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We introduce the notion of continuous invertibility on a compact
set for volatility models driven by a Stochastic Recurrence Equation
(SRE). We prove in this context the strong consistency and the asymp-
totic normality of the estimator based on the SRE given in Straumann
(2005). We recover known results on univariate and multivariate GARCH
type models where the estimator coincides with the classical QMLE.
In EGARCH type models. our approach gives a strongly consistence
and asymptotically normal estimator when the limiting covariance
matrix exists. We provide a necessary and sulfficient condition for the
existence of this limiting covariance matrix in the EGARCH(1,1) model.

1. Introduction. Since the seminal paper of Engle (1982) and Bollerslev
(1986), the General Autoregressive Conditional Heteroskedasticity (GARCH)
type models have been successfully applied to volatility modeling. Nelson
(1991) is the first attempt to introduce non linearity into volatility mod-
els with the Exponential-GARCH(1,1) type models. Since then, many other
volatility models have been introduced: APGARCH of Ding, Granger and Engle
(1993), GJR-GARCH of Glosten, Jagannathan and Runkle (1993), TGARCH
of Zakoian (1994), etc. Non linear volatility models have been used exten-
sively in empirical researches (see Brandt and Jones (2006) among many
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sistency, asymptotic normality, asymmetric GARCH, exponential GARCH, stochastic recur-
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others) and financial industry. Not surprisingly, theoretical investigations

of EGARCH has attracted constant attention, see He, Terdsvirta and Malmsten
(2002), Harvey (2010) and Rodriguez and Ruiz (2009). However, the valid-
ity of the estimation procedures used empirically in Nelson (1991) was not
proved. Our study provides the first satisfactory answer to this open ques-
tion for non linear volatility models including the EGARCH(1,1) model. We
provide sufficient conditions for the estimator to be strongly consistent and
asymptotically normal.

Consider a general volatility model of the form X; = Z}/ 2. 7 where %;
is the volatility and where the innovations Z; are normalized, centered in-
dependent identical distributed (iid) random vectors. The natural filtration
Fi is generated by the past innovations (Z;, Z;_1,...). It is assumed that
a transformation of the volatility satisfies some (possibly non-linear) SRE,
i.e. there exist a function & and some F;_; measurable random function ¢,
such that the following relation

(1) (h(Z))k<t = Pe((h(Zx))k<t-1,00)

holds. It is the case of all classical models of GARCH and EGARCH types,
extensions of the simplest GARCH(1,1) and EGARCH(1,1) univariate mod-
els. To make our explanation clearer, let us recall the definitions of these
models (in the univariate case, the volatility is denoted o?):

(2) GARCH(L1):  of = ap + Bo0i—1 + 70X71,

)
EGARCH(L,1):  log(e7) = ao + Bolog(07 1) + (v0Z-1+ do| Zi-1]).

One can rewrite (2) as an SRE driven by the innovations: 02 = ag + (Bo +
YoZ? )07 4, ie. Pi(x,0) = a+ (B+ yZ2 ;)x. This SRE is used by Nelson
(1990) to obtain the Lyapunov condition E[log(Bo + 70Z3)] < 0, necessary
and sufficient for the stationarity. In general, the functional process ()
driving the SRE (1) is assumed to be a stationary ergodic process of Lip-
schitz functions. Such a SRE is said to be convergent when its solution is
unique, non anticipative (i.e. function of F; at any time ) and its law does
not depend on the initial values. This last property, also called "stability"
of the SRE, ensures that the convergence of the SRE driven by (¢;) leads
to the existence of the stationary process (X;). Sufficient conditions (also
necessary in the linear case) for the convergence are the strict negativity
of the Lyapunov coefficient and the existence of logarithmic moments, see
Bougerol and Picard (1992) and Bougerol (1993).
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Assume that the model have a non anticipative, stationary solution with
invertible volatility matrices X;. Using the relation Z; = ¥ L. X, in Yy, it is
possible to study a new SRE driven by the observations X;

(4) (h(Z))k<t = Pt ((h(Zk) Jk<i-1,00)-

Here ¢; is an ergodic stationary process generated by (G;_1), the sigma-
field of the past values (X;_1, X;_2, - - - ). The convergence of this new SRE
is closely related with the notion of invertibility (i.e. the existence of a non
linear AR representation of the observations) see Granger and Andersen
(1978), Straumann (2005) and Straumann and Mikosch (2006). Based on the
result of Bougerol (1993), sufficient conditions on Lipschitz functions ¢; are
the negativity of the Lyapunov coefficient and the existence of logarithmic
moments. One easily check on (2) that ¢;(x,0) = a + fx + yX? ;| and the
univariate GARCH(1,1) model is invertible as soon as 0 < Bg < 1. For
the EGARCH(1,1) model, Straumann (2005) rewrite the SRE such that it is
driven by the observations:

)

log(07) = ap + Bolog(o7_q) + (Y0Xi-1 + 60| Xs-1]) exp(— log(7_1)/2).

A sufficient condition for invertibility follows under restrictions on the pa-
rameters (&g, Bo, Y0, %), see (13) below.

We introduce in this paper the notion of continuous invertibility (CI) for
models that are invertible on each point 6 of a given compact set ©® and
a technical smoothness assumption on the function 6 — ¢(x, ), see con-
dition (CI) below for details. This technical assumption is automatically
satisfied for all GARCH and EGARCH type models known by the authors.
Thus the GARCH(1,1) model is continuously invertible on all compact sets
of 6 = (a,B,7) € [0,00[ satisfying B < 1 and the EGARCH(1,1) is con-
tinuously invertible on all compact sets satisfying (12). Under (CI), one can
compute recursively a forecast §;(0) of the volatility ¥; using only the past
observations. The convergence of the SRE (4) ensures the stability of this
recursive procedure with respect to the initial values chosen arbitrarily.
Then one can reasonably study the error of forecasting using the Quasi-
LIKelihood (QLIK) criteria:

6) nS,(0) = Y 5(0) = Y1271 (XT0(84(6)) "X, +log(det(¢(3:(6))) ) .
t=1 t=1
We study the M-estimator 0, of the unknown parameter 6

0, = argming_g 5, (0).
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We prove under (CI) and the identifiability of the model that 8,, is a strongly
consistent estimator of ) (assumed to belong in ® and to satisfy the station-
ary condition) and that the natural forecast §;(6;) of the volatility X is also
strongly consistent. We prove that 6, is asymptotically normal if moreover
the limiting variance exists.

Continuous invertibility is proved to be a sufficient condition for infer-
ring and forecasting volatility efficiently in GARCH and EGARCH type
models. We apply our result to recover existing results in the GARCH case
where the inference procedure coincides with the classical Quasi Maximum
Likelihood Estimator (QMLE). In the GARCH(1,1) case, we recover the al-
ready known result: If @ is a compact subset of [0, o[> with the constraint
B < 1, the recursive forecast defined by (2) is stable and the inference is
strongly consistent if ) € @ and E[log(Bo + vZ3)] < 0. Remark that the
invertibility problem does not matter since the stationary condition implies
the invertibility one. For more general models, we recover the results of
Francq and Zakoian (2004) that slightly refine Berkes, Horvath and Kokoszka
(2003) for GARCH(p,q) models, we recover the results of Francq and Zakoian
(2011) for CCC-GARCH(p,q) models and for AGARCH(p,q) models we re-
fine the results of Straumann and Mikosch (2006). We also apply our results
in the EGARCH(1,1) model and give the first proof of the strong consis-
tency and the asymptotic normality of the estimator used in Nelson (1991).
The theoretical validity of this commonly used procedure only holds under
(CI), i.e. when the SRE (5) is stable with respect to its initial values. On the
contrary, it is shown in Sorokin (2011) that forecasting the volatility with
SRE may be inconsistent when the SRE is unstable. To sum up, one can
think of the following "equivalences":

Convergence of the SRE generated by <= stationarity, ergodicity
the innovations (Z;, Z;_1, .. .) (A) and log-moments
Convergence of the SRE generated by <= invertibility, forecasting
the observations (X, X;_1,...) (B)  and statistical inference

The equivalence (A) is crucial when studying existence of stationary so-
lutions of volatility models. We want to emphasize the importance of the
second equivalence (B) for the statistical inference and the volatility fore-
cas. The inference procedure described here is the most commonly used in
practice and the high generality of our model allows to apply our approach
in almost all volatility models. The consequences of this work on empirical
study is huge, see Wintenberger and Cai (2011) for the EGARCH(1,1) case
(applications on other classical models are also in progress). Finally, notice
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that the statistical inference of 6 is possible without assuming (CI): it has
been done by Zaffaroni (2009) using Whittle’s estimator.

An outline of the paper can be given as follows. In Section 2, we discuss
the standard notions of invertibility and introduce the continuous invert-
ibility. In Section 3 our main results on the statistical inference based on the
SRE are stated. We apply this results in some GARCH type models and in
the EGARCH(1,1) model in Section 4. The Appendix contains the technical
computation of the necessary and sufficient condition for the existence of
the asymptotic variance of 6, in the EGARCH(1,1) model.

2. Continuously invertible volatility models.

2.1. The general volatility model. In this paper, (Z;) is a stationary ergodic
sequence of real vectors called the innovations. Let us denote F; the fil-
tration generated by (Z;, Z;_1,...). Consider the general volatility model
X; = £1/% - Z; where (1) is satisfied: (7(Z¢))k<t = ¥e((h(Zk))k<t—1,60). The
function h is injective from the space of real matrices of size k x k to an
auxiliary separable metric space F. The random function (-, 6p) is a F;_1
adapted random function from the space of the sequences of elements in
the image of h to itself. Let us denote ¢ the inverse of /1 (from the image of
h to the space of real matrices of size k x k) and call it the link function.

2.2. Convergent SRE and stationarity. A first question regarding this very
general model is wether or not a stationary solution exists. As the sequence
of the transformed volatilities (h(Xy))x<; is a solution of a fixed point prob-
lem, we recall the following result due to Bougerol (1993). Let (E,d) be a
complete separable metric space. A map f : E — E is a Lipschitz map if
A(f) = sup(y yep d(f(x), f(y))/d(x,y) is finite. For any sequence of ran-
dom element in (E,d), (X;) is said to be exponential almost sure conver-

gence to 0 X; €35 Dast — oo if for X; = o(e~®*) a.s. for some C > 0.

THEOREM 1. Let (¥¢) be a stationary ergodic sequence of Lipschitz maps
from E to E. Suppose that E[log™ (d(¥o(x),x))] < oo for some x € E, that
E[log™ A(¥o)] < oo and that for some integer r > 1,

Ellog A(¥{)] = Ellog A(¥oo -+ 0¥, 1)] <O.

Then the SRE X; = Y¢(X;—1) for all t € Z is convergent: it admits a unique
stationary solution (Yy)icz which is ergodic and for any y € E

Y; znlzi_rgo‘ljto---o‘I’t_m(y), te”Z.
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The Y; are measurable with respect to the o(¥;_x, k > 0) and

d(Yt, Yt) _}e.a.s. 0, t — o0

such that Yy = ¥(Y;_1) forall t > 0.

The sufficient Lyapunov assumptions E[log A(‘I’(()r))] < 0 is also neces-
sary in the linear case, see Bougerol and Picard (1992). The logarithmic mo-
ments of the solution of a convergent SRE is proved in the following result

that seems to be new:

THEOREM 2.  Under the assumptions of Theorem (1) and E[(log™ d(¥o(x), x))?] <
oo the unique stationary solution satisfies E[log™ (d(Yo,y))] < oo forall y € E.

PROOF. The basic inequality log(1 +y +z) < log(1 +y) + log(1 + z)
will be used several time. Remark also that for any r.v. X > 0 we have
the equivalence E[log(1 + X)] < oo iff E[log"(X)] < co. Thus E[log(1 +
A(¥o(y),y))] < coforally € Easd(¥o(y),y)) < d(¥o(x), 1))+ A(¥o)d(x,)
Foranyy € E, onedenotes ¥(-") = ¥go---0¥_,(y), w =d(y, Y1 (y)) >
0and z = A(Y")d(¥_,,(y),y) > 0. From the triangular inequality one
obtains d(y, ¥~ (y)) < w + z and using we derive that

log(1+d(y, Y™ (y))) <log(1l+w+z) < log(1+w) + log(1 + 2).

Eqgn. 27 in Bougerol and Picard (1992) asserts the existence of 0 < p < 1
and € > 0 satisfying

Hm%% log(A(¥™)) < log(p) —€  as.

Thus A(¥(~™)) < p™ as. for all m larger than some fixed M > 0. Writing
vm = log(14d(y, ¥="™(y))), for all m > M we have:

Om < 1 +log(L+p" 1 d(¥_w(y),y)).

A straightforward recurrence leads to the following upper bound of all
(Um)mZM
om < om+ ) log(1+ 0 'd(¥ ;- m(y), v))-
j=1

As log(1+d(y,Yo) = limy_eo v a.s., it remains to prove that the upper
bound is integrable to conclude by the dominated integration Theorem. Us-
ing the stationarity of (v,,), we know that E[log(1+ o/ *d(Y_;_m(y),v))] =
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E[log(1+p/~'d(¥o(y),y))] forallm > M. Thus E[vy] = E[log(1+d(y, Yo(y)))] <
oo by assumption. We conclude the proof by comparing the series with an
integral:

;E[log(l + pf—ld(‘I’O(y),y))] < : 1p /01 Elog(1+ uZ(TO(y),y))] »

Let us prove that his integral converges as soon as E[(log™ A(¥))?] < 0.

Using that E[log(1 + ud(¥o(y = [, P(log(1+ ud(Yo(y),y)) > t)dt

and denoting v = (¢ — 1) /u the mtegral becomes:

/ / P(log(1+ud(Yo(y),y)) > t) dtdu—/ / Y) > U)dvdu.
u 1 + uv

Using Fubini’s theorem and fol(l +uv)tdu = log(v+1)/v forallv > 0
we get an upper bound in term of

/oo log(1+2)P(d(Yo(y),y) 20) , |
0 0

This integral converges in 4-oc0 as

[ o8+ DR p) 2 9,
) 1+vo

= E[log(1+d(y, ¥ (y))’]
and the desired result follows. O

In order to apply Theorem 1 in our case, let us denote by E the separable
metric space of the sequences of elements in the image of /1. Equipped with
the metric Y1 277d(x;,y;) /(1 +d(xj, y;)), the space E is complete. A suf-
ficient condition for stationarity of (X;) is that the SRE driven by () con-
verges in E. It simply expresses as the Lyapunov condition E[log A(l[J((]r) )] <
0 for some integer » > 1 and some logarithmic moments. This assumption
of stationarity is sufficient but not optimal in many cases:

REMARK 1. The state space of the SRE (1), denoted E, in its most general
form, is a space of infinite sequences. However in all classical models we can find

a lag p such that (h(Zk))t—pr1<k<t = Y ((M(Zk))i—p<k<t—1,00). The state space
E is now the finite product of p spaces. It can be equipped by unbounded metrics
such that p~' Y1, d(x;,y;) or \/XI_, d?(xj,y;). The product metric has to be
carefully chosen as it changes the value of the Lipschitz coefficients of the ¢;. Yet,
even if the products spaces are embedded, the smallest possible lag p in the SRE
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yields the sharpest Lyapunov condition. Finally, if E has a finite dimension and
if the condition of convergence of the SRE expresses in term of the top Lyapunov
coefficient, one can choose any metric induced by any norm, see Bougerol (1993)
for details.

In view of Remark 1, instead of choosing a specific metric space (E,d)
we prefer to work under the less explicit assumption

(ST) The process (X;) satisfying (1) exists. It is a stationary, non anticipa-
tive and ergodic process with finite logarithmic moments.

In view of Theorem 2, it is reasonable to require that the solution has finite
logarithmic moments. It is very useful when considering the invertibility
of the general model, see Theorem 2 below.

2.3. The invertibility and the observable invertibility. Now that under (ST)
the process (X;) is stationary and ergodic, we investigate the question of in-
vertibility of the general model (1). We want to emphasize that the notions
of invertibility is linked with convergences of SREs, governed by Lyapunov
conditions. Following Tong (1993), we say that a volatility model is invert-
ible if the volatility can be expressed as a function of the past observed
values:

DEFINITION 1.  The model is invertible if the sequence of the volatilities (X¢)
is adapted to the filtration (G;_1) generated by (X;—1, X4—2,- - ).

It is natural to assume invertibility to be able to forecast the volatil-
ity. This notion of invertibility is very weak and consists in restricting the
underlying filtration (F;) of the SRE to (G;_1). Indeed, under (ST) then
G: C Fyis well defined. If the volatility matrices are invertible, using Z; =
.1 X; in ¢ we can express (1) as (4): (h(Z))k<t = Pr((h(Z¢))k<t—1,60),
a SRE driven by the whole past of the observations. The sequence of ran-
dom functions (¢;) is an ergodic and stationary process adapted to (G;_1).
Using the sufficient conditions of convergence of SREs given in Theorem
1, the invertibility follows if the ¢;(-,6y) are Lipschitz maps such that for
somex € Eandr > 0,

Ellog™ (d(x, ¢o(x,60)))] < co, E[log™ A(g(-,60))] < oo
) and E[log A(¢o(-,60)")] < 0.

The Remark 1 also holds for the SRE driven by (¢;): the metric space (E, d)
must be chosen carefully. The conditions (7) (with the optimal metric space
(E,d)) are called the conditions of invertibility.
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PROPOSITION 1.  Under (ST) and (7), the general model (4) is invertible.

Another notion of invertibility is introduced in Straumann and Mikosch
(2006). We call it observable invertibility. Let us assume that there exists
some approximations ¢ of ¢; such that ¢; is a measurable function of the
past observations (X;_1, X;_2, ..., X1) and not the whole past (X;_1, X;_», . ..).

DEFINITION 2.  The model is observably invertible if and only if the solution
of the approximative SRE

N

(®) (h(E))Jk<r = Pe((h(Ek) Jr<i—1,60)
is convergent, i.e. ||y — X¢|| — 0 in probability as t — co.

Remark that in general the approximative SRE does not fit the condi-
tions of Theorem 1 and in particular (¢) is not necessarily stationary and
ergodic. However, the Proposition below gives sufficient conditions for ob-
servable invertibility. It is a very useful result for the sequel of the paper, see
Remark 2. Remark that the logarithmic moments are needed in the proof
and that the only known effective way of checking it is given in our Theo-
rem 2.

PROPOSITION 2.  If (ST) and (7) hold, if the link function ¢ is continuous and

it exists x € E such that d($;(x), pr(x)) CaS 0 and A(i(-,00) — i (-, 60)) e.a.s.

0as t — oo, then the model is observably invertible.

PROOF. One can extend the proof of Theorem 2.10 in Straumann and Mikosch
(2006) written for Banach spaces to the case of the complete separable met-

ric space (E,d). That d((h(Zg))k<t), (h(Zx))k<t)) &35 0 follows from the
proof of Theorem 2.10 in Straumann and Mikosch (2006) under the follow-
ing assumptions:

S1 E[log™ (d(x, ¢o(x,60)))] < oo for some x € E,

S2 E[log A(¢o(-,60))] < oo and E[log A(¢o(+,60)")] < 0 for some r > 0,
82’ E[log* (d(y, (h(Zx))k<t))] < oo forally € E,

S3 d(e(x), ¢r(x)) <2 0and A( (-, 00) — Pe(-,60)) <=5 Oas t — co.
The conditions S1-S2 are equivalent to the invertibility conditions (7). S3
holds from the assumptions in Proposition 2 and S2’ follows from (ST).

Finally, using the continuity of the projection on the first coordinate and
the one of the link function ¢, the desired result follows. O
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REMARK 2.  Classical models such that GARCH(p,q) or EGARCH(p,q) mod-
els satisfy an SRE for finite p lags (h(Z¢))i—pr1<k<t = P+ ((M(Zk))i—p<k<t—1,60)
and for some ¢y generated by only a finite of past observation (Xi_1,...,X;—g).
In this context, the approximative SRE coincides with the initial ones, i.e. one can
choose ¢y = ¢y for t > q. Therefore, conditions of Proposition 2 hold systemati-
cally; invertibility and observable invertibility are equivalent, i.e. they are induced
by the same Lyapunov condition. As for any initial values of §; (for 0 < t < g) the
conditions of Propositon 2 are satisfied, seeking simplicity we work in the sequel
with ¢y = ¢y forall t > 1.

2.4. The continuous invertibility. We have seen that the existing invert-
ibility notions can be expressed in term of Lyapunov conditions. We intro-
duce the notion of continuous invertibility in term of a Lyapunov condition
and some smoothness assumtion. Let us consider models with parametric
functions having continuous Lipschitz coefficients:

(CL) For any metric spaces X', ) and Z, a function f : X x )V — Z satisfies
(CL) if there exists a continuous function As : Y +— R such that
A(f(y)) < Ag(y) forally € V.

As we want to infer the unknown parameter 6, let us consider from Re-
mark 2 the functional SRE of the form

) (8x(0))t—pr1<k<t = P ((8k(0))i—p<k<i—1,0),  VE=1,

on some 0 with arbitrary initial values (§x(6))1-p<k<o- We introduce the
condition of continuous invertibility on a compact set ® where the SRE (9)
is stable:

(CI) Assume that the SRE (9) holds with ¢; satisfying (CL) for stationary
(Ay,) such that conditions E[log Ago) (0)] < 0 on the compact set ©.

Assume moreover that E[supg log™ Ag)) (0)] < oo and that there ex-
ists y € E such that E[supg log™ (d(¢o(y,0),y))] < c.

The condition (CI) implies the invertibility and the observable invertibility
studied in Subsection 2.3 for all § € ©. Then the law of the volatility ap-
proximation §;(0) forgets exponentially fast their arbitrary initial values. It

also implies the local uniform regularity of the solution g;(-) of the func-
tional SRE (gx(-))t—pt1<k<t = Pr((8k(+))i—p<k<i—1,-) for all t € Z. On the
contrary of Straumann (2005), the uniform continuity is not needed here.

Our conditions are weaker than in Straumann (2005) and Straumann and Mikosch
(2006).
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THEOREM 3. Assume that (ST) and (CI) hold. Then the functions g;(-) are
continuous for all 8 € © and all t € Z. Moreover, for any 6 € © there exists an
€ > 0 such that $;(0) satisfying (9) satisfies
(10) lim sup  d(8:(0),g:(0") &2 0.

0'cB(0,6)NO

PROOF. Eor any p > 0, let us write Agf)((),p) = sup{A((p:))(G’),G’ € B(0,p)N
©}, where B(6, p) stands for the closed ball centered at 8 with radius p. As
E[supg log Ago) ()] < oo, by the dominated convergence Theorem we ob-
tain lim, o E(AY)(6,0)) = E(lim, .o A (6,p)). But lim, 0 A" (6,0) =
Az(l;o) (0) by continuity of Az(l;o) (0) , we finally obtain

lim E(AY(0,0)) = E(limsup Ay (6))) = E(Ay) (9)) < 0.
p—0 0'—6

Thus, there exists an € > 0 such that IE(Af,f) (0,€)) <O.

Let us now work on C(B(6, €) N ®), the complete metric space of contin-
uous functions from B(6,€) N O to R equipped with the supremum norm
deo = SUPE (g e d- In this setting (¢:) satisfy a functional SRE (&)<t =
¢t ((8k)k<t—1) with Lipschitz constants satisfying

deo(91” (51), 91" (52))
A (. t a4:
OGP < sup T

51,5€C(B(0,e)N®)

supg(oen0d(@) (51(8),0), ¢/ (s2(6),0)

< sup
51,5€C(B(0,e)N®O) oo (51’52)

- “ SUPg(g.c)ne A (,0"))d(51(6")s52(8"))

- P deo(51,52)
51,5€C(B(0,e)N®)

< su SUPB(g,e)n@ (4’t( 0'))doo(s1,52)

- P deo(51,52)
51,5€C(B (9€)ﬂ®)

< sup A(@(,0)) < sup AY(E) <AV (0,€)).
B(6,6)N® B(6,6)NO©

As E[supgg e log’ (d(¢:(y,8'),y))] < E[supglog® (d(¢:(y,6),y))] is fi-
nite we can apply Theorem 1. By recurrence ¢ o - - - o ¢, (Co) € C(B(6,€) N
©®) is continuous in 6 and so is g; as the convergence holds uniformly on
B(6,€) N@. Itis true for any 6 € O and the result follows. O
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3. Statistical inference under continuous invertibility.

3.1. Statistical inference based on the SRE. Here we describe the approach
in Straumann (2005). Assume that (9) holds with 8y unknown and 6y be-
longs in the compact set © of stability, i.e. such that (CI) holds. Consider

0, = argming 5, (0)

the M-estimator associated with the QLIK criteria (6) where (§;) is obtained
from the approximative SRE (9).

REMARK 3.  This statistical procedure does not coincide with the Quasi Maxi-
mum Likelihood as it is not always efficient when the innovations are normally dis-
tributed. For a detailed discussion in the EGARCH(1,1) case see Wintenberger and Cai
(2011).

3.2. Strong consistency of the parametric inference. From now on, we as-
sume that the innovations process (Z;) is iid:

(IN) The Z; are iid variables such that E[Z] Z] is the identity matrix.

The next assumption implies that the volatility matrices are invertible and
that the link function ¢ is continuous:

(IV) The functions £~! and log(det(¥)) are Lipschitz satisfying det(¢(go(0))) >
C(6) for some continuous function C : @ — (0, ).

REMARK 4. The SRE criteria converges to the possibly degenerate limit
5(60) = Elso(6)] = 27'E [ X £(30(0)) " Xo + log(det[£(30(0))])]

Remark that S(6p) = 2 YE[Z] Zy + log(det(X))] is finite under (ST), (IN) and
(IV) because h(Xg) has logarithmic moments and log(det(?)) is Lipschitz. It is
a considerable advantage of the QLIK criteria: it does not need moments of any
order to be defined in 6. Even if S(0) may be equal to +oo for 6 # 6y, it does not
interfere the statistical procedure by definition of 8, as a minimizer.

If the model is identifiable, the estimator 8, is strongly consistent:

THEOREM 4. Assume that (ST) and (CI) are satisfied on the compact set ©®.
If (IN) and (IV) are satisfied and the model is identifiable, i.e. go(60) = h(Xo) iff
0 = 0y, then 6,, — 6, a.s. for any 6y € ©.
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PROOF. First, remark that with no loss of generality we can always re-
strict (9) to 6 satisfying det(¢(¢:(-,0))) > C(0). We adapt the proof of
Jeantheau (1993) and its notation s.¢(6,p0) = inf{s;(0'),0’ € B(0,p)} and
8.4(0,p) = inf{5:(0"),0" € B(0,p)}. Let us recall Theorem 5.1 in Jeantheau
(1993) : The M-estimator associated with the loss (6) is strongly consistent
under the hypothesis H1-H6:

H1 © is compact.
H2 $,(0) — S(0) a.s. under the stationary law Py,.
H3 S(0) admits a unique minimum for 6 = 6y in ©. Moreover for any
61 # 6y we have:
lim inf S(6) > S(6,).
0—0,

H4 V6 € O and sufficiently small p > 0 the process (84(6,p))): is ergodic.
H5 V6 € O, Eg,[s.1(6,p)] > —o0.

He limpﬁo ]Ego [S*l (9, p)] = ]E[S*l (9)] .

Let us check H1-H6 in our case. H1 is satisfied by assumption. H2 is verified

in two steps. First, by the e.a.s. convergence given by Theorem 3, arguments
of Straumann (2005) and the Lipschitz properties of £~! and log(det(£)) we

obtain .
) su
t=1

Second we use that (s;) is an ergodic sequence. Using Proposition 1.1 of
Jeantheau (1993), n=1 Y1 ; s(0) converges Py -a.s. to S(6) (taking values in
R U {+4o0}) as the s; are bounded from below:

:\»—\

su p 18:(0") —s¢(8")] = 0 Py, —as.
B(be)

— E |s¢(6 0)] -0 Py —as.

Combining this two steps leads to H2. The first part of H3 is checked sim-
ilarly than in (ii) p.2474 of Straumann and Mikosch (2006) and with the
help of the Remark 4. Remark that S has a unique minimum iff E[Tr(% -
0(g0(0))71) —log(det(Zo - £(g0(6))!))] has a unique minimum. As this cri-
teria is the integrand of a sum of the A; — log(A;) where the A; are positive
eigenvalues, we conclude under the identifiability condition from the prop-
erty x —log(x) > 1 for all x > 0 with equality iff x = 1. The second part is
checked using the fact that

lim inf $(6) > Ellim inf so(0)] = Elso(61)] = 5(61)

where the first inequality was already used for proving Theorem 3 and
the first equality comes from the local continuity of gp and ¢. H4 is satisfied
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from the ergodicity of ($;). H5 and Hé follows from Theorem 3 that ensures
the continuity of the function s,; and by the lower bounded assumption on
det(?), see Proposition 1.3 of Jeantheau (1993). O

3.3. Volatility forecasting. From the inference of 6, we deduce a natural
forecast of the volatility 2; = £($;(6;)). It is strongly consistent:

THEOREM 5.  Under the conditions of Theorem 4 then ||£; — X¢|| — 0 a.s. as
t — oo.

PROOF. It is a direct consequence of Theorems 3 and 4 that assert the
a.s. convergence of §; toward 6y and the local uniform convergence of ¢
toward g;. Remark that for ¢ sufficiently large such that 0, € B(6,¢€), a ball
where the uniform Lyapunov condition E[log A« (¢:(-))] < 0 is satisfied.
Thus g}(ét) — gt(6:) — 0 a.s. and by continuity of ¢ and g; and from the
identification X; = £(g¢(6o)) the result follows if g;(6;) converges to g;(6p).
For proving it, we use

d(8¢(6r),81(60)) < Acolpr(-))d(g1-1(61), §1-1(60)) + we (6)

where w;(6;) = d(tpt(gt,l((?o),9t),4>t(gt,1(90),90)). The RHS term satisfies
an SRE of linear stationary maps satisfying the Lyapunov condition. We
apply Theorem 1 as for any 6;, by assumption E log™* (wg(6;)) is uniformly
bounded by E[supg log™ (2d(¢:(y,0),y))] < co. We get

A(51(61), 1 (60)) < fé Aco(@r()) - Aol @r—ia () 0ri(B).

Conditioning on (#;), the upper bound is a stationary normally convergent
series of functions and

IP( i}z\m((pt(.)) e Aol riva ())wri(Br) — 0)

= E[P( L An(@i() - Acslprina(-)wii() 0] (8))]
i=0
= E[P( L Aw(g0() -+ Aw(p-is1(-))wi(8) = 0] (8) )]
i=0
=E[] =1,
the last inequalities following from the continuity of normally convergent

series of functions, §; — 6, and wi(ét) — w;(6p) = 0forallias. ast —
00, ]
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3.4. Asymptotic normality of the parametric inference. Classical computa-
tions show that if the M-estimator 6, is asymptotically normal then the
asymptotic variance is given by the expression

v=r'Qop!

with P = IE[HS()(Q())] and Q = ]E[VSO(Q())VSO(Q())T], where HS()(Q()) is the
Hessian matrix of so(6p).
(AV) Assume that E(]|ZoZ['||?) < oo and that the functions ¢ and ¢ are 2-

times continuously differentiable on the compact set © that coincides
with the closure of its interior.

The following moments assumptions ensure the existence of Q and P:
(MM) Assume that E[||Vso(6o)]|?] < oo and E[||Hso(6p)]|] < oe.

These moments assumptions holds only for 6 = 6p; they are simpler to
verify than for the moment conditions for 6 # 6y due to the specific form
of the derivatives of the SRE criteria , see Remark 4 and computations in
Bardet and Wintenberger (2009). The next assumption is classical and en-
sures to the existence of P~

(L) The components of the vector Vgo(6) are linearly independent.

Let V = B(6p,e) C © with 6 €@ and e > 0 chosen in accordance with
Theorem 3, i.e. such that E[log(sup,, Ag,)] < 0. The two next assumptions
are specific to the SRE approach. They ensure that V5;(0) is a good approx-
imation of Vs;(#) uniformly on the neighborhood V of 6:

(DL) The partial derivatives ®; = Dy (¢;), = Do(¢t), = D% (¢), Df%,x((l)o)
or D2, (¢o) satisfy (CL) for stationary (Ag,) with E[sup,, log(Ag,)] <
co. Assume there exists y € E such that E[sup,,(log™ (d(¢o(y,6),v)))?]

o0

(LM) Assume that y — V¢ !(y) and y — Vlog(det({(y))) are Lipschitz
functions.

Now that V is well defined in terms of derivatives of sy that are well ap-
proximated using the SRE approach, the procedure is asymptotically nor-
mal:

THEOREM 6. Under the assumptions of Theorem 4, (AV), (MM), (LI), (DL)
and (LM) then the asymptotic variance V is well defined and the statistical infer-
ence is asymptotically normal, i.e.

\/ﬁ(én - 90) — N(O, V)
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in distribution for any 0y €@ with the asymptotic matrix V that is invertible.

PROOEF. Under (CI) and (LM) one applies our Theorem 2 to (sup,, g:(6)).
Then E[log ™ (supy, g0(#))] < oo and from the Lipschitz condition in (DL)
we have E[sup,,log™ (|®o(0)]])] < oo for ®o(0) = Dy(¢o)(g0(6),0) or
D2 (¢0)(g0(8),8) or D (¢o)(g0(6),8) or D (¢o)(g0(6), 8). Using the exis-
tence of these logarithmic moments and the relation E[log(sup,, Ag,)] < 0,
we apply recursively the Theorem 1 and prove the existence of continuous
first and second derivatives of (g:(6)) on V as solutions of functional SRE.
The asymptotic normality follows from a Taylor development on the first
partial derivatives of S, (see Section 5 of Bardet and Wintenberger (2009)
for more details):

ViSu(Bn) — ViSu(60) = HS,(0,,:) (6 — 60)

Then the asymptotic normality follows from the following sufficient condi-
tions:

1. n71/2VS,(6y) — N(0,Q),

2. ||n~'HS,(8,) — P|| converges a.s. to 0 for any sequence (8,) converg-
ing a.s. to 6p and P is invertible,

3. 12| VS,(6,) — VS,(6,)|| converges a.s. to 0.

Due to its specific expression and that (Z;) is a normalized difference of
martingales sequence with finite moments of order 4, (VS,(6y)) is a mar-
tingale, see Bardet and Wintenberger (2009) for detailed computations. Un-
der (MM), the CLT for differences of martingale applied to (VS,(6p)) leads
to the first condition. The first part of the second condition are derived from
similar arguments than in the proof of Theorem 5 and an application of the
Cesaro mean theorem ensuring that n~1||HS,(8,) — Y1 Hs¢(6y)|| — 0
a.s. The ergodic Theorem on (Hs;(6p)) with (MM) leads to ||n~'HS, (8,) —
P|| — Oa.s. The fact that P is invertible follows from (LI), see Bardet and Wintenberger
(2009) for detailed computations. Finally the third condition is obtained by
applying Theorem 2.10 of Straumann and Mikosch (2006) to the SRE satis-
fied by (Vg:) and its approximative SRE satisfied by (V§;) uniformly on

V. Thus supy, || V§: — V|| £85, 0 as t — oo and Lipschitz conditions on
V/¢~!and Vlog(det(¢)) in (LM) and arguments similar than in Straumann
(2005) leads to the desired result. O

4. Applications to GARCH and EGARCH type models.
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4.1. Some applications to GARCH type models. In the GARCH type mod-
els, the stationarity assumption (ST) is crucial, whereas the continuous in-
vertibility condition (CI) is automatically satisfied due to the form of the
model. Sufficient conditions for (ST) have been extensively studied in the
literature and they can be necessary in linear cases. The asymptotic prop-
erties of the QMLE (that coincides with the SRE based inference in these
cases) follow from Theorems 4 and 6. Thus, we recover and slightly refine
existing results in the AGARCH and CCC-GARCH models (we refer the
reader to Straumann (2005) and Francq and Zakoian (2011) respectively for
details in these both cases).

First, let us consider the univariate APGARCH(p, 4) model introduced in
Ding, Granger and Engle (1993), Zakoian (1994) and studied in Straumann
(2005):

p q
of = a0+ Y (| Ximi| — v Xii)* + Z,B]Uf_]-, te?Z,
i—1 =1

where &g > 0, «;, B; > 0 and |y| < 1 (it coincides with the GARCH(p, q)
model if ¢y = 0. Then we derive the strong consistency and the asymptotic
normality directly from our Theorems 4 and 6. The conditions we obtained
coincides with these of Theorem 5.5 and Theorem 8.1 of Straumann and Mikosch
(2006) except their useless condition (8.1) as one does not need moments of

any order.

Second, let us consider the multivariate CCC-GARCH(p, ) model intro-
duced by Bollerslev (1990), first studied in Jeantheau (1998) and refined in
Francq and Zakoian (2011)

q p
Diag(Xf) = Ao+ Y A;Diag(X,_; XL {) + Y BDiag(%}_;)
i=1 i=1

and (27);; = pi;j\/(£2)ii(X2);,) for all (i, /), where Diag(M) is the vector
of the diagonal elements of M. A necessary and sufficient conditions for
(ST) is given in term of top Lyapunov condition in Francq and Zakoian
(2011). We recover the strong consistency and the asymptotic normality of
Francq and Zakoian (2011) directly from our Theorems 4 and 6.

4.2. Application to the EGARCH(1,1) model. Let (Z;) be an iid sequence
of random variables not concentrated on two points such that E(Z3) = 1.
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The EGARCH(1, 1) model introduced by Nelson (1991) is an AR(1) model
for log 07,

Xy = 0:Zy  with 10g0’t2 = o + PBo log(ff_l + Wt,1(90)

where W;(6y) = y0Zt + do | Z:| are the innovations of this AR(1) model. Let
8o = (w0, Bo, Y0, %) be the unknown parameter. Assume that |fg| < 1 such
that there exists a stationary solution having a MA(co) representation:

(11) logo? = ao(1— Bo)~ +Zﬁ W,k (60).

The moments assumptions on Z; ensures that the process (logo?) is er-
godic, strongly and weakly stationary. Then the volatilities process (¢7) is
also ergodic and strongly stationary and (ST) holds. However, it does not

necessarily have finite moment of any order.

The invertibility of the stationary solution of the EGARCH(1,1) model
does not hold in general. A sufficient condition for invertibility is given
in Straumann and Mikosch (2006). Let us study its link with our condition
(CD). As (log o?) satisfies the SRE

log (th = wp + Bolog (th,l + (00 Xi—1 + 70| Xi—1]) exp(—log (thfl /2),

if it has a non anticipative solution the model is invertible. Keeping the
notation of Section 2, the function & is now the logarithmic function and
the SRE (8) holds with (¢;) defined by

Pi(50) s = a4 Ps+ (YXi—1 +0 | Xi—1]|) exp(—s/2)

We check that the ¢; are random functions generated by G;_1. For any 6 €
R x R™ x {7y > |6|} we restrict ¢;(-;0) on the complete separable metric
space [/ (1 — B), o) equipped with d(x,y) = |x — y|. The process (¢:(-;6))
is a stationary ergodic sequence of Lipschitz maps from [a/(1 — ), 0) to
[/ (1 — B),00) with Lipschitz coefficients

A(Pe(-,00)) < max{B, 27" (vXe-1 + 0| Xe1]) exp(=27"a/ (1~ B)) — B}.

The technical smoothness assumption (CL) is automatically satisfied as

(Ag,(0))r = (max(B, 27" (yXi—1 + 6| Xi—1]) exp(—2"'a/ (1 = B)) — B)):



CONTINUOUSLY INVERTIBLE VOLATILITY MODELS 19

is a stationary process of continuous functions of 8. The EGARCH(1,1) is
continuously invertible on any compact set ® C R x R* x { > |4|} such
that

(12) E[log(max{p, 27" (vXi-1 +3|X;-1|) exp(=27"a/ (1~ p)) — B})] < 0

This sufficient condition for continuous invertibility depends on the distri-
bution of the observations (X;). Remark that if ) € © then it satisfies the
condition of stationarity fp < 1 and, from the MA(o0) representation (11)
of log 0, our condition (12) expressed at 6y implies that

(13) E [log (max {,Bo, 27 exp (271 Iiﬁ]f)(’yoz—k—l + do |Z—k—1|)>

x (70Zo + 60 | Zo)) —ﬁo})} <0

It is the condition of invertibility of the EGARCH(1,1) model given in Straumann and Mikosch
(2006). Applying our results of Theorem 4 and Theorem 5, we obtain

THEOREM 7. For any compact subset ©® of R x R x {fy > [0} satisfying
(12) then 6, — 6y and 62 — g2 — 0 a.s. as n — oo with 67 = exp($+(8,)) if
0y € O.

PROOEF. The condition (CI) follows from E[log A(¢:(,60))] < 0 by as-
sumption of © and E [sup® log A(¢:(,0))] < cosince Elog|X;_1| = E(logo +
log|Z;_1]) < oo as logo? has a MA(o) representation (11) and Z is inte-
grable. Moreover as log™ ( (¢0(0,0),0)) = log™ |a + (yX_1+6|X_1])| then
fixing y = 0 one has E[supg (log™ (d(¢o(y,0),y))?] < co.

In the EGARCH(1, 1) model the link function is the exponential function
{(x) = exp(x) and since we have logo? > a/(1 — B), 1/4(x) = exp(—x)
is a Lipschitz function (log(det(¢)) = id is also a Lipschitz function). More-
over the volatility process (¢7) is bounded from below by C(6) = exp(a/(1—
B)). Finally, the identifiability condition go(0) = h(6p) iff 6 = 6y is checked
in Section 5.1 of Straumann and Mikosch (2006). O

As a corollary of Theorem 6 we get the asymptotic normality of the sta-
tistical inference in the EGARCH(1, 1) model. It holds under the following
necessary and sufficient condition of the existence of the asymptotic vari-
ance V:

(MM") E[Z3] < coand E[(Bo — 27" (70Zo + 0 |Zo|)?] < 1
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THEOREM 8.  Assume that © is well chosen as in Corollary 7 and that (MM")
holds then \/n(8, — 6g) — N(0,V) in law with an invertible matrix V for any

0y €0O.

PROOEF. By definition, (¢ ) is 2-times continuously differentiable and sim-
ple computations give Dy (¢1)(x,0) = B—2" (v X;_1 + | X;_1]) exp(—x/2), Dg(¢pt)(x,0) =
(L%, Xi1 exp(—x/2), | Xe1] exp(—x/2))T, D% (@) (x,8) = 4~ (yXs_1 +0|X;1)
exp(—x/2), Dig((pt)(x, 0) = (0,1,271X;_yexp(—x/2),27 | X; 1| exp(—x/2))T
and D%, (¢:)(x,0) = 0. Moreover, as the link function is (x) = exp(x) is
also 2-times continuously differentiable, the last assertion of the condition
(AV) of Theorem 6 holds. The fact that (MM) holds under the conditions
E[Z3] < co and B3 — 80| Zo| + (62 4+ 73) /4 < 1 s technical and postponed
to the Appendix. The fact that (LI) holds if Zj is not concentrated on two
points is classical, see for instance Lemma 8.2 of Straumann and Mikosch
(2006). Assumption (DL) is satisfied from the expressions of the derivatives
(that are Lipschitz functions) and as all the logarithmic moments are finite
due to E[log(X? ;)] < co. Finally (LM) is automatically satisfied due to the
specific expression of the link function. Thus Theorem 6 applies. ]
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Appendix: checking (MM) in the EGARCH(1,1) model under (MM’).
To check (MM) is technical as we have to compute explicitly the diag-
onal terms the matrix B = E[Vg;(60)(Vgi(6p))T]. Similar computations
have been done in Demos and Kyriakopoulou (2009). Remember that V =
PleI)f1 with P = IE[HSO(G())] and Q = IE[VSO(G())VS()(Q())T]. Let us first
prove the three identities P = 271B, Q = 47'(EZ§ — 1)B and thus V =
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(EZ§ — 1)B~L. For the first identity, we compute

P =27 |(V:(60)(V3:(60))" 28 + Hgi(60) (1 — Z3) |
= 27'E[Vg:(00) (V3:(60))"] = 27'B.

For the second identity, we compute

Q= E | B [Vir(60) (Vi (00)" (1 - 222 171
=4 'E[(1 - Z§)*JE[Vg:(60)(Vgi(60))"] = 47 (EZ§ — 1)B

and the third identity follows the first ones. Thus, for checking the as-
sumption (MM), it is enough to check that diagonal coefficients B;; are
well defined when E(Z§) < co. Let us denote W; = 70Z; + 6o|Zs|, Uy =

(1,log 02, Zt,1Z4|) and V;
solution of the linear SRE

= Bo —

Vg (6o) =
Using the convention ngl Viep =

Vgt 60
1=1

U1+ Vi-1Vgi_1(6) =

27 Y(y9Zs + 60 |Zt|). Then (Vg: (o)) is the

3

£(o-fi)

1, we obtain the expression

5 (o fv)

More precisely, we have the expressions: then

By = E (E)gt(eo))z . _

00,

20

2
By, — E <agt(90)> _E
1=

203

b 0 2 [ oo -1
B44ZIE< il 0)> =E Y |Zia| [ [ Vis
=1 k=1

20;

To prove that condition (MM) is satisfied, i.e. that Y7,

following Lemma

i

7

B;; < o0, we use the
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LEMMA 1. Y} B; < coiff EV < 1.

PROOF. That the first coefficient By; is finite comes easily:

oo 1—1 o oo -1 I -1
Bu=EQ_[[Vie) =B, L [[Vik [TViw)
I=1k=1 I=17—1k=1 =1
00 00 l—l o -1
ZHka ZH L HEYTTVee®
1>1 I'>1K =1 I=1 k=1
e s-1 EV 1
—ZE@Mﬂ 1—E%+1—E%
_ 5 1 o EVy n 1

1-EVZ  1-EV, 1-EV}

For the second coefficient By, it is more complicated. We need some pre-
liminary work. We know that W; = yoZ; + 0o |Z¢| = 2(Bo — Vi), and

xo+2
klwtk: 0 ﬁo_zzﬁk 1‘/tk
1-B =

logo? =

- 13
so, we decompose By, into three parts,

2

[ oo -1
Bzz =E Z log 0}2_1 H Vt—k
= =1

-1 2

i (o] 2 (o]
=E Z fot ‘BO -2 Z ﬁl((Jithflfk ‘/tfk
1—Bo k=1

LI=1 K=1

2 2

+2 oo [—1 o o0 B 1—1
ez lE iy E R
0 i =1 k=1 K =1
) 0 -
_4X060+550 ZZ k1thkH
=1k= '—1

That the first term of the sum is finite is already known. For the last
term, it is straightforward from E ) ;°; Y74 [3'5*1\4,1,,{ Hﬁ( ,_:11 V. y=01-
Bo) 'EVy/(1 — EVp). For the second term of the sum, we need an expan-
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sion
0o 00 L -1
-1
Y B Vi [TV
I=1k=1 K =1
-1

=2x ). ZﬁngVflvu HV Hvtfq
P =

1<I<!’ <ool P4=1
© oo g2 1—
p+q—
+). ) B VtsztquV /
[=1pg=1 p'=1
-1

=4x ) Y. BT ZVtZPtl HV2 HVH;’
g

1<i<l’ <0 1<p<g<co

-1

+2x ), Z.Bo thptl HV2 Hvt—q

1<i<!’ <oo p=1

+22 ). ﬁpﬂzvtlpvthnv ’+>:Zﬁ2pzvzlpnvz’

=11<p<g<o I=

and in expectation we obtain a bounded term if EV} < 1:

ngk

3

-1
IE :BI(gilvtflfk H thk/
I=1k=1 =1
e ]EV2 [ Bo EVy B 1 EVyB
1—]EV2 (1-Bo)(1-p5) 1—EVo  (1—po)(1—p5)1-BiEV
3
+4 X 50(IE2VO) 2 . 2
(1= po)(1—pB5)(1— BgEVD) 1 — EVj
1 EV2 [ EV EV
+2 % 2 2 2
1-B51-EV; 1—]EV0 1 - B5EV
1 (EVp)?
+2 2 2 2
1BV (1= R)(1 - FEV:)
1 EV?
+2 (EVp)? Po 0 1

1-EV} (1—po)(1—=p5) 1-EVG1-pg
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That Bj; is finite under ]EVO2 < 1 comes from

2

) -1
By =E | ) Z ][ Vix
=1 k=1
1 /-1 o -1
—2]EZ Y 77, HVt K H w TEYZ (T Vi)
=171 1=1 k=1
IR 21 _ ]EZ(%
—EZ2 E(]EVO) -~

That the last coefficient is also finite comes form the computation

2
By =E

o -1
> 1 Zea [TV
1=1 k=1

—1 l—1 o -1
_2]EZZ|Zt 12y Vi +EY. Z2 (T Vir)?
=y =1 k=1
-1 ) -1 IEZ(Z]
23 S ez 8 (T B (12 TV | + o
- ; 1-EV
=17~ k=1 K =1 0
2\1—1 I'—1-1 IEZ(Z)
ZZZ Z(IE 1 Zo|)(EVy) ™ (E | Zo| Vo) EV, ]
= 1-EV;
=1I>1
_ 2E | Zo| (E | Zo| Vo) lEZ%

(1-EVo)(1—EV2)  1-EVZ



