition for the squared volatility estimate under parameter hypothesis 6, because the
recursion (4.3) is natural and computationally attractive. In [3], starting point for the definition of
the QMLE is Theorem 2.2, which says that for all ¢ € Z one has hy(6g) = o2, where 0y is the true
parameter and

(4.7) he(0) = % + > Ui(0)X7 .
=1

In [3] this leads to the definition of a squared volatiliy estimate at time ¢ under parameter € based
on (Xj...,Xy), which is given by (4.5). Note also that (h:(€)) obeys
(4.8) her1(0) = o0 + a1 X7 + - X7y + B1he(0) + -+ + Bgher1-4(0), O € K.

4.2. Limit distribution in the case EZ{ < oo. First we list the conditions employed by [3] for
establishing consistency and asymptotic normality of 8,,. Write 8y = (ag,a7,...,ap,07,...,58; )
for the true parameter.

C.1 There is § > 0 such that E|Z;|**% < .
C.2 The distribution of |Z]| is not concentrated in one point.

C.3 There is p > 0 such that P(|Z1| <t) =o(t") as t | 0.

C.4 The true parameter 6 lies in the interior of K.
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C.5 The polynomials a°(z) = ajz + -+ + apzP and B°(2) =1 — 7z — -~ — 3727 do not have
any common roots.

Now we are ready to quote the main result of [3]. We cite it in order to be able to compare the
assumptions and assertions both in the light- and heavy-tailed cases; cf. Theorem 4.4 below.

Theorem 4.2 (Theorem 4.1 of Berkes et al. [3]). Let (X;) be a stationary GARCH(p, q) process

with true parameter vector 8y. Suppose the conditions C.1 — C.5 hold. Then the QMLE 8,, is
strongly consistent, i.e.,

0, == 0y, n — 00.
If in addition EZE)l < 00, then 0,, is also asymptotically normal, i.e.,
Vi (0, — 60) S N(0, By AgB; ),
where the (p+ q+ 1) x (p+ q + 1)—matrices Ay and By are given by

4 _
A = B (L0 o)
(4.9) By = —%E <Giil hll(oo)Thll(ao)) .

4.3. Limit distribution in the case EZil = 0o. First we identify the limit determining term for
the QMLE. To this end, we set analogously to [3],

n n 2
10) = 3 0) = —5 3 gy + oxhi®))

t=1

and define @,, as a maximizer of L, with respect to @ € K. It is a slightly simpler problem to
analyze 0,, because (¢;) is stationary ergodic, in contrast to (ft)teN. As is shown in Proposition 4.3
below, 6,, and 6,, are asymptotically equivalent. It turns out that the asymptotic distribution of the
QMLE is essentially determined by the limit behavior of L/, (6¢)/n, up to multiplication with the
matrix —B 1 Actually, these results follow by a careful analysis of the proofs in Berkes et al. [3].
To give some guidance to the reader who wants to verify all details, we briefly repeat the necessary
steps and arguments. Compare also with the similar reference Straumann and Mikosch [28], where
the case of processes with a more general volatility structure than GARCH is treated.

Proposition 4.3. Let (X;) be a stationary GARCH(p, q) process with true parameter vector 6.
Suppose the conditions C.1 — C.5 apply. If there is a positive sequence (zp)p>1 with x, = o(n) as
n — oo and

L (6
(4.10) Tn, n(60) LA D, n — 0o,
n
for an RPTI yalued random variable D, then the QMLE 0,, satisfies the limit relation
(4.11) 2n(0, — 00) % —B;'D,

where By is given by (4.9).
Proof. We first demonstrate xn(én —6p) 4, -B, 'D. In a second step we establish xn(é — én) 2% 0.
Finally, the assertion (4.11) is an immediate consequence of Slutsky’s lemma.

Step 1. Since for all @ € K the polynomials 3(z) have no root in the disc {|z| < 1+ €},
e > 0 sufficiently small, the coefficients 1;(0), see (4.6), and their first and second derivatives
decay exponentially fast, uniformly on K (Lemmas 3.2 and 3.3 in [3]). From this together with
the fact that Elog™ | Xg| < oo (Lemma 2.3 in [3]), one shows by means of Lemma 2.2 in [3] that
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the functions h; are twice continuously differentiable on K a.s. and that differentiation and infinite
sum in (4.6) may be interchanged. As a consequence, (h;) and (h}) are measurable functions of
(Xt—1,Xt—2,...). Since (X;) is stationary ergodic, so are (h}) and (h}) (see e.g. Proposition 2.3 in
[28]). This means that L,, is twice continuously differentiable, i.e., L7 = > | ¢/, where

1 1 2

T30 <(h2(0))Th£(0) <2 hitO) - 1> + 1 (0)(he() — X?)) . feK

(4.12)  £/(0) =

An inspection of the proof of Theorem 4.1 in [3] reveals that 0, “5 6,y. Consequently, for large
enough n the following Taylor expansion is valid:

(4.13) Ly(6n) = L;,(80) + Ly(C,,) (8, — 60),

where |(,, — 6o| < 6,, — 6g|. Since 0, is the maximizer of L, and 6 lies in the interior of K, one
has L/, (0,,) = 0. Therefore (4.13) is equivalent to

(4.14) n 'L (¢,) (0, — 60) = —n L1 (00).
Our aim is to apply a uniform strong law of large numbers for proving the uniform convergence

of n ML = n71Y"" ] (see e.g. Theorem 2.5 in [28]). Since ¢/ is a measurable function of
(X4, X¢_1,...), it is stationary ergodic. If we can verify E|[f{|| < oo, then in C(K, R*%),
(4.15) L' /n %5 L, n — oo,
where L"(0) = E[¢{(0)], 8 € K. For showing E||{||x < oo, first note that E||X?/hi|3* < oo
if s < §/2 (Lemma 5.1 of [3]) and that ||h}/h1||x and ||h]/h1]|x have finite moments of any
order (Lemma 5.2 of [3]). Then the desired relation is obtained from an application of the triangle
inequality to the norm of (4.12), followed by the use of Holder’s inequality. Relation (4.15) together
with ¢, 2% 6, implies
Ly(Ca)/n =5 Elt{(80)],  n— oo

Take into account that hy, ] and h{ are independent of Z;, hi(6y) = 0% a.s. and X1 = 0174, in
order to conclude

E[t{(80)] = —27"E ((h1(80))" h(80)/01) = Bo.
It is shown in Lemma 5.7 of [3] that By is negative definite and hence invertible. Thus the matrix
L(¢,)/n has inverse By'(1+o0p(1)), n — co. Therefore equation (4.14) is equivalent to

(4.16) (6 — 60) = =By ' (1 +0p(1))L},(80) /n,

which shows that z,(6,, — 6,) %> —Bj'D.

Step 2. The relation z,(0, — 6y) > 0 follows along the lines of proof of Theorem 4.4 in [3]
or Lemma 7.5 in [28]. With the help of the mean value theorem together with the facts that
llhe — helle 23 0 and ||h) — hY|lx 22 0 with exponential rate (Lemmas 5.8 and 5.9 in [3]), one can
bound || L;, — L, ||k < > 524 [16; — £;||x to show sup,,cy ||L], — L, ||k < co a.s. Consequently, since
xn = o(n),

(4.17) i~ Dl 250, n— oo
n
From Taylor’s theorem,
(4.18) Ly(6n) = Ly(0n) = L1y (€,)(0n — 6,),
where &, lies on the line segment connecting 6,, and 0,,. This line segment is completely contained
in the interior of K provided n is large enough. Since L/, (6,) = L/, (6,) = 0, equation (4.18) is
equivalent to
x_’fl _ L{r;(gn) N 0

n (ﬁ;z(én) - L;z(én)) = n T (0n — 0y).

(4.19)
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By virtue of relation (4.17), both sides of (4.19) tend to 0 a.s. when n — oo. From (4.15) and
£, 3 0y, we conclude L(€,)/n *5 E[?(0g)] = By. Since By is invertible, we can deduce
Z, (0, —0,,) *> 0. This completes the proof of the proposition. O

Now we can state the main theorem of this section. We remind once again that Hall and Yao
[15] derived the identical result by means of different techniques.

Theorem 4.4. Let (X;) be a stationary GARCH(p,q) process with true parameter vector 6.
Suppose that 212 is reqularly varying with index o € (1,2) and that C.3 — C.5 hold true. Moreover,
assume that Z1 has a Lebesgque density f, where the closure of the interior of the support {f > 0}
contains the origin. Define (z,,) = (na, '), where

P(Z% > ap) ~n1, n — 00.
Then the QMLE 9n is consistent and
(4.20) (0, — 69) <, D, n — oo,

for some non—degenerate a—stable vector Dy,.

Before proving the theorem, we discuss its practical consequences for parameter inference:
e The rate of convergence z, has — roughly speaking — magnitude n'~% which is less
than y/n. The heavier the tails of the innovations, i.e., the smaller a, the slower is the
convergence of én towards the true parameter 6.

e The limit distribution of the standardized differences (8, — 6) is a—stable and hence non-—
Gaussian. The exact parameters of this a—stable limit are not explicitly known.

e Confidence bands based on the normal approximation of Theorem 4.2 are false if EZ;{ = co.

e By the definition of a GARCH process, the distribution of the innovations Z; is unknown.
Therefore assumptions about the heaviness of the tails of its distribution are purely hypo-
thetical. As a matter of fact, the tails of the distribution of X; can be regularly varying even
if Z; has light tails, such as for the normal distribution; see Basrak et al. [2]. Depending on
the assumptions on the distribution of Z;, one can develop different asymptotic theories for
QMLE of GARCH processes: asymptotic normality as provided by Theorem 4.2 or infinite
variance stable distributions as provided by Theorem 4.4.

Proof. The proof follows by combining Theorem 3.2 and Proposition 4.3. Indeed, setting
G = h(00)/0?, Y, =(Z?—1)/2 and Y;=G;Y;,

one recognizes that

(121) PR L CONP Y Zem

is a martingale transform. Regular variation of Z? with index « € (1,2) implies A.1, but also C.1
and C.2. Condition A.2 is fulfilled because ||} /h1| k has finite moments of any order (Lemma 5.2
of [3]), and so has ||G1||. The condition A.3 holds true if we can show that (Y;) is strongly mixing
with geometric rate, in which case we choose 7, = n% in A(a,) for any small § > 0 so that (3.1)
immediately follows. This choice of (r,,) is justified by the arguments given in Basrak et al. [2]. The
strong mixing condition with geometric rate of (Y;) will be verified in Section 4.4. Finally, we have
to give an argument for v > 0. The latter quantity has interpretation as the extremal index of the
sequence (|Y¢|) (see Remark 2.3 in [12]; cf. Leadbetter et al. [18] for the definition and properties
of the extremal index). According to Theorem 3.7.2 in [18], if v = 0, then if for some sequence (uy,)
the relation liminf,_ o P(Mn < uy) > 0 holds, one neccessarily has lim, oo P(M,, < u,) = 1.
Here M,, = max(|Yy|,...,|Y,|) and (M,) is the corresponding sequence of partial maxima for an
iid sequence (R;) where R; has the same distribution as [Y;|. Assume v = 0. The random variable
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Y| is regularly varying with index a since Y7 is regularly varying with index a. Hence (a;'M,,)
has a Fréchet limit distribution ®,, but P(M,, < za,) — 1 does not hold for all positive z. Indeed,
straightforward arguments exploiting

—O;(0) ;A
z = , z| <1,
jz::l oy B(z) i
for all i =1,...,p, show that
(4.22) afg(e) >0 foralli=0,...p,
67
and
p
oh(0)
4.2 i = .
(423) >0 Ty = MO)

Since the Euclidean norm is equivalent to the 1-norm |z| = Efilqﬂ |z;| and a; < M on K, there
is ¢ > 0 such that
P

o C ' Oht(O) _
B ht(a)zal oa;

Ohy ()
80@

o) . o <
h(0) = o) 2=

i=0
Note that the last two equalities in the latter display are a consequence of (4.22) and (4.23). Hence
we have P(M,, < ra,) < P(max;<p, |Y;| < ¢ 1za,), and the right-hand side converges to a Fréchet
limit and is never equal to 1 for all positive x. From this contradiction we may conclude that v > 0.
All conditions of Theorem 3.2 have been verified so that
L (6 ~
2a, L] (00) = 2z, Ln(60) < D,
n
where Dy, is a-stable (notice that P((Z3 —1)/2 > a,/2) ~ P(Z3 > an) ~ n~'). Since x,/n =

a,! — 0, Proposition 4.3 implies

2n(0n — 00) > —27'B;'D, = D,.

Recalling that a linear transform of an a-stable random vector is again a-—stable concludes the
proof of the theorem. O

4.4. Verification of strong mixing with geometric rate of (Y;). To begin with, we quote a
powerful result due to Mokkadem [22], which allows one to establish strong mixing in stationary
solutions of so—called polynomial linear stochastic recurrence equations (SRE’s). A sequence (Yy)
of random vectors in R¢ obeys a linear SRE if

(4.24) Y =P Y1 +Q

where ((Py,Q;)) constitutes an iid sequence with values in R%¢ x R?. A linear SRE is called
polynomial if there exists an iid sequence (e;) in RY such that P; = P(e;) and Q; = Q(e;), where
P(x) and Q(x) have entries and coordinates, respectively, which are polynomial functions of the
coordinates of x. The existence and uniqueness of a stationarity solution to (4.24) has been studied
by Brandt [9], Bougerol and Picard [6] and Babillot et al. [1] and others. The following set of
conditions is sufficient: Elog™ |[|[P1]| < oo, Elog™ |Q1| < oo, and the top Lyapunov coefficient
associated with the operator sequence (P;) is strictly negative, i.e.,

(4.25) p=inf{t 'Elog||P;---Py| |t>1} <O.
Here ||-|| is the operator norm corresponding to an arbitrary fixed norm |-| in R?, e.g. the Euclidean

norm. The following result is a slight generalization of Theorem 4.3 in [22]; see the beginning of
the proof below for a comparison.
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Theorem 4.5. Let (e;) be an iid sequence of random vectors in RY . Then consider the polynomial
linear SRE

(426) Yt = P(et)Yt_l + Q(et),
where P(e;) is a random d x d matriz and Q(e;) a random R%—valued vector. Suppose:

1. P(0) has spectral radius strictly smaller than 1 and the top Lyapunov coefficient p corre-
sponding to (P(ey)) is strictly negative.
2. There is s > 0 such that

E|P(e1)|]* <o and FE|Q(e1)|® < oc.

3. There is a smooth algebraic variety V C RY such that e, has a density f with respect to
Lebesgue measure on V. Assume that 0 is contained in the closure of the interior of the
support {f > 0}.

Then the polynomial linear SRE (4.26) has a unique stationary ergodic solution (Yy), which is
absolutely reqular with geometric rate and consequently strongly mizing with geometric rate.

Remark 4.6. As regards the definition of a smooth algebraic variety, we first introduce the notion
of an algebraic subset. An algebraic subset of RY is a set of form

V={xeR? F(x) = =F.(x) =0},
where [, ..., I, are real multivariate polynomials. An algebraic variety is an algebraic subset which
is not the union of two proper algebraic subsets. An algebraic variety is smooth if the Jacobian of
F = (F1,...,F.)T has identical rank everywhere on V. Examples of smooth algebraic varieties in

RY are the hyperplanes of RY or V =R?%. Recall also the definition of absolute regularity (2.4).

Proof. There is nothing to prove if E||P(e;1)||® < 1 for some 5 > 0 as this special case is the
content of Theorem 4.3 in [22]. For the general case it suffices to prove the absolute regularity with
geometric rate for some subsequence (Y, )iez, where m > 1 is fixed. Indeed, the mixing coefficient
by, is nonincreasing and since (Y;) is a Markov process, the simpler representation

by =E < sup  [P(B|a(Yo)) —P(B)I>

Beo(Yiy1)

is also valid, see e.g. Bradley [8]. Since p < 0, there is m > 1 with E'log ||P(e;,) - - - P(e1)|| < 0. From
the fact that the map u — E||P(ey,) - - P(e1)]|" has first derivative equal to Elog ||P(ey,) - -- P(e1)]|
at u = 0, we deduce that there is 0 < 5 < s with E|P(e,,)---P(e1)||* < 1. Then note that
(Y¢) = (Yim) obeys a linear SRE:

Y, = P@)Y.1+Q&),
€tm
where e =

Ct—1)m+1
and

P@&) = Plewm) - Pleg—_1ymi1);

m—1 7
Q&) = Qlem)+ Z <H (€tmt1—i > Q(etm—j)-
Jj=1

Since both the matrix P(&;) and the vector Q(&) are polynomial functions of the coordinates of
&; and the sequence (&) is iid, (Y;) obeys a polynomial linear SRE. Observe that P(0) = (P(0))™
has spectral radius strictly smaller than 1, that E||P(€;)||® < 1 and E[Q(&;)||® < oo and that &
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has a density with respect to Lebesgue measure on V™, where V'™ is a smooth algebraic variety
(see A.14 in [22]). Thus an application of Theorem 4.3 in [22] yields that (Y}) is absolutely regular
with geometric rate. This proves the assertion. O

The following two facts will also be needed.

Lemma 4.7. Let (P;) be an iid sequence of k x k-matrices with E||P1]|* < oo for some s > 0.
Then the associated top Lyapunov coefficient p < 0 if and only if there existc > 0, § > 0 and A < 1
so that

(4.27) E|P; - Py|f < e, t>1.

Proof. For the proof of necessity, observe that there exists n > 1 such that E'log ||P,, ---P1] < 0.
From the fact that the map u — E||P;, ---P1]|* has first derivative equal to Elog [P, ---P1] at
u = 0, we deduce that there is 5 > 0 with E||P,, --- P1]|> = X\ < 1. Since the operator norm || - | is
submultiplicative and the factors in P;--- P are iid,

E||P; - P]]® < X/t <£_max ElPe: --P1||§> <eX,  t>1,

=1,..,

for c = A1 (man:Lm,n,l E|Py--- Png) and A = A\/". Regarding the proof of sufficiency, use
Jensen’s inequality and lim;_o, t 1 Elog ||P;--- Py = p to conclude

1 . 1 .
p=lim —Flog|P;---P1]|°® < limsup—logE|P;---Py]|°
t—oo tS t—oo LS

1 log A
< limsup — (logc+tlog\) = i < 0.
t—oo 1S S
This completes the proof of the lemma. O
Lemma 4.8. Suppose that
_ Ay Orx(kfr)
(4.28) P, = (Bt C, ) teZ,

forms an iid sequence of k x k—matrices with E||P1||* < co, s > 0, where Ay € R™*", B, € R(k=r)xr
and C; € RE=XE=T)  Then its associated top Lyapunov coefficient pp < 0 if and only if the
sequences (A¢) and (Cy) have top Lyapunov coefficients pa < 0 and pc < 0.

Proof. For the proof of sufficiency of pa < 0 and pc < 0 for pp < 0, it is by Lemma 4.7 enough to
derive a moment inequality of form (4.27) for (P;). By induction we obtain

o (ArAr O
P P1‘< Q C.-C)

where
Q = BiAi- A+ CBi1Ay o A1+ CCiiiBi2Ay 3+ Ay
4.4 C;---C3ByA; + C;---CoBy .
Observe that
(4.29) max([|As - Aq[, [[Cp - Col]) <[Py -+ Pufl < [|Ar- - Aqf[ +[[Cr - Cof| + Q|-

It is sufficient to show (4.27) for each block in the matrix Py ---P;. Because of pao < 0, pc < 0
and E| A%, E||Ci||* < E|P1]]® < oo, Lemma 4.7 already implies moment bounds of form (4.27)
for (A¢) and (C;). Thus we are left to bound ||Q;||. Without loss of generality we may assume
that the constants A < 1 and §,¢ > 0 in the inequality (4.27) are equal for (A;) and (C;) and that
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5 < s < 1. From an application of the Minkowski inequality and exploiting the independence of
the factors in each summand of Q;, we receive the desired relation

B|Q" < PLE|Bi [N < e,

some \ € (A, 1), ¢ > 0. For the proof of necessity, assume pp < 0. Then the left-hand estimates in
(4.29) and Lemma 4.7 imply that pao < 0 and pc < 0. O

We now exploit Theorem 4.5 in order to establish strong mixing with geometric rate of the
sequence (Y;) = (G¢Y;), where G; = h}(8g)/0o? and Y; = (Z2 —1)/2.

Proposition 4.9. Let (X;) be a stationary GARCH(p, q) process with true parameter vector 6.
Moreover, assume that Z1 has a Lebesque density f, where the closure of the interior of the support
{f > 0} contains the origin. Then (YY) is absolutely regular with geometric rate.

Proof. For the proof of this result we first embed (Y;) in a polynomial linear SRE. Without loss of
generality assume p,q > 3. Write

— 2 2 2 2
Yt - <Ut+17 <o Opg42s Xt Yt aXt7p+27

Ohi11(60) Ohi—q42(00) Ohi41(09) Ohi_q12(60)

LA

Dy by By T B,
Ohiy1(00) Ohi—q+2(00) Ohiy1(00) Oht_q12(60) )T
I R 7 e Ry T T .

Since Z? = X?/o?, we have
o(Ye, t >k)Co(Yyt>k) and o(Yy t <0)Co(Ys,t<0).

Consequently, it is enough to demonstrate abolute regularity with geometric rate of the sequence
(Y:). We introduce various matrices. Write 0g4, x4, for the di x dy matrix with all entries equal to
zero and let I denote the identity matrix of dimension d. Then set

Tt By a’ o
M, () It Og-nx1 Og-nx(p-2) Og-1)x1
1(4t) = ’
& 01x1 01x(p—2) 01x1
O(P—Q)X(q—l) 0(p—2)><1 O(p_2)><(p_2) 0(p_2)><1
where
v (B +aSZE B, Bey) R,
& = (Z,0,...,00 R,
ao — (a;"”7a;_1) ERP_Q,
Moreover, define
0y (p+q-1) v,
U
MQ(Zt) = . and M4 = . ,
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where U; € R?*(P+e=1) and V; € R+ are given by

[Ul]k,é = (SnglZE,
Uilee = Oke,1(g+i—1)» 1> 2,

»

[Vilke = Okeny-
Here, 0. denotes the Kronecker symbol. Also introduce the ¢ x ¢ matrix

gy - B
C — )
I, O-1)x1

and let
M; = diag(C,p+1),  Ms = diag(C, q)

be the block diagonal matrices consisting of p + 1 (or ¢) copies of the block C. Finally, we define

M, (Z;) 0(p+q*1)><(27+1)q O(erq—l)Xq2
P(Z,) = | Ma(Zy) M; 0(p11)gxq?

M,y 042 (p+1)q M;

and Q € RpHa—1+aptatl) py [Ql), = ao0k,1 + Ok ptq- Differentiating both sides of (4.8) at the true
parameter 8 = 6, we recognize that

hi1(00) = (1, X7, ... XP 1 p0t, oty )+ Brhi(80) + -+ + Bohi 1o (60).

From this recursive relationship together with o2 = of + o} X7+ + o X7 _p 7 of +-+
ﬁ;’af +1—q We derive a polynomial linear SRE for (Yy):

(4.30) Y, =P(Z)Y,.1 +Q.
The proof of Proposition 4.9 follows from the following lemma. |

Lemma 4.10. Under the assumptions of Proposition 4.9, the polynomial linear SRE (4.30) has a
strictly stationary solution (Y;) which is absolutely reqular with geometric rate.

Proof. The aim is to show that (4.30) obeys the conditions of Theorem 4.5. Since EZ? = 1 it is
immediate that E||/P(Z1)| < oo since this statement is true for the Frobenius norm, and all matrix
norms are equivalent. Treat the blocks M;(Z;), M3 and My sepa,rately Observe that the matrix
M (Z;) appears in the linear SRE for the vector Sy = (07, 1,...,07 19, X7, ... X7 ,1)", namely

S; = Ml(Zt)St,1 + (048,0, R ,O)T.

Theorem 1.3 of [5] says that (1.1) admits a unique stationary solution if and only if (M;(Z;)) has
strictly negative top Lyapunov coefficient; consequently pn, < 0. Moreover, arguing by recursion
on p and expanding the determinant with respect to the last column, it is easily verified that M; (0)
has characteristic polynomial

q
det(ALyq_1 — My (0)) = APta-! <1 = @%i) .
i=1

Since (4.1) holds for a stationary GARCH(p, q) process, by the triangle inequality

q q q
L= A =1=> A >1-) >0
=1 =1 =1
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if |[A\| > 1, and hence M;(0) has spectral radius < 1. Observe that the building block C has
characteristic polynomial

q
det(A\I, —C) = X7 [ 1= BIA~" |,
=1

showing that its spectral radius is strictly smaller than 1 (use the same argument as before). Thus
the deterministic matrices M3 and Mj5 have spectral radius < 1, which also implies that their
associated top Lyapunov coefficients are stricly negative. Combining these results, we deduce that
P(0) has spectral radius < 1 and conclude by twice applying Lemma 4.8 that (P(Z;)) has strictly
negative top Lyapunov coefficient. Hence by Theorem 4.5 the stationary sequence (Yt) is absolutely
regular with geometric rate. O

Remark 4.11. Since (X7?,07) is a subvector of Yy, stationary GARCH(p, ¢) processes are abso-
lutely regular with geometric rate; this result has previously been established by Boussama [7].
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