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ABSTRACT KEYWORDS

Of the two most widely estimated univariate asymmetric conditional volatility Asymmetry; asymptotic
models, the exponential GARCH (or EGARCH) specification is said to be able to properties; existence;
capture asymmetry, which refers to the different effects on conditional volatil- invertibility; leverage;
ity of positive and negative effects of equal magnitude, and leverage, which ~ Stochastic process; sufficient
refers to the negative correlation between the returns shocks and subsequent conditions

shocks to volatility. However, the statistical properties of the (quasi-)maximum JEL CLASSIFICATION
likelihood estimator (QMLE) of the EGARCH(p, q) parameters are not available (22; C52; C58; G32
under general conditions, but only for special cases under highly restrictive and

unverifiable sufficient conditions, such as EGARCH(1,0) or EGARCH(1,1), and

possibly only under simulation. A limitation in the development of asymptotic

properties of the QMLE for the EGARCH(p, g) model is the lack of an invertibility

condition for the returns shocks underlying the model. It is shown in this

article that the EGARCH(p, g) model can be derived from a stochastic process,

for which sufficient invertibility conditions can be stated simply and explicitly

when the parameters respect a simple condition." This will be useful in reinter-

preting the existing properties of the QMLE of the EGARCH(p, g) parameters.

1. Introduction

In addition to modeling and forecasting volatility, and capturing clustering, two key characteristics
of univariate time-varying conditional volatility models in the GARCH class of Engle (1982) and
Bollerslev (1986) are asymmetry and (possible) leverage. Asymmetry refers to the different impacts
on volatility of positive and negative shocks of equal magnitude, whereas leverage, as a special case
of asymmetry, captures the negative correlation between the returns shocks and subsequent shocks to
volatility. Black (1976) defined leverage in terms of the debt-to-equity ratio, with increases in volatility
arising from negative shocks to returns and decreases in volatility arising from positive shocks to
returns.

The two most widely estimated asymmetric univariate models of conditional volatility are the
exponential GARCH (or EGARCH) model of Nelson (1990, 1991), and the Glosten, Jagannathan and
Runkle (GJR) (alternatively, asymmetric, or threshold) model of Glosten et al. (1992). As EGARCH
is a discrete-time approximation to a continuous-time stochastic volatility process, and is expressed in
logarithms, conditional volatility is guaranteed to be positive without any restrictions on the parameters.
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In order to capture (possible) leverage, the EGARCH model requires parametric restrictions to be
satisfied. Leverage is not possible for GJR, unless the short run persistence parameter is negative, which
is not consistent with the standard sufficient condition for conditional volatility to be positive, or for the
process to be consistent with a random coefficient autoregressive model (see McAleer, 2014; McAleer
and Hafner, 2014).

As GARCH can be obtained from random coefficient autoregressive models (see Tsay, 1987),
and similarly for GJR (see McAleer et al., 2007; McAleer, 2014), the statistical properties for the
(quasi-)maximum likelihood estimator (QMLE) of the GARCH and GJR parameters are straightforward
to establish. However, the statistical properties for the QMLE of the EGARCH parameters are not
available under general conditions. A limitation in the development of asymptotic properties of the
QMLE for EGARCH is the lack of an invertibility condition for the returns shocks underlying the model.

McAleer and Hafner (2014) showed that EGARCH(1,1) could be derived from a random coefficient
complex nonlinear moving average (RCCNMA) process. The reason for the lack of statistical properties
of the QMLE of EGARCH(p, q) under general conditions is that the stationarity and invertibility
conditions for the RCCNMA process are not known, except possibly under simulation, in part because
the RCCNMA process is not in the class of random coeflicient linear moving average models (for further
details, see Marek (2005).

The recent literature on the asymptotic properties of the QMLE of EGARCH shows that such
properties are available only for some special cases, and typically under highly restrictive and unver-
ifiable conditions. For example, Straumann and Mikosch (2006) derive some asymptotic results for
the simple EGARCH(1,1) model, but their regularity conditions are difficult to interpret or verify.
Wintenberger (2013) proves consistency and asymptotic normality for the QMLE of EGARCH(1,1)
under the nonverifiable assumption of invertibility of the model. Francq et al. (2013) show that the QMLE
of the EGARCH(1,1) model is strongly consistent and asymptotically normal under strong assumptions.
Demos and Kyriakopoulou (2014) present sufficient conditions for asymptotic normality under highly
restrictive conditions that are difficult to verify. Anyfantaki and Demos (2016) derive exact likelihood-
based estimators for the theoretical properties of the time-varying parameter EGARCH(1,1)-in-Mean
model. However, as the expression for the likelihood function is unknown, they resort to simulation
methods to estimate the parameters.

This article considers the more general EGARCH(p, g) model. It is shown that the EGARCH(p, q)
model can be derived from a stochastic process, for which sufficient invertibility conditions can be stated
simply and explicitly when the parameters respect a simple condition (¢ > |y| or @ < —|y|[), so
that verification is possible rather than assumed, as is typical in the literature. This will be useful in
reinterpreting the existing properties of the QMLE of the EGARCH(p, q) parameters.

The remainder of the article is organized as follows. In Section 2, the EARCH(co) model is
discussed, together with notation and lemmas. Section 3 develops a key result for invertibility of
the EARCH(co) model. Section 4 analyzes the EGARCH(p, q) specification, while Section 5 develops
regularity conditions for the invertibility of EGARCH(p, q). Section 6 considers the special case of
the N(0,1) distribution. Some concluding comments are given in Section 7. Proofs of the lemmas and
propositions are given in the Appendix.

2. EARCH(c0), notation, and lemmas

Instead of using a recursive equation for conditional volatility, which would require proofs of existence
and uniqueness, we will work with a direct definition of the stochastic process that drives the so-called
innovations, &;. The new process will define uniquely the stochastic process that drives the innovation,

as follows:
® +o00 o Y
& = M. €XP (E + X;,Bi (E [ne—il + Eﬂt—i)) , (0)
=

where w € ®, (o, y) € N2, > i 1Bil < 00,(n;) is independently and identically distributed (i.i.d.), with
E[n] = 0and E [nf] = 1, so that n; € L?. Thus, we have the EARCH(c0) model, as introduced by
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Nelson (1990, 1991):

[e¢]
log(o) = @+ Y Bi (et [ne—il + yni—i)
i=1
&t = 1Nt0t.
The primary purpose of this article is to establish invertibility of the model, where invertibility refers to
the fact that the normalized shocks, 7;, may be written in terms of the previous observed values, that
is, n¢ is 0 (&4, €41, . . .)-adapted. Note that this definition is equivalent to that used by Wintenberger
(2013), namely, that oy is o (6/—1, &1—2, . . .)-adapted. This is also equivalent, for instance, to invertibility,
as defined in Tong (1990), and referred to as “global invertibility” in Sorokin (2011).

In a similar manner to proving invertibility for the Moving Average (MA) case, we will approximate
recursively all the i.i.d. shocks in terms of the past observed shocks (that is, &;) and some arbitrary fixed
initial values, and then prove that this backward recursion converges almost surely to the real value of ;.

Consider the following notation:

8= 2+ Lsign (n)
= — —S1on 5
t > 2g Un

so that

oo
w
&t = 1t exp <5 + ) Bidii |77t—i|) : (1)
i=1

As sign(n;) = sign(e;), 8; is indeed o (g¢)-adapted. Therefore, by proving that || is o (&, 811, .. .)-
adapted, it will follow automatically that the model is invertible.

By assuming that the distribution of 1y does not admit a probability mass at 0, we can take the absolute
value and then the logarithm of &;. In order to be rigorous in the development below, we assume that
Nt # 0,2 almost surely. By rewriting the equation, we have

o
w
log il = logleel — — = > fidi—i lne-il )

i=1

Define the following function:

exp(x),

o + sign(y).y
uy () = - Y

so that we have
@ o0
log|n:| = logle;| — = + X;ﬁi-ga,y (log [ne—il , er—i) -
=

This function is not Lipschitzian, so that we need to find some results about its variability. Lemma 1.1
gives a solution,® which will be used in several proofs that are given in what follows.

Lemma 1.1. )
(1) |gay (¥1,) — gay (x2,9)] < w‘ exp (max(x1, x2)) |x1 — x2|.
@ [go (619) = guy (12.9)] 2 [ GO exp (952) |3y — 3]

The proof of Lemma 1.1 is given in the Appendix, part 1.

2This assumption is unnecessary, and is here only for rigor in the first few equations. We will discuss below the possibility of
avoiding this assumption while retaining invertibility.

30ur method is similar to those in the literature, which are based on, for instance, finding a bound for the so-called Lyapunov
exponents or Lipschitz coefficients.
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The modelis invertible aslong as 1| iso (¢, &¢—1, . . .)-adapted. Obviously, we can equivalently prove
invertibility by also showing that log || is o (&, €11, . ..)-adapted. Lemma 1.1 will be very useful in
the proof as the previous equation defines clearly a recursive relation among the log |n;|, where gy ,,
plays a crucial role. Knowing the variability of this function will help us in the next part to control
the convergence of the recursion. Before doing so, we need to introduce some other simple conditions
relating to the parameters.

By ensuring positivity, the EGARCH model allows the possibility of leverage, namely, that positive
shocks lead to a decrease in volatility and negative shocks lead to an increase in volatility. Therefore,
leverage occurs when |o| < |y|and y < 0.* There are also the two other cases where shocks lead to
either an increase in volatility (¢ > |y|) or a decrease in volatility (¢« < — |y|). The fourth possibility
is symmetric to the leverage case and hence need not be considered in detail. All of these cases allow
asymmetry as there are still two coefficients. The three cases are summarized in the graphs given below,
where f(x) = o |x| + yx:

az|y (o <[))A( <0) a <y
f(x) f(x) f(x)

Unfortunately the invertibility is difficult to prove in the case of leverage. Therefore, when it comes to
invertibility of EGARCH, it is generally assumed that « > |y|. This article will, of course, consider the
case o > |y|, and will also extend invertibility to @« < — [y, but not to the case of leverage.5

There is a drawback in the case « < — |y|: in order to prove invertibility, we need to assume the
initial values to be equal to 0 for the independent shocks, 1;, before a certain range.® This obviously
has no impact on the invertibility of the model as we only require the independent shocks to be
o (&, €11, . .)-adapted, but this is an important point to consider in deriving the quasi-log likelihood
function of the model. Indeed, in such a situation, one might attribute initial values for the unobserved
n¢ (or equivalently, o;) before a certain range, hoping that such values will not have a persistent
impact on the recursively estimated 7;, and hence on their supposed consistency toward the “real” 1,
values. Consequently, one has to be cautious in the case where « < — |y |, and must take null initial
values. In the first part of the Appendix, we provide a simple counterexample with non-null initial
values as a proof of the above statement. This also has an interesting implication on the analysis of
invertibility (or, more precisely, on the possible lack of invertibility of the model) when leverage is
assumed.

We have already introduced two first technical conditions, as follows:

(i) ¢ # 0almost surely; (3)

(i) a>|ylora=<-—Ilyl.

4This definition of leverage may not be precisely the one given in Black (1976), as this may also depend on the value of w.
Nelson divides the influence of each independent shock on the volatilities into two parts: one driven by its absolute value
and the factor «, and one driven by its sign and the factor y. Therefore, it is often stated that leverage is achieved when
y < 0.However, we use the above definition to ease the understanding of the article.

>When leverage is assumed, the recursions used in our invertibility proofs can be so erratic that the model might be
considered as not invertible (see the counterexample in the Appendix, part 1).

50n the contrary, when o > |y |, the chosen initial values do not have any influence on the convergence of the recursions
(and hence on the proof of invertibility). Therefore, the invertibility as defined in the sense of Straumann and Mikosch (2006)
(different from ours) is also derived here, while fora < — |y |, EGARCH is not invertible in this sense as the recursion depends
on the initial values.
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Although the first condition is assumed only to ensure a minimum of rigor in the early proofs (as will be
discussed later, this condition is not necessary), the second condition cannot be ignored. Indeed, « > |y|
is generally assumed in the literature and seems to be respected empirically in finance (for example, see
Nelson’s, 1990, study on stock index returns data, and Ball and Torous (1999), in the case of short-term
interest rates).” Moreover, we will also analyze the case @ < — |y | which, to the best of our knowledge,
has not yet been done in the literature.

3. Key result for the invertibility of EARCH(o0)

In this section, we derive an upper bound for the absolute difference between the true value of an
independent shock and a o (&4, &,—1, . . .)-adapted series. As discussed above, this series is defined from
a recurrence where proper initial and constant values are taken, which will be made explicit in what
follows.

The main use of such an upper bound is to control invertibility of any EARCH(co) model, as the
convergence of this bound toward zero is a sufficient condition for invertibility to hold. This is actually
one of the most important theoretical results of the article. Indeed, any EGARCH(p, q) model with
proper specification may be written as an EARCH(co) model, so that the upper bound will be useful
for deriving invertibility conditions for a more general range of EGARCH models than has been proved
in the literature. Furthermore, the shape of this bound also has the substantial advantage to reduce
the analysis of any EGARCH(p, g) model to the simpler case of an EGARCH(1,1) model. The proper
EGARCH specification and parameter transformation to choose to benefit from this advantage will be
discussed in Section 4. In Section 5, we will use these results, together with those from Section 4 to
derive two different invertibility conditions. In fact, both Sections 4 and 5 describe a way to use the upper
bound to deduce invertibility conditions for EGARCH(p, q). Therefore, as will be discussed below, less
restrictive conditions might subsequently be established. In any event, the interesting result, namely the
possibility of reducing an analysis of invertibility of any EGARCH(p, q) model to that of an appropriate
EGARCH(1,1) model, will be very useful.

From here on, we treat jointly the cases « > |y|and @ < — |y|, and all the B; coefficients are also
assumed to be non-negative.® Recall the following equation, which was derived from Eq. (2) in Section 2:

o0
o)
log il =loglecl = = + > isgay (loglne—il,e1-4). (4)
i=1
which clearly defines a recursion among the log |7;|. That is, for a fixed t and independent shock 7, we
can, for instance, find its exact value from the observed shocks, &;, when (3);<;_, are known, for any
positive integer n. Therefore, extending » steps backward this “exact” recursion gives the definition of

the following ul({”) series:

o
w
w” =loglecnil = = + > Bis1gay (10g il €r-n-1)
i=0
(n) 0 | ) o (5)
U = log |8t—n+k+1| ) + Z Biga,y (ukﬂ,j, 8t—n+k+1—j) + Zﬁi+1+kga,y

j=1 i=0

(log [M—n—il »€1—n—i) -

As it may not be entirely straightforward for these series to represent an “exact” recursion, we provide
the following lemma.

7In this article, for some time series, the distribution of the independent shocks are estimated to follow a Student’s t
distribution, with degrees of freedom (df) very close to 2. If df = 2 or < 2, the assumption E [nﬂ = 1 would not be possible.
80therwise, we would have the same issues as in the case of leverage, or in the counter-example in Appendix, part 1.
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Lemma 2.1.

, Vn e N*,Vk e N*.

u](cn) = log }nt—n—i-k

The proof of Lemma 2.1 is given in the Appendix, part 2.

As the lag n increases, more observed shocks, €/, and relatively less independent shocks, (15)s<;— >
are needed to infer the value of 1;. Hence, if we want invertibility of the model, when 7 is large enough,
the past values (7)<, should not have much influence on 7; through the above “exact” recursion.
We could set all these past values equal to 0° and examine if, when 7 goes to infinity, only the knowledge
of the observed shocks is needed to infer the value of 7;. This will obviously prove invertibility. According

to this point, consider the following V](cn) series for any n:

w
vg") = log l&t—ny1l — E
k
6)
(1) w () (
thli-l = log[er—niks1| — 5 + ;ﬁjga,y (ka—li—l—j’ 8t—n+k+1—j)'
J=

These series are o (&4, -1, . . .)-adapted and are identical to the u,(cn), where all the past independent
shocks (775);<;—n are set to zero. From Lemma 2.1, and following the previous discussion, in order to
prove invertibility, we need to show that

a.s.

m _1 ‘ — |ym _ 0
vy og |n:| vy u, n—:i>-oo .
One way to show this condition is to find an upper bound to ‘vﬁ,") — ug,”) ‘ and then show that this

bound converges to 0 as #n goes to infinity. This part is dedicated to finding such an upper bound;
convergence toward zero is deferred to Section 5, when the specific case of EGARCH(p, q) invertibility
will be examined.

Applying inequality (1) of Lemma 1.1, we have

—+00 n—1
= D7 B ISl il + Y Bidic exp (max (v ) )
i=0 j=1

When o < — |y|, using the fact that in this case g, is a positive (6;—j—; < 0) and increasing function
,Vj € [0,n[,'0 as

pm u;”)

0 OO

n—j n—j

with respect to its first parameter, we can show recursively that Vg,”,)]- < log ‘nt,j
—i—1
VE,@]- =log |n—j| + D% Bist—jmi [Mi—jmi| + 1] Biay (V,(ﬁ)j,,-,&fjfi)-
When « > |y|, using the above equality for v;"_)j, asgyy < 0,8 > 0,and max (uff_)j, v’(f_)j) =

+
log |n—j| + (vff,)j — log \mfj!) , we have Vfﬂj < log [ne—j| + 27F Bide—jmi |me—jil -
Overall, we may introduce a new notation, &;;, such that

, whena < —|y|

log |n:-
(n). <n>.) e o

max (un—]>vn—] — gf_] 10g|nt7]’ +Z:Bi8t7j7i|nt7j7i‘) when o > |y|
i=1

9As stated in the previous part and in the counterexample given in the Appendix, when o < — |y |, we must take such null
initial values. However, when o > |y |, we can choose any initial values in i, and we will still be able to prove invertibility.
10As explained in the counterexample, the reason why we should have null initial values is that it leads to such inequalities.

Otherwise, the behavior of the v;,rl)j may be explosive!
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Therefore, it follows that

(n)
= V|-

— | <

Z,Bz+n [8t—n—il IMt—n— z|+ZI3]|8t—]|eXP (Et—])

m _,m

i ~ Vnej and

For both the cases of @ > |y|and @ < — |y|, we apply the same inequality to the |u

reiterate the process several times, as follows:
Define

ak_Z|8t n—il Nt—n—il ,31+n+2 Z HpreXp Zst S; 1+n S,

p=1y . ip eA(")

+ Z Hkaexp(ZEt )

n) _ (n)
U35 Vn_ﬁk‘

° §l = Z]l:l B

= 1
. =TI, 8

D 1
« D=1l “St—@-"
The above calculations lead to the following lemma.

Lemma 2.2.
pm ugln)

n

< ag, Vk € [1,n].

The proof of Lemma 2.2 is given in the Appendix, part 2.
= WPl < 3 Bt 18inil In—n—il, we have

the following general result for EARCH(o0), which is the appropriate upper bound:

By taking k = n — 1, and using the inequality ‘u

Proposition 2.1. Ifa > |y|ora < —|y/|, and B; > 0,Vi, then we have the following inequality for the
defined series, u and v, for EARCH(00):

_ o] <

Z|5t n—il [Mt—n—il ,BI-HL"‘Z Z HpreXP th S] z+n SP

An examination of invertibility for a general EARCH(00) would use this upper bound. In our case, as
it could be difficult if we do not assume a minimum on the shape of the 8; coefficients, we will examine
the case of EGARCH(p, q).
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4. EGARCH(p, q) specification

An EGARCH(p, q) model admitting a canonical representation!! also has an EARCH(c0) representa-
tion, so invertibility can be analyzed according to the upper bound found in Section 3. However, two
conditions on the parameters of the EARCH(o0) representation were established as

(@>|ylora <—|yl and Bi > 0,Vi> 1.

If the condition (o > |y| or @ < — |y]) can be easily verified, it is not automatic that the EARCH(00)
representation would have non-negative ; coeflicients. Lemma 3.1 presents two sufficient conditions
on the EGARCHY(p, q) specification to tackle this issue.

Finally, when an EGARCH model admits an EARCH(00) representation, we can guess intuitively that
its B; coeflicients will decay exponentially toward 0 when i goes to infinity. Hence, when these coefficients
are non-negative, we might want to find for them an upper bound of the following kind: 8; < C.8~!,
where C > 0 and 8 € ]0, 1[. Directly substituting the C.8"~! in the upper bound!? of Section 3 will
ease considerably the derivation of the invertibility conditions. Moreover, one can easily check that the
new upper bound will be identical to what can be derived for the EARCH(c0) representation of an
EGARCH(1,1) model for parameters subject to the following transformations:

a <~ Cxua
y < Cxy (7)
Bi— B
This hypothetical EGARCH(1,1) would clearly have the following specification:
logo; = % + Blogoi1 + 81 i1l

Before deriving the invertibility conditions for EGARCH(p, q) in Section 5, we should provide sufficient
conditions on the specification in order to have the following situations:
(i) Existence of an EARCH(00) representation;
(ii) Non-negativity of the §; coeflicients;
(iii) C> 0and B € ]0,1[, such that 8; < C.8"~1,Vi > 1.
Define the general EGARCH(p, ) model specification, as follows:

P 9
w ,
logo; = 5 + 21: ailogo;—; + 21: bids—i Ine—il ai € N, b; € N.
1= 1=
By using the backward lag operator L, this model can be rewritten as

P q
<1 - E aiU> logo; = 3 + E bidi—i Ins—il a; € N, b e N. (8)
i—1 i1

If we factorize the polynomial (1 — Zle aiLi), we obtain (6; € C, i.e,, it is a complex number)

q
w
(1=61L)... (1= 6pL) logor = — + D bisiilne-il, 161 € [0,1],b; € 9. 9)
i=1

For the first point (i), the non-anticipative EARCH(00) representation is obtained if we have Vi €
[1,p].16i] < 1. For the second point (ii), appropriate sufficient conditions are given in the following
lemma.

"Without roots inside or on the border of the unit circle for the “AR” part, as we will make it explicit.
12The positivity of all the elements in the upper bound allows the substitution.
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Lemma 3.1. Assuming 0; € C,|60;| < 1,Yi as in (9), if one of the following conditions is verified, the
EARCH(0co) representation of the EGARCH(p,q) model admits non-negative B; coefficients:

(1) All the coefficients a; and b; as defined in (8) are non-negative;

(2) All the coefficients 0; and b; as defined in (9) are non-negative.

The proof of Lemma 3.1 is given in the Appendix, part 3.
Remark. As the above conditions are only sufficient, it would be possible to have the non-negativity of

the B; coefficients under less restrictive assumptions. For instance, one can easily see that a “mix” of the
two conditions could also be used. Indeed, if we can rewrite the model as

P2 q
; @
(1 — 91L) (1 — GPIL) <1 — 2&,‘1]) logat = E + Zl b,-cSt_i |?7[_1'| 5
= 1=

with p; 4+ p2 = p and a;, b;, 6; non-negative, we would also have 8; > 0, Vi. Furthermore, even though
the empirical specification in Nelson (1990) does not satisfy the conditions, straightforward algebra can
still lead to non-negative B;.

From here on, the “updated” coefficients, as described in Eq. (7), will be given as o*, y*, B* below.
The third point (iii) is addressed in the following lemma.

Lemma 3.2. We reorder the 0; from (9) such as |6;] > --- > |9p|, and take B* € 10, 1[ such that
B* > max; |0;|. We assume from the EARCH(c0) representation that 8; > 0,Vi. Then
Bi < CA,
with
c— maxi<m=gq szzl biell_i‘

0;
szizz (1 - %)

The proof of Lemma 3.2 is given in the Appendix, part 3.

Remark. In the EARCH(c0) representation, the above 8* is greater than the maximum of the absolute
values of the 6;. When all the |6;| are different, we could choose * as being the maximum value.

However, the polynomial (1 — Zle

real coefficients, may admit couples of complex roots and their conjugates, thereby having the same
absolute value. In these cases, we would not be able to find an upper bound like 8; < C.8*~! if we used
B* = max; |6;|. Therefore, in our “general” analysis, we consider a coefficient such as 8* > max; [6;].

This coefficient can be chosen arbitrarily as long as it is strictly less than 1 and above the absolute values
of the 6;.

aiLi> may have double roots, or at least, as it is a polynomial with

If we consider the inequality in Proposition 2.1, we can also use the ; < CB*~! inequality from
Lemma 3.2 to obtain the new upper bound

u;n) _ V;n)

8t .
t—s;

) +E&-

+o00 ) n—1 P
S I L [ Pl 3 A D DR D3
i=0 p=1 j=1

I<s;<--<sp<n—1
(10)
where the previous o and 8 parameters are replaced by the following coeflicients:

o = Ca, y* = Cy,

so that §; and & are redefined accordingly into 8; and & using o* and B*.
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5. Invertibility of EGARCH(p, q)

This section is dedicated to the derivation of two invertibility conditions for EGARCH(p, q) from the
previous results. Therefore, we consider an EGARCH(p, q) model whose specification can be described
by Egs. (8) and (9), and we also assume the technical conditions from Eq. (3) to hold. Furthermore, we
assume that the roots of the AR part of EGARCH lie outside the unit circle, and that the parameters
satisfy conditions (1) or (2)13 from Lemma 3.1 such that, as stated in Section 4, the model admits an
EARCH(00) representation with non-negative B; coefficients. Finally, we use the upper bounds derived
in Lemma 3.2 for these coefficients, combined with the upper bound found in part 3 of Lemma 2.1, to
obtain Eq. (10) in Section 4. Therefore, in order to prove invertibility of the EGARCH(p, q) model, we
provide two sufficient conditions such that the upper bound from (10) converges to zero.

The results from Section 4 and this section are sufficient to use the general upper bound from Section
3 to derive the invertibility conditions of EGARCH(p, q). Hence, further studies of the points addressed
in these sections may lead to more general invertibility conditions. In this section, we provide two
conditions derived from Eq. (10), which satisfy the following two requirements for the invertibility
set:!* (i) invertibility should be easily verifiable, and (ii) it should be asymptotically equivalent to that
in Straumann and Mikosch (2006).1> The two conditions are, of course, not identical, and one does
not imply the other. The first condition is easily verifiable, and leads to a general condition where
the distribution of 7; is not involved. However, this condition is asymptotically more restrictive than
that of Straumann and Mikosch (2006). The second condition is also easily verifiable and satisfies the
requirement of asymptotic equivalence but is more restrictive than the first condition for high values
of g*.

We now introduce these conditions and examine how they have been derived. First, we rewrite the
inequality (10) to make the proof of invertibility more straightforward. For & > |y, note that

th S] Zlog’nt 5] Zzﬁ*l 181* 3} i nt—Sj—i
Jj j=1 i=1
- Safuc| + £ B 5
=1
i+sj= =l
p
Z log e +Z S B e 1|+Z S B e
= =1 o i
z+s} =l i+;j=l
Asl <sp<---<sp 121<]<p/3*’1< ﬂ*lfl<n,and21<]<p,3*’1<ﬁ*ﬂ*1fl>n,
H»s]fl H»s]fl

it follows that
p 4 *l—n
n
>st, = g+ 52 S 2 o
j=1 j=1 =1 I=

For @ < — |y, we have Zle Et*_sj = Zle log

nt—Sj .

30r a mix of the two (see the remark after Lemma 3.1).

That is, the set of parameters of the model such that we know that invertibility holds.

15By asymptotically equivalent, we mean that the invertibility set for 8 = 0 is the same as in Straumann and Mikosch (2006).
Indeed, they present a sufficient invertibility condition for EGARCH(1,1) which is difficult to verify as Monte Carlo simulations
are needed, so that a distribution for the independent shocks has to be assumed. However, an easily verifiable condition is
provided for EARCH(1) (that is, when g = 0). We derive an invertibility condition that is identical to that of Straumann and
Mikosch for EARCH(1) as a guarantee that our invertibility set is not too restrictive.
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It follows that
n—1 S* |77 l| n—1
B, exp Z [ ﬂ*n—l+zﬁ*n—l—p Z
=1 p=1 1551<~--<sp§n—1
p
— ] < exp Zlog (Bf_sj Me—s; ) , when o > |y|
< =
n—1 p
B, | ! +Zﬂ*n—1—p Z exp Zlog (‘8:‘,51. ‘mfsj) ,
p=1 1§sl<---<sp§n—1 j=1
when a < — |y|
(12)
where
+00 +00 ,3*17”
Zﬁ*l(g;ﬂ i Menil exp Z mapl Ine—i| | when a > |y|
B, = I=n

Z'B*l|3t n— z||77t7n7i|, when o < —|y|.

We now provide the first sufficient condition for invertibility of the EGARCH(p, q) specification, the
proof of which is established through Lemma 4.1 and Proposition 4.1:

8}
1_|77t| +log (B* + E[8F Inel]) < when o > |y|

log (B* + E[|8/] In:l]) <0,  whena < —|y|.
Asymptotically, for @ > |y|, that is, when 8* = 0, we find the following condition for EARCH(1):
E[87 Imil] +log (E[5] Inil]) <0

This condition is more restrictive by concavity of the log(.) than the easily verifiable condition for
EARCH(1) from Straumann and Mikosch (2006), namely,

E[(S;‘ |77t|] +E[10g (5;k |7h|)] <0

Fortunately, the second invertibility condition introduced below will satisfy this simple condition
asymptotically. However, a general condition involving only the parameters of the model can cbe
obtained using the fact that E [r;] = 0 and E [|n¢|] < 1 (as E [n}] = 1) as follows:

(Condition 1)

a* ﬂ*+a* 0 | _—
Y ,B) =) <0 when o > |y

log | B* +— <0, when a < —|y|.

(13)

We notice also that when we set f* toward 0 for @ > |y |, the condition &* < 1 proposed by Straumann
and Mikosch (2006) in their Remark 3.10 is also obtained here.

Remark. We continue to assume that P (n; = 0) = 0 in order to retain rigor in the proofs. However, as
can be seen from the above results, a distribution for the independent shocks admitting mass at 0 can
verify the invertibility conditions. Moreover, in the next condition, as the expectation'® will be outside
the log(.), invertibility will even be easier to verify for a distribution with a probability mass at zero.

6More precisely, it will be the expected shortfall.



ECONOMETRIC REVIEWS (&) 835

Generally, the existence of such a mass will not impede invertibility and may even be the contrary: in
the recursion, the appearance of a null shock will tend to cancel the influence of the initial values.

Lemma 4.1. For any v > 1/2, we have with probability 1
B, = exp (0 (n")).

The proof of Lemma 4.1 is given in the Appendix, part 4.

The following proposition uses Lemma 4.1 to prove that Condition 1 leads to invertibility. We will
explain below how this proposition is derived. Inside the larger brackets in inequality (12), we have sums
of independent variables, 1 < s; < --- < sp<n—1, which are more difficult to control than a sum
from 1 to p, for instance. So we cannot simply use the Law of Large Number (LLN), as in the case of
the EARCH(1) model. Therefore, we will simply take the expectation in the proof to return to a sum
over consecutive indexes (we also take expectations in order to use Lemma 1.2 in the Appendix with the

Markov inequality to obtain convergence toward zero of ‘vg,") - u,(qn) ’). This operation may explain why

the curves drawn in Section 6 are convex, while those in Wintenberger (2013) look more concave. The
operation of taking expectations might make the invertibility set implied by (10) look more restrictive
than it really is. However, we have not yet found any clearer conditions than Condition 1 or Condition 2
to show invertibility.

Proposition 4.1. Ifa > |y| ora < — |y, if the roots of(l - Z‘f:l aiLi> lie outside the unit circle and

if the EARCH(00) representation has its B; coefficients non-negative, then when Condition 1 is verified,
EGARCH(p,q) is invertible as

V}(qn) _ u1(1n)

— |y _ as.
= 'vn loglml‘njooo.

The proof of Proposition 4.1 is given in the Appendix, part 4.

Another invertibility condition can also be deduced from inequality (12). This condition has the
advantage of being “asymptotically” equivalent (for f* = 0) to that introduced by Straumann and
Mikosch (2006), despite being more restrictive than Condition 1 elsewhere (namely, for most 8* # 0),
as will be seen in the plots of Section 6 in the case of standard normal shocks. This condition is stated as
follows:

When a>|yl:

8*
kren[éa%] (E |:1t_|7;i:| + k (ESk [log (8] In¢l)] — log (k) + (1 — k) (log (B*) — log (1 — k))) <0

When a<-—|yl:

[max (k (ESk [log (85| Imel)] — log (k) + (1 — k) (log (B*) —log (1 — k))) < O,

(Condition 2)

where, for any random variable X, ESy [X] is the so-called Expected Shortfall or Conditional Value-
at-Risk (CVaR) of X at the k level. In other words, ES; [X] = % f117k VaR, (X) du, where VaR, (X)
is the so-called Value-at-Risk of X, or the u-quantile of its distribution, defined as VaR, (X) =
inf{seN:PX>s) <1-—u}.

Proposition 4.2. If o > |y| or o < —|y|, if the roots of (1 — Z{;l a,-L’) lie outside the unit circle

and if the EARCH(o0) representation has its B; coefficients non-negative, then when Condition 2 holds,
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EGARCH(p,q) is invertible, as

uil")

a.s.
_ )v,(:’) —loglnil| % 0

The proof of Proposition 4.2 is given in the Appendix, part 4.

Remark. Value-at-Risk and Expected Shortfall can easily be estimated empirically. For instance, if we

have a sample of n independent observations of variable X, namely, X; . ..X,, and they are reordered
N

as X(1) . . . X(n)> then the empirical Value-at-Risk values should be VaR (X) = X(|uxn))> and Expected
u

Shortfall should be

A 1 ! A
ES[X] = - / VaR (X) du.
k kJik

However, for p € {1,2,...,n}, ES X]=1 Zl 1 XG0

n

Moreover,'” the function f(k) = E [(i;ilg’*l] + k (ESk [log (8;" Ir/t|)] —log (k)) + 1 -k (log (B

— log(1— k)) is differentiable and concave, so that it admits the maximum for kp.y that
satisfies

f/(kmax) = Vakaax (10g (8¢ |nt|)) - log(kmax) + 10g(1 - kmax) - log(ﬂ*) =0.

Otherwise, if f were not continuously differentiable it would be kmax, such as f' (ko) = 0 > f7 (Kifo)-

In our simulations in Section 6, we actually find p such that [’ (ﬂ) >0=>f (p +1) and check the

maximum of f for these two values, and reach a conclusion on invertibility if it is negative.

It is worth noting as follows:

(i) When B* = 0, we find the same condition as the one in Straumann and Mikosch (2006) (in their
Remark 3.10).

(i) Asn; € L? we have E [log(|nt|)] € NJ{—oo}, so even if log (|n:]) ¢ L', we can replace
E [log (|17t|)] in the above conditions by —oo, taken as a limit case. We can also use this form
if P (n; = 0) # 0 without changing the conditions. A comparable remark can be made also for
the expected shortfall (when k is big enough).

(iii) In order to deduce the invertibility condition, we did not take expectations, as in the previous
condition, but used a direct upper bound. However, this new upper bound might be too
conservative, again making the invertibility set from Condition 2 more restrictive than the “global”
invertibility set implied by (10).

6. Special case of the N(0,1) distribution

In the case of the Gaussian distribution, Condition 1 can be rewritten as

+ <0, when a >
m(l—m (ﬁ m) “=l
log | B* +— <0, when a < —|y|.

V2r

Fora > |y|, but this remark is also valid for @ < — ||, at the cost of a very slight change in the f function.
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If we display the maximum § for several values of « and y such invertibility holds, we have as follows:

Fora > |y|:
Full invertibility space Invertibility area for gamma = 0
1
(A
0.9 1
0.8 1
0.7 4
Z 08 |
=]
05 1
04 ~ d
0.3 \\_\\ 4
.
0-5 n_z A ' 1 A L AL ' " i |
alpha 6 01 02 03 04 05 06 07 08 09 1
alpha
Fora < —|y|:
Invertibility area for gamma=0
1 "
Full invertibilty space
0.95
14 0.9 ‘
- 0.85 \\\
08- ' i
0.85 - 0.8 N
m
LE 2 \\\\\
-] 0.751 1
275 \
07 0.7
0854
0.65 1
06+
0.5%:,\%‘__1 ) 06 e
DT o,
04 055 ) L " ,
aphe ol 05 0 -0.2 -0.4 -0.6 -0.8 -1

alpha

For Condition 2, we do not have an analytical formula but, as explained in part 5, the invertibility
condition can be easily calculated. Some graphs for Condition 2 are the following ones:
Fora > |y|:

Full invertibility space

Invertibility area forgamma =0
% T T T T T T v T
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Fora < —|y|:

Full invertibility space
Invertibility area for gamma = 0

1
1 0.9
0.9
0.8 0.8f \
g 07 g
=
8 0.6+ 3 07 \\
0.5+ W,
0.4 08¢ \\
0.3 h"
3 05
e -1 \\.\
_0_5 \\'\‘.
]
alpha 04 :
0 -0.2 -0.4 -0.6 -0.8 -1

7. Concluding remarks

The graphs in part 6 display invertibility sets that seem to be more restrictive than that from Straumann
and Mikosch (2006) in the case of EGARCH(1,1) with N(0,1) independent shocks. But it is important
to note that these invertibility sets are only those implied by Condition 1 and Condition 2, which are
more restrictive than that implied by (10). Indeed, inequality (10) gives the definition of the full set
of invertibility found in this article, which is equivalently the set of parameters such that the right-
hand side of the inequality converges toward zero. By applying the expectation in part 5, or by using a
conservative upper bound, we derived Condition 1 and Condition 2, which are only sufficient conditions,
such that the right-hand side of (10) converges to zero. These conditions might be improved such that
they lead to a larger invertibility set by following the main arguments of the article and the “main”
inequality found in part 3, and restated in part 4 under Eq. (10). In any case, we can at least consider
the union of the two plotted invertibility sets (from the two conditions) as a larger set of parame-
ters, such that invertibility can be easily verified through either one of the conditions introduced in
part 5.

The present article followed an approach based on considering a stochastic process uniquely defined
such that the EGARCH model can be easily derived following the definition of EGARCH given in
Nelson (1991). This approach does not yet seem to have been used in the literature on the invertibility
of EGARCH. By following this approach, and despite some inconveniences discussed in the previous
paragraph, we are able to derive general and verifiable invertibility conditions. Moreover, an invertibility
condition equivalent to that of Straumann and Mikosch was shown when it is easily verifiable (that is,
asymptotically for § = 0).

Finally, the invertibility of any EGARCH(p, q) model can be studied simply through an examina-
tion of the invertibility of an EGARCH(1,1) model. While only some degenerate cases of EGARCH
have been examined previously, the extension of invertibility to the general case of EGARCH(p, q)
is the main contribution of the article. As shown in some other articles in the literature, such as
Wintenberger (2013), invertibility is particularly helpful in the derivation of asymptotic properties
of the QMLE of the parameters. Therefore, further research would be the derivation of the asymp-
totic properties of the QMLE of the EGARCH(p, q) specification based on the results established
here.
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Appendix
Part 1: Proofs of lemma 1.1 and counterexample for EARCH(1)
Proof of Lemma 1.1. The case x; = x, is obvious, so assume x; 7 x,. We have

exp(x1) — exp(x2)
X1 — X2 ’

|x1 — x2] .

o + sign(y).y ‘
5 .

|ga,y (xl))’) — 8o,y (X2>)’)’ =

If we note Xmin and xmax, respectively, the min and the max among x; and x,, we know that 3¢ €
Xmin> Xmax[ such that

exp(x1) — exp(xz)
X1 — X2

= exp(c).

The first inequality is obtained by the fact that exp is an increasing function. For the second inequality,
some straightforward algebra leads to

c— Xmax + Xmin +log (eXP(x) — CXp(—x)) )
2 2x

where x = *macmin By ysing the Taylor expansion of the function exp(.), as x > 0, we have the terms

in the log(.) function are greater than 1, and therefore, c is greater than tz'xz. This proves the second

inequality.

Two well-known lemmas to be used in the proofs

The Borel-Cantelli Lemma. Consider the probabilized space, (2, A, P), and A,, € A,¥n > 0.
(1) IfY",.oP(An) < 400, then P (lim sup,, An) =0.

(2) If (Ap), is independent and if ), P (A,) = 400, then P (lim sup,, An) =1

Lemma 1.2. IfVe > 0and )", P (IX, — X| > &) < +o00, then X,, Pas.

n—o0

A counterexample with non-null initial value for EARCH(1) whena < — |y |
We give a counterexample where invertibility cannot be achieved using the usual method of proof
for EARCH(1) when @ < — |y |'® and some non-null initial value is taken in recursions below. We
assume the normality of the shocks, that is, ny ~ N (0, 1), which is not too restrictive an assumption
(distributions with larger tails will surely lead to the same result). Now we introduce the following
recursive series for a fixed n € N*:
®
ul" = log ler—pt1] — 5+ 8y (log [M¢—nl »&t—n)
®

ul(:gl = IOg |8t7n+k+1| — E +ga,y (u]i”),gtin+k> .
We can easily check by recursion that u,({”) = log |ni—n+k|,Vn € N*,Vk € N*.

Also define, for any ¢y € 0 (where ¢y is the initial value for log |;—,| and, by assumption, ¢y # —00)

w
v%") =log|er—nt1l — £y + &ay (€0 &t—n)

w
VI(:F)I = log |8t—n+k+1| - E +ga,y (V;“),S[_n_;_k).

18We assume, without loss of generality, that —a — y > 0.
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These series are the EARCH(1) versions of those used for EARCH(00). In proving invertibility of the

model, our method is based on proving that ‘v,(f’) — u;”)

converges toward zero almost surely. In the

counterexample, we will prove that it is not converging.

(4n)

,E4") andv;"”, we have

Lemma 1.3. If we consider the extracted series, u

P (Vk eN,In > k: vf;l") > log |ni—an+a| + n3/2) =1

Proof. Define

exp(co) 4 2
Ay, = {0 < Np—tn < p2 sNi—ant1 = /log(n”/*) — L, np—anqr > - 3 Mi—dn+3 } .

-y —a—y

v

Under independence, we have

exp(cp) 4
P(Ay) =P <0 < Nan < Pz 0 ) x P <7lt—4n+1 > \/log(n7/4) — 1) x P (77t—4n+2 -~ y)

2
x P <77t—4n+3 = > .
—a—y

As all terms except for the second do not depend on #, and therefore are constant, we can rewrite
the above equality as follows, where ®(.) is the cumulative density function (CDF) of the normal

\

distribution:
P(A;) = Cyy x @ <1 - ,/log(n7/4)> ,
where
exp(cop) 4 2
Coy =P 0= n4n < X P\ nt—ant2 = X P\ n—ani3 = # 0.
2 —o—y —o—y
It follows that

+00 1 2 A log(n7/4) 1 2 1 loa(n7/4
P <1 — log(”7/4)> = / e ZTdx > / ——e Tdx> e‘y
./log(n7/4)—1 N2 /Iog(n7/4)—1 27 o

1 1
>
— /27_[ n’/8

and, by direct comparison to a Bertrand sum, it follows that > °, P (A,) diverges. Therefore, as the A, are
independent, we can apply line (2) of the Borel-Cantelli Lemma, as stated previously, and Vk € N, In >
k : A, will occur with probability one.

Consider taking n sufficiently large such that the event A, occurs. By straightforward calculus and a
Taylor expansion, it follows that

_a_y

v exp(co)s

Vi > log (ni—an+2) + /log(n3/2 4 1),

W > log (r—ants) + log(n¥/? + 1),

V‘(l4n)

> log [nt—ant1] +

> log |ni—antal + 12,

Lemma 1.3 allows us to prove Proposition 1.1.
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i.i.d.
Proposition 1.1. Ifn; N (0,1) and @ < — |y |, then we cannot prove invertibility using our method, as
(n) (n)
Vo — Uy

does not converge to 0, and even almost surely admits an extracted series that diverges toward
infinity.

Proof. In order to show that )v,(f) — u,({’)) diverges, we have to show that one of its extracting series

(4n) (4n) (4n) _
0 =

diverges. Consider ‘v4n — Uy, co, and

. By applying (2) of Lemma 1.2 recursively, by taking v,
as go,y (,,.) > 0, and using Eq. (2), we obtain

(4n) (4n)
Van — Uy

> exp | 4nlog

ol —lyl| & St—i1 Ime—icil
- 1 . t—i—1 t—i—1
— ‘Jr ; (Oglm e

i#£4n—4

4
log [nt—antal + Vf; "
2

|11t—4n| — exp(co)| -

By the assumption on the distribution, and by using LLN, it follows that

4n—1

Si—ica =il
> (log Ie—il + ;”’1) +10g [nt—antal = O ().
i=1

4nlog‘—|a|;|y|‘+ >

i#4n—4

Using Lemma 1.3, it follows that (almost surely)

. A W32
WNeNInz=N: " —u”| = exp (O (n) + 7) |17e—an| — exp(co)|
3/2
n exp(cop)
> (@) —_— .
_eXp< (n) + > ) >
The above result shows that if we want to have ‘v,(f') — u,(f') = VE,") —log Intl‘ %% 0, one should
n— oo

take cg = —oo (in this case, we can prove invertibility of the model). When this equality does

not hold, the recursion above is divergent. Such divergence is obtained only because, for an infinite

number of n, there exists k such that v]((") > log |7lt—n+k}- If we had, for instance, VY') < log |77t—n+k}
for all n (as in the case when the initial value is null), a simple recursion would lead to the same

inequality for all k: vl(:’) < log|ni—ntk|,"° so that we would not be able to derive the divergence.
This leads us to the case of leverage, as introduced in Section 2. In this case, if we modify properly
the definition of the events A, as introduced in the above proofs by having a negative value?® for

(n)
k

Ni—an, the other inequalities being unchanged, we would have v;” > log |7lt—n+k} for k = 1 and

therefore a sequence of v,((”) leading to a O(n*/2) term. If this is, however, not enough to prove the
divergence using inequality (2) of Lemma 1.1, as further negative values for the independent shocks may
cancel out this O(#3/?) term, the property we have found with this counterexample can be considered
as a theoretical (and partial) explanation of the erratic behavior of the recursion used for deriving
invertibility in the case of leverage, a phenomenon which has only been derived empirically, as in
Wintenberger (2013). Therefore, in the case of leverage, we can assume the lack of invertibility to be
highly likely.

"We are using actually this property in Section 3 for the proof of invertibility.
2sufficiently large in absolute value, depending on the chosen initial value.
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Part 2: Proofs of lemmas and propositions for invertibility of EARCH(cc)

Proof of Lemma 2.1. We prove the result recursively for any n € N*. Fix n > 0 and define
(Hp) =“Vk e [1 P] (7’1) IOg ‘T]t_rH_k‘N .

According to Egs. (4) and (5), (H;) is true. Assume (Hp) and prove (Hp+1)

(21 = log]st n+p+1’ -5 + Zﬁjgay ( +)1 —j» Et—ntp+1 J)

]_

o
+ Z lgi+1+pga,y (10g [Mt—n—il > Stfnfi)

i=0

)

p
= log |8t—n+p+l| - % + Z,ngoz,y (10g |7)t—n+p+l il >
j=1

oo
+ Z Bigey (log |77t—n+p+1—ii > 8t—n+p+1—i) >
i=p+1

by using (H,); then we can conclude by matching the previous equality with (4), so that (Hp41) is true.

Proof of Lemma 2.2. We will prove the lemma recursively:

(Hp) : “|u —vW| < o
We have ‘ui(f) - V(n) = Z?SQ Bitn 18t—n—il |77t—n—i|+z =1 ﬂ] |5t—j| exp (é:t—]) un_]' - Vf,n)j = aj,and
—j—1
also Upj =V (n_)] Zz 0,31+n—] 18t—n—il |Nt—n—il +Zl - ﬂl‘stfjfl}exp (ét—j—l) _] 1 (n_)] ]‘
so that we can write
n—1 +o00
U — v < Zﬂz+n 18t—n—il IMt—n—il + Zzﬂjﬂz+n — |8~ exp (&e—) St—n—i [111—n—il
j=1 i=0
n—2 H—]—l
30D BB [ exp (Ejr + 1) [l | =
j=1 I=1
So we have (H}) and (H>), which are true. Assume (Hy) and prove (Hy41)
ar = Z|8t n— l| |Th n— 1| ,31+H+Z Z HpreXP Zsf SJ z+n SP
i=0 P=Lip LipeAl”
() (n)
+ Z Hka exp Z ét N Vn—ﬁk‘ .
[T ’kGAI(cﬂ)
However,
n— Sk 1
(") (n) (n)
n Sk_ n— Sk ZIBH_n sk|8t n— 1||77t n— 1|+ Z :31 t— Sk l‘eXP (gt Sk ]) n Ek—l_vn—/s\k—l >

=1
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so that

L m
n Sk Vn—Sk

Z Hka exp th 3

it ,zkeA(”)

150009 tkEA,({")
§k=n—1
Vlfgkfl
+ Z DylTx exp Zét S Z ﬂl’(st*gk*ikﬂ
50y tkEA]((n) ikJrl:l
Sk<n—1
(n) (n)
X = . u o~ — ~
€ p<%‘t75k7’k+1> n—Sk—ikt1 Vﬂ—sk—ikﬂ

o0
+ > Dyllgexp Zst 3 (Zﬂmgk|at_n_,-||m_n_,-|).
i i=0

tkEA( "
§k <n—1

1/(1”) < >0 Bi+1 18t—n—il Int—n—il, and by recombining the sums above,

By using the inequality ‘ ul™

we can see that

(n) (1)
2. TiDeexp Zfr 5 ) s =
i1,.. ,lkEA;()
n—/S\k—l
= 2 Difliew Z& s 2 Bils,
el ikg1=1
Sk<n 1
. (1) _
xp (gt_sk_ik“) un—/s\k—ikﬂ v"—sk—ikﬂ )

o0
+ Z Dyl exp Zst (Zmn_gk|8[_n_i||nt_n_i|)

zkeA(”) i=0

nSkl

< ¥ Y Bl

el k=1

(m _ RO
n—=Sk—ikt1 n=Sk—iky1

€xp Zst S & Sk—iks1

Sk<n 1

00
+ Z 18t—n—il |Nt—n—il Z Dknk exp Z & S; l+n7§k
i=0

i15.. ,zkeA(")
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By noticing that
. . (n) . S _11.79 _ _ 4
.., 0k € Ay ,zk_He[l,n Sk 1].Sk<n 1 _Ak+1’

we finally have the result

u;n) _ V’(qn)

< a < agp1 = (Hi1)

is true.

Part 3: EGARCH(p, q) specification

Proof of Lemma 3.1. (1) If we rename y; = &;—; [n;—i|, one can easily check recursively the positivity of
the B; coeflicients by taking the partial differential of log o; with respect to y;, as

dlog oy
8)/,'

1)
logo; = 5 + Zﬂiyi = Vi

i>1

= Bi.
We can use this equation recursively

p q
dlog oy dlogo;
—_— = E aj——7—=+ E bilk=i,
dyi =1 oz k=1 l

where 1 represents the index function.
(2) A straightforward recursion leads to the 8; as a mixture of sums and products of the 6; and b;, so
they are non-negative. O

Proof of Lemma 3.2. In order to prove this lemma, we present a recursion. Starting with (1 — 6;L) ™! x
(L bibii Inei):

q +00 q
(1—6L)~" x (Z bid—i |nti|> =D 00 bid1i|neii|
i=1 1=0 i=1

+00 min(q,m)
=D 0 D bt S neml
m=1 i=1
By taking m = i + [, we can introduce Bup:

min(g,m) min(g,m)

+00 . +o00 01 m—1 )
Yoo DD b6l Seem el = B’ (—) D b6 St Ineml
m=1 i=1 m=1 ﬁsup i—1

400
—1
=Y B Cntem 0=l »
m=1

where

min(q,m)

o \"! 1—i
Cy = Z bio; )
:Bsup i1
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so that
Cnl < b; 0
(Conl = max | Z
Consider
+o00
1-6,L)""' % (Z ﬂ;ﬁ;lcm&_m Ir/t_m|) , and for any other 6;,i > 2,
m=1
so that

+00 +00
(=607 x (Z B Coni m|nt_m|) Ze’Zﬁsup Condt—tm [Mi—1-m|
m=1
s—1 9 1
- Zﬂsup <Z (ﬂsup) CSl) 8t—s IMe—sl .

1—i
szzl biel '

CIf we

It follows by assumption that Af—i < 1, and by definition that |C,,| < max) <m<q

AT
C,:= Cs_1,
) Z(ﬁsup> ’

=0

redefine recursively

it follows that

m 1—i
maxi<m=<gq ‘Zi:l bit,

_ loif
(1-#2)
from which it follows that

q
A-60)7" x (1-6L)7" x (Z biat_i|m_i|> Zﬁ;ulcsat sIne—l.
i=1

Therefore, one can easily check from the above recursion that

+00
(1=6L) " x o x (1—6,L) " (Zbat i Ine- ,|> =Y By Cubtou Il
u=1

|Csl <

where

m 1—i
maxi<m=<gq ‘ Zi:l bi91

0
MMpoiza (1- 724)

|Cul <

=C (where C,, is a positive number).

Part 4: Invertibility of EGARCH(p, q)

Proof of Lemma 4.1. We prove this lemma in the case where o > |y | (the proof is identical for the case
a < —|y|). We have

+00 +00 ,3*1_"
By =) B8; . ilni—nilexp (Z mﬁ_z |m—l|> :
i=0

I=n
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*l—n
We know that X, = liono %5;“71 |m_1| are L2-variables, as an absolutely convergent sum of L*-
variables (where it is assumed that E[n?] = 1) as L? is a Hilbert space). Furthermore, by using

Chebychev inequality, we obtain
E[IX.*)] E[IX1f?
P (Xl = ) < [%.°] _ E[IXi1%]

bl
n2v n2v

as the X, are identically distributed. Therefore, Y P (|X,| > n"”) < 0o and, by using the Borel-Cantelli
Lemma, we have with probability one that X;, = O (n"). As this is true Vv > 1/2, we also have X, =
o(n").

By using the same reasoning with Y,, = ,3 *’8t i |Mt—n—il, we obtain the result.

Proof of Proposition 4.1. As in the previous case, we show the proof for @ > |y | (as the proofis essentially
identical for o < — |y[). According to condition 1 and by continuity, we know that 3¢;, &, > 0, so that

5*
E [1t_|73t*:| + log (/3* +E[5;k |77t|]) + &1 < —é&.

We also have inequality (18):

ugln) o V;n)

-1
Do | CaED WAL ID VR p o GO )
I=1 p=1

77t—s]-
1551<~»-<sp§n—1 j=1
If we note
. (ﬂ*”‘l + ot BT P Yy ey en P (Zle log (3?_5]- M )))
" exp ((n — Dlog (B* + E[8] Inel]) + (n — Dey) ’
we have
Nt—1
u™ — W < B, exp (Z | /;* | + (n— Dlog (B* + E[8F Inel]) + (n — 1)gl> z
I=1

It can be shown that Z,, goes to zero almost surely, as follows. Let ¢ > 0 by the Markov inequality

E [ﬂ*”‘l + 3o BT Y g gyt XD (Zﬁ;l log (82‘_5]. ) )]

ntﬂj

PZn>e) = exp ((n —1)log (ﬂ* +E [8?‘ Ir/t|]) + (n— 1)81) X &
However,
n—1 p
g1y Zﬁ*n—l—P Z exp Zlog (8;‘_51. Ni—s; )
p=1 1<s)<--<sp<n—1 j=1
n—1
(2 )ty
p=0
where

(n—l )_ (n—1)!
p ~(n—1-p)p!
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as 5?_5]_ Ni—s; | are L' and i.i.d. Using Newton’s formula, it can be shown that

n—1 L4
E| gl 4 Zﬂ*n—l—P Z exp Zlog (5?—5,-
p=1

mes|) | | = (8" +E[5} )"
1<sp < <sp<n—1 j=1
Therefore,
Pz, > 5 < RECZD)
and, by using Lemma 1.2, we can show that ’
Zn 50

Moreover, by LLN,

n—1 ox

3 ! 8
Z L lne- |—E £ ntl X1+ om).
=1 1-p 1-p

Therefore,
n 15*
exp <Z =l |77 + nlog (,3* + E[S:‘ |77t|]) + n81> = exp (—ney + 0 (n)).
I=1

According to Lemma 4.1, we have
= exp (o(n)) .
Therefore,

uﬁln) _ vﬁln) < exp (—ney + o (n)) Zy,

u,(f)

a.s.
= ‘v;’” —lognil| = 0,

which proves invertibility of EGARCH(p, q).

Proof of Proposition 4.2. We show the proof for & > |y| (as the proof is almost identical for &« < — |y|).
The proof of this proposition is also based on inequality (12):

e
1|77t l| - ?
<pesp (L) (o S e[t )
=1 p=1 I<s;<--<sp<n—1 j=1
Each sum, Z 110g< i—s; |Mt=s; >, where 1 < s; < --- <5, < n— 1, can be bounded from above by

the sums of the p highest values from the log (8;*_ 5 | M=s ) for each realization of the process. Therefore,

using our notation, we can write

—1 A .
<B, > } (k("n B 1)) exp ((n -1 (k. ES [log (57 Ine-1)]
s 1

‘ u,(f) _ VE,")

1 ”_18*7 |77 l|
+ Zfll_t + (1 —klog (%)) ).
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Using Stirling’s formula, we have for k € [0, 1]
1
27k =k(n—=1)

-1
<k(nn - 1)) ~ exp ((—klog (k) — (k — 1) log (k — 1)) (n — 1)) *

which leads to Condition 2.

However, we also have to prove uniform convergence for all k € [kmin, 1] in order to conclude as
follows:
(i) The convergence following convergence may not be uniform for all k € [0, 1]:

n—1 1
( k(n— 1) )/ (exp ((—klog (k) — (k —1)log (k — 1)) (n— 1)) * N 1)) —

However, it is uniform for all intervals of the form k € [kuin, 1], where kpin > 0. Therefore, we can take
kmin > 0 small enough such that all the sum elements for k < kmin are negligible, and use the uniform
convergence for the remaining part.

A
(i) k. 1:;(8 [log (6;k [ne— I)] (that is, empirical estimation of the expected shortfall times k) should also

converge uniformly for all k € [kmin, 1] toward k. EkS [log (8;k [n¢— |)]
The uniform convergence is a consequence of the second theorem of Dini: by LLN, we have the simple

A
convergence of k. b;S [log (3:‘ Int,I)] toward k. b;(S [log (8;“ Im,I)] for all k € [kmin,1], k belongs to a

A
compact set, k > k. b;(S [log (8] [n:—1)] are increasing functions for all n, and k + KkESi[X] =

/; 11_ i VaR, (X) du is continuous.
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