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AN EXPONENTIAL CONTINUOUS TIME GARCH PROCESS

STEPHAN HAUG ™ ** AND
CLAUDIA CZADO,"™ Munich University of Technology

Abstract

In this paper we introduce an exponential continuous time GARCH(p,q)
process. It is defined in such a way that it is a continuous time extension
of the discrete time EGARCH(p, q) process. We investigate stationarity and
moment properties of the new model. An instantaneous leverage effect can be
shown for the exponential continuous time GARCH(p, p) model.

Keywords: exponential continuous time GARCH process; EGARCH, Lévy
process; stationarity; stochastic volatility
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1. Introduction

GARCH type processes have become very popular in financial econometrics to model
returns of stocks, exchange rates and other series observed at equidistant time points.
They have been designed (see Engle [8] and Bollerslev [3]) to capture so-called stylized
facts of such data, which are e.g. volatility clustering, dependence without correlation
and tail heaviness. Another characteristic is that stock returns seem to be negatively
correlated with changes in the volatility, i.e. that volatility tends to increase after
negative shocks and to fall after positive ones. This effect is called leverage effect and
can not be modeled by a GARCH type process without further extensions. This finding
led Nelson [15] to introduce the exponential GARCH process, which is able to model
this asymmetry in stock returns. The log-volatility of the EGARCH(p, ¢) process was
modeled as a self-exciting ARMA(g,p — 1) process.

The availability of high frequency data, which increased enormously in the last years,
is one reason to consider continuous time models with similar behaviour as discrete
time GARCH models. The reason for this is ofcourse that at the highest available
frequency the observations of the price process occur at irregularly spaced time points
and therefore it is kind of natural to assume an underlying continuous time model.
Different approaches have been taken to set up a continuous time model, which has
the same features as discrete time GARCH processes. Recently Kliippelberg et al.[11]
developed a continuous time GARCH(1,1) model, shortly called COGARCH(1,1).
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2 S.HAUG AND C. CZADO

Their approach differs fundamentally from previous attempts, which could be summa-
rized as diffusion approximations (see e.g. Nelson [14]), by the fact that their model is
driven by only one source of randomness (like discrete time GARCH) instead of two
(like in the diffusion approximations). They replaced the noise process of discrete time
GARCH by the jumps of a Lévy process. The COGARCH(1,1) was then extended
by Brockwell et al.[5] to a continuous time GARCH(p, q) process for general orders
p,q € N, ¢ > p, henceforth called COGARCH(p, q).

In this paper a continuous time analogue of the EGARCH(p, ¢) model is introduced.
The noise processes will also be modeled by the increments of a Lévy process. As in
the discrete time case we describe the log-volatility process as a linear process, more
precisley a continuous time ARMA(g,p — 1) process.

The paper is now organized as follows. In section 2 we review the definition of the
discrete time EGARCH process. After a short review of elementary properties of
Lévy processes we define the exponential continuous time GARCH(p,q) process at
the beginning of section 3. In addition we state stationarity conditions for the log-
volatility and volatility process of our model and give a strong mixing condition for the
return process. In section 4 we investigate the second order properties of the volatility
process. Section 5 is devoted to the analysis of the second order behaviour of the
return process. We derive expressions for the first and second moment of the return
process. The stylized fact of zero correlation in the return process but correlation of
the squared returns is also shown. In the second part of section 5 we characterize the
leverage effect in our model.

2. The discrete time EGARCH process

Motivated by empirical evidence that stock returns are negatively correlated with
changes in returns volatility Nelson [15] defined the exponential GARCH process
(EGARCH) to model this effect, which is called leverage effect (see also section 5.1).

The process (Xp)nez of the form X, = on€e,,n € Z, where (€y)nez 18 an i.i.d.
sequence with E(e1) = 0 and Var(e1) = 1, is called an EGARCH process, if the volatility
process (02 )nez, satisfies

log(02) =+ Y Bef(ens),

k=1

where f : R — R is some measurable real valued deterministic function, p € R
and (Br)ren are real coefficients such that E(|f(en)]) < oo, Var(f(e,)) < oo and

Do Bkl < o0

To achieve the asymmetric relation between the stock returns and the volatility,
f(en) must be a function of the magnitude and the sign of ¢, as noted by Nelson [15].
Therefore he proposed the following function:

flen) = Oen +len| — E(len])], (2.1)

with real coefficients 6 and . We see that f(ey) is linear in ¢, and has slope 0 + «
for positive shocks €, and slope 6 — v for negative ones. Therefore f(e,) allows the
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volatility process (02)nez to respond asymmetrically to positive and negative jumps
in the stock price.

Nelson [15] also suggested a finite parameter model by modeling the log-volatility as an
ARMA(q, p—1) process instead of an infinite moving average process. This leads to the
EGARCH(p, ¢) model, which is defined in the following way.

Let p,qg € N,p,o0,...,0q,01,...,8, € R, suppose oy # 0,8, # 0 and that the
autoregressive polynomial ¢(z) = 1 — a1z — -+ — agz? and the moving average
polynomial ¢(z) := 31 + Bez + -+ + BpzP ! have no common zeros and that ¢(z) # 0
on{z € C||z| <1}. Let (€y)nez be an i.i.d. sequence with E(e1) = 0 and Var(er) = 1,
and let f(-) be such that E(|f(en)]) < 0o and Var(f(e,)) < co. Then (X,)nez, where
X, = o€, and

log(on) = p+ Y Bef(enr) + D axlog(on_y)

k=1 k=1
is called an EGARCH(p,q) process.

3. Exponential COGARCH

The goal of this section is to construct a continuous time analogue of the dis-
crete time EGARCH(p, q) process. Therefore we will use the idea of Kliippelberg
et al. [11] to replace the noise variables €, by the increments of a Lévy process
L = (Li)i>0. Any Lévy process L on R has a characteristic function of the form
E(e®lt) = exp{ty(u)}, ¢ >0, with

2

Yr(u) = iypu— %uz + /(ei” — 1 —durxqs<1y)ve(dr), u€R,
R

where 77 > 0, v, € R, the measure vy, satisfies
v ({0}) =0 and / min(z?, 1)y (dr) < oo
R

and y4(-) denotes the indicator function of the set A C R. The measure vy, is called
the Lévy measure of L and the triplet (yr,,7%,v1) is called the characteristic triplet of
L. The map vy, is called the Lévy symbol . For more details on Lévy processes we
refer to Sato [17] or Applebaum [1].

We consider zero mean Lévy processes L defined on a probability space (Q,F, P)
with jumps ALy := Ly — Ly—. Since E(L;) = t(yr +f‘ zvr(dz)), a zero mean

z|>1
implies that v, = — flw\>1 2vr,(dz) and hence the corresponding Lévy symbol is of the
form
u? ,
vi) = —rE o [ 1 v (de).
R

and the Lévy-Itd decomposition (see e.g. Theorem 2.4.16 of Applebaum [1]) of L is

Lt:BH—/ N (t,dz), t>0,
R—{0}
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where B is a Brownian motion with variance 77 and Ny, (t,dz) = N (t,dz) — tvy (dz),
t > 0, is the compensated random measure associated to the Poisson random measure

NL(t7A) = #{O <s<t;ALg € A} = Z XA(ALs)ﬂ A€ B(R - {O})7

0<s<t

on R} x R — {0}, which is independent of B.

Now we define the exponential continuous time GARCH(p, q) process by specifying
the log-volatility process as a continuous time ARMA(q,p — 1) process, henceforth
called CARMA(g,p — 1) process (see e.g. Brockwell and Marquardt [6] for details
on CARMA processes), which is the continuous time analogue of an ARMA(q,p — 1)
process. The driving noise process of the CARMA(q,p — 1) process will be defined
similarly to (2.1).

Definition 3.1. Let L = (L;)¢>0 be a zero mean Lévy process with Lévy measure
vy, such that f‘$|>1 22y (dz) < co. Then we define the exponential COGARCH(p, q)

process G, shortly ECOGARCH(p, q), as the stochastic process satisfying,
dG; = oydLy, t >0, Gy = 0,

where the log-volatility process log(o?) = (log(c?))i>0 is a CARMA(g,p — 1) process,
1 < p < q, with mean p € R and state space representation

log(o?) = p+b'X, , t>0,log(c?) =pu+b"X, (3.1
dX; = AX;+1,dM;, t>0

where Xg € R? is independent of the driving Lévy process L and
Mg:/" h(z)Np(t,dz),  t>0, (3.3)
R—{0}

is a zero mean Lévy process (see Remark 3.2) with h(zx) := 0z + ~v|x| and parameters
0,y € R. The ¢ x ¢ matriz A and the vectors b € R? and 1, € R? are defined by

0 1 0 o 0 b1 0
0 0 1 - 0 bo 0
A= : |, b= Lo =
0 0 0 1 bg—1 0
—aq —Qg—1 —Gg-2 - —1 by 1
with coefficients a1, ...,aq,b1,...,bp, € R, where ag #0,b, #0, and bpp1 = -+ =by =

0.

One has to observe that (3.1) implies independence between o2 and the jump AL,
at time ¢, i.e. o2 is left continuous. Returns over a time interval of length r > 0 are
described by the increments of G

GET) =G -G, = / osdLyg, t>r>0. (3.4)
(t—mr,t]
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On the other hand an equidistant sequence of such non-overlapping returns of length r
is given by (GSLTT))HeN. Thus this gives us the possibility to model ultra high frequency
data, which consists of returns over varying time intervals.

In the rest of the paper the following terminology will be used:

G (log-) price process
G™) (log-) return process
o2 volatility process

log(0?)  log-volatility process.

Remark 3.2. (i) The process M defined by (3.3) is by construction a process with
independent and stationary increments and by Theorem 4.3.4 in Applebaum [1] well
defined if

/E|h(gc)|2uL(dx) < o0, (3.5)

Condition (3.5) is satisfied since vy, is a Lévy measure and L has finite variance. By
equation (2.9) of Applebaum [1] the characteristic function of M at time t > 0 is given

by
E(e™™) = exp (t /R e 1 — iux]VM(dx)>
= exp (t {iuvM + /R[e“”” -1- iUJCX|m<1]VM(d$>})

= exp(tyYn(u)),

where vy := vy o h™! is the Lévy measure of M and vy := — flw|>1 avp(dx). The
precise form of vy; depends on the sign and size of § and «y and is given in the following:

vi([—5%,00)) +vi((—o0, —57%]), 0+v<0andf—~>0

BY ¥
e oy =) ve((=oo =555, 0—~>0andf+~>0
var((—eo, —2]) = VL([_ngOO))y 04+~v<0and—~ <0
0 0+~v>0andf —~v<0
and
VL([ﬁaOO))*"VL((—OO,ﬁ]), 0+~v>0andf—~v<0
_ ) ve((=00, 550, §—y<0andf+~<0
va(le,00)) = vr(lgi5,00)), 0+~y>0andf—~>0
0 0+v<0andf—v>0

for x > 0. One recognises that for 0+~v < 0V 08—~ > 0 M is a spectrally negative Lévy
process, i.e. M has only negative jumps, and for 04+~ >0V 8 —~ < 0 M is a spectrally
positive Lévy process. Therefore M has the characteristic triplet (yar, 0, var).

(ii) The model can of course also be defined for a different choice of h, as long as
condition (3.5) is satisfied.
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(iii) In case the jump part of L is of finite variation M is a Lévy process of finite
variation with Lévy-Ité decomposition

My:= Y [0AL,+~|AL|—Ct,  t>0,

0<s<t

where C := v [, |z|vp (dz).

Proposition 3.3. Let 02 and G be as in Definition 3.1, with  and v not both equal
to zero. If the eigenvalues of A all have negative real parts and Xy has the same
distribution as fooo eAulquu, then log(o?) and o? are strictly stationary.

Proof: The strict stationarity of log(c?) follows from Proposition 2 in Brockwell and
Marquardt [6], since it is a CARMA(g,p — 1) process. Since strict stationarity is
invariant under continuous transformations, o2 also has this property. O

Remark 3.4. The solution of the continuous time state space model (3.1) and (3.2)
has the representation

¢
log(o7,) = pu+ bT e X, +/0 bleAlt-w1,dM,, t>0.

If we choose a second Lévy process (IN/t)tZO independent of L and with the same
distribution as L, then we can define an extension (L} )icr of L to the real line by:

L;k = LtX[O,oo)(t) - L*iﬁ*X(—oo,O) (t)» teR,

where x 4(-) denotes the indicator function of the set A. Using L* instead of L in (3.3)
we get an extension M* of M. In the following we will write for simplicity L and M
instead of L* and M*. In the strictly stationary case the log-volatility process can be
defined on the whole real line

t

log(o7,) = pu+ / g(t — u)dM,, t € R, (3.6)

—00

with kernel function

g(t) = bTeAt]-qX(O,oo)(t) (3'7)
(see section 2 of Brockwell and Marquardt [6] for more details).

From (3.4) it follows directly that the increments G(") = f(_7T 10sdLs of G are

stationary if the volatility o2 is stationary, since the increments of L are stationary
and independent by definition.

Corollary 3.5. If 02 is strictly stationary, then G has strictly stationary increments.

Remark 3.6. (i) Ifq > p+ 1 the log-volatility process is (¢ — p — 1) times differ-
entiable, which follows from the state space representation of log(c?), and hence the
volatility process has continuous sample path. In particular the volatility will only
contain jumps for p = q.

(ii)  The volatility of the ECOGARCH(p, q) process is positive by definition. Therefore
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the parameters do not need to satisfy any constraints to assure positivity of the volatility.
This is not the case for the COGARCH(p, q) model. For higher order COGARCH(p, q)
processes these condition become quite difficult to check (see Theorem 5.1 in Brockwell

et al. [5]).

Example 3.7. As a first illustrative example we consider an ECOGARCH(1, 1) pro-
cess driven by a Lévy process L with Lévy symbol

u2

vr(w) = =+ [ (€ = 1)@ 0 (o),

where @ 1/(+) is the distribution function of a normal distribution with mean 0 and
variance 1/X. This means that L is the sum of a standard Brownian motion W and the
compound Poisson process J; = Zi\ll Zi, J_¢= Z,:ivl"‘ Z_k,t >0, where (N;)ier
is an independent Poisson process with intensity A > 0 and jump times (Ty)gez. The
Poisson process N is also independent from the i.i.d. sequence of jump sizes (Zy)rez,
with Zy ~ N(0,1/)\). The Lévy process M is in this case given by the following
expression

Ny

My = [0Z, +7|Zc]] - Ct, t>0,
k=1

with C = 'yfR |2| AP 1 /2 (dx) = ,/%7, M_4, t > 0 is defined analogously. If we just
consider the case that 8 < —vy < 0 then the Lévy measure vy; of M is defined by

x
vp((—o0,—x]) = A%J/A(Pm&o))v x>0,
on the negative half real line and by
x
vum([z,00)) = A®g1/x((—o00, m])a x>0,

on the positive half real line. In the top row of Figure 1 a simulated sample path of
the compound Poisson process J, with N(0,1/2) distributed jumps, can be seen over
three time scales. The corresponding Lévy process M, with parameters § = —0.3 and
~v = 0.1, can be seen in the bottom row. Over all three time intervals one can recognise
the desired asymmetry for this set of parameters. If J jumps up, then M jumps down
and vice versa. If J does not move, then one observes the downwards drift of M, which
can bee seen on the right hand side of Figure 1.

The log-volatility process is then of the form

t
log(o?,) = M+/ bre~ 2 dn,
—0oQ
Ny b
= pt+ Y ble_“l(t_Tk)[GZk—kﬂZk\]—Ca—l, t>0
— 1
klZ;éo

and the log-price process is given by
Ny

t
Gt:/ Udes+ZUTka7 t>0, Goy=
0 k=1
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FIGURE 1: Simulated sample pathes of J (top row ) and M (bottom row ), with parameters
0 = —0.3 and v = 0.1, over three different time scales.

with jump times Ty, k € N.

The simulation of a sample path of the log-price process G and the log-volatility
process log(c?) over a time interval [0, T) is done in the following steps.

1. Choose observation times 0 =ty < t; < --- < t, < T, possibly random.

2. Simulate the jump times (Ty), k= 1,...,ny, with ny := max{k e N: T}, < T},
of the compound Poisson process J.

3. Approximate the state process (3.2) of the log-volatility by a stochastic Euler
scheme.

4. Compute an approximation G via the recursion

N,

éti = @tFl + O'tFl,Wi + Z \/exp{,u + bT)A(Tk,}Z,67
k=N, ,+1

where W; ~ N(0,t; — t;—1) and )A(Tk, is the Euler approximation without the
jump AMr, .

In Figure 2 the results of the above simulation procedure are shown. For exponen-
tially distributed interarrival times At; := t; — t;_1 ~ expo(l) the sample path of the
log-price G, the return process G(*t) and the volatility process o2 are displayed in
the first three rows of Figure 2. The sample path of the driving Lévy process L is
shown in the last row. The jumps of the compound Poisson process J are N(0,1/2)
distributed. From the plots of the return and volatility process we see the negative
correlation between the two processes. We recognise increases in the volatility after
large negative returns.

Mixing properties (see Doukhan [7] for a comprehensive treatment of mixing prop-
erties) are useful for a number of applications. In particular for asymptotic statistics,
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FIGURE 2: 3000 observations with exponentially distributed interarrival times of the log-price
process Gt (top row), the return process Gg” (second row), the volatility process o7 (third
row), with parameters b1 = 1,a1 = 0.1, = —4,0 = —0.3 and v = 0.1 and the driving Lévy
process L: (last row).

since central limit theorems exist for mixing processes. Thus we will derive mixing
properties of the strictly stationary volatility process and the return process over
equidistant time intervals. First we recall from Masuda [13] the definition of two mixing
concepts, strong mixing, which is also called a-mixing and &-mixing for a stationary
process with continuous time parameter.

Definition 3.8. For a stationary process Y = (Y;)s>0 define the o-algebras .7-'[3(; u =

o((Ye)sepo)) and Fyyy oy = 0((Ys)s>ute) for all u > 0. Then f € bF), ) means
that f is a bounded ]_—[12 ooy-measurable random variable. Let || - ||11(p) and || - |« be

the L'-norm under P and the supnorm, respectively. Then Y is called
(i) strongly or a-mixing, if
alt) = a(f[)(;,u]?f[);th,oo))
= sup{|P(ANB) — P(A)P(B)|: A€ Fjg.,, BE€ Firi100)} — 0,

ast — oo, for all u > 0.
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(ii) &-mixing, if

alt) = @(ffg,u]affiﬂ,m))
= sup{|[E(f|1F0.) — E(N)lrpy : f €0F it o0y Ifllee <1} =0,

ast — oo, for all u > 0.

Throughout the paper all o-algebras are assumed to include all P-null sets. From
equation (2) in Masuda [13] we know that for all Fy,Fs C F

a(F1, F2) < a(Fi, Fa) < 6a(F1, Fa). (3.8)

Therefore the a-mixing property is equivalent to the G-mixing property. In Theorem
3.10 we will use this fact to show that (GS{}))%N is a-mixing.

The strong mixing property with exponential rate of the log-volatility and volatility
process is subject of the next proposition. Thereby strongly mixing with exponential
rate (exponentially a-mixing) means that «(t) decays to zero exponentially fast for
t— 00.

Proposition 3.9. Let log(c?) be defined by (3.1) and (3.2) with @ and v not both
equal to zero. Assume that E(L?) < oo, the eigenvalues of A all have negative real
parts and X has the same distribution as fOOO eAulquu, hence log(o?) and o? are
strictly stationary. Then there exist constants K > 0 and a > 0 such that

Mog(o2)(t) S K e and a,e(t) < K-e” ™, as t— oo, (3.9)

where uog(o2)(t) and ag2(t) are the a-mixing coefficients of the log-volatility and
volatility process, respectively.

Proof: The log-volatility process is a CARMA(q, p — 1) process, which is equal to the
first component of the g-dimensional OU process V := (V1 ... V9T € RY (see e.g.
section 4 of Brockwell [4]) where for fixed ¢

t

Vt:eBAB“(t*S)VSJr/ AYB1,dM,  as., (3.10)
with
by by bs b,
0 1 0 0
p_| o 1 0
00 0 - 1

Since L, hence M, has finite second moment V also has finite second moment. There-
fore the condition (4.5) in Masuda [12] is satisfied. By Theorem 4.3 in Masuda [12] V
is then exponentially a-mixing. Since every component of a multidimensional strongly
mixing process is strongly mixing, the log-volatility process is also exponentially a-
mixing. The property of a-mixing is invariant under continuous transformations, which
implies that o2 also has this property. O
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Theorem 3.10. Assume that L is a Lévy process with finite variance. Let the
volatility process o2 be strictly stationary and strongly mixing under P. Then the
discrete time process (G;?)HGN,

G == Gpr — Gn1yr = / osdLs,n €N,
((n—=1)r,nr]

is strongly mixing with geometric rate and since strict stationarity of o2 implies strict
stationarity of (Gf{}))neN also ergodic.

Proof: Consider again the g-dimensional OU process V defined in the proof of Propo-
sition 3.9. Equation (3.10) shows that V is a Markov process. The process V is also
strictly stationary and &-mixing, since a-mixing and a-mixing are equivalent. The
same is true for the g-dimensional process o2 := (exp(V1),...,exp(V4)), since both
mixing properties are invariant under continuous transformations. Now define the
discrete time ¢-dimensional process

G = / Vo2dL,, neN, (3.11)
((n—=1)r,nr]

which is also strictly stationary under P. Here we should mention that the integration
of vectors in (3.11) is understood componentwise.

Define the o-algebra ¢ := o(L; — Ly : s,t € I) for I C R. Further we denote the
o-algebra generated by the volatility process and the increments of L over the interval

[0,t] by Fr, db. O’((O’E)se[o,t]) v FaL

0,4 [0,1]°
%) o?,dL (r) o?,dL
From .7-"&27.“7[} C Fioiy and F‘{C/;C+l>k+l+17-'-} C Fi 1)r00) We get that
s )
aco (k) = s {IEGIFSS. ) BN -

(r)
fe bfﬁc+l,k+l+1,...}vl eEN, [[flleo < 1}
sup { (A1 :57) = Ellaey + € 0FG 5 1) o LEN, 1flloe <1}
. o2, dL .
= sup ||E(f|f[o,lr] ) — E(f)HLl(P) :
2
f € VTG iy VO 1oy LEN, [ flloe <1
2
= sup {IE(f1FG 1) — EWll 1o ¢
0_2
F € bFGii 1y VO Fsi—tyrooy LEN, || flloe < 1}
2
= sup {|E(f1FF 1) —E) e :

2
F € TG iy VT ey LEN, [ flloe < 1
= Gg2((k—1)r)

IN

for any k € N. The second equality is due to the fact that the driving process of

0? is defined through the jumps of L. fﬁ)ﬁr] and b]-"&il_l)r v b]-"[‘fﬁH_l)T,oo) are

conditionally independent given }-[%2”]» which is due to the Markov property of o and
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the independence between F&L (0,07] and b]—' (k-+1—1)r,00) This shows the third equality.
The fourth one follows from the 1ndependence of b]-'(kH 1)r,00) and b]-'(kH 1)r,00)

from .7-"[0) ] and again the Markov property of o2, whereas the last one is due to the
fact that M is the driving process of o2.

Therefore (Ggf,«))neN is é-mixing and by (3.8) also strongly mixing. The strict
stationarity of (G%«))neN implies that it is also ergodic. Since both properties have to

hold componentwise, we have shown that (Gf{}))neN as the first component of (GL’?)%N
is strongly mixing and ergodic. From (3.8) and (3.9) we further get that

agm (k) < 6ay2((k—1)r) < 6K e ak=r

as k — oo. Hence (G%TT))RGN is strongly mixing with exponential rate and ergodicity
follows from the strict stationarity. o

4. Second order properties of the volatility process

In this section we derive moments and the autocovariance function of the volatility
process o2. Since it is a non-linear transformation of a CARMA(q,p — 1) process,

we will first recall the moment structure and conditions for weak stationarity of a
CARMA(q,p — 1) process.

Proposition 4.1. If Xy has the same mean vector and covariance matrix as
IS e*1,dM,, then log(c?) is weakly stationary. In the weakly stationary case the
mean and autocovariance function of log(c?) are given by

E(log(c})) = and Cov(log(a?,,),log(o?)) = E(M?)b e Eb, h,t >0, (4.1)
where ¥ := [ e?51,1,TeA 5ds.

Proof: The condition for weak stationarity is given in Proposition 1 in Brockwell
and Marquardt [6]. The moment expressions follow from Remark 4 in Brockwell and
Marquardt [6] and the fact that [, g(u—h)g(u)du = bTe4"Eb, with g defined in (3.7).
O

The moments of the strictly stationary volatility process are exponential moments
of the limit distribution of the log-volatility process. Therefore we characterise the
limit distribution of the log-volatility process in the following Proposition.

Proposition 4.2. Let (vyar,0,vas) be the characteristic triplet of the Lévy process M,
where M is defined in (3.3), and P;(z, B) = P(log(o?) € Bllog(c?) =), x € R,B €
B(R). If the eigenvalues of A only have negative real parts, then there exists a limit
distribution F' such that

Pi(xz,B) — F(B), (4.2)

ast — oo. The distribution F is infinitely divisible with characteristic triplet (Yoo, 0, Voo ),
where

Yoo

/ s)Yards +/ / 2[Xqig(s)ei<1y = X{lzi<1ylvar(dz)ds
0

ool B) // xp(g(s)rwar(dz)ds, B eBR),
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with g(s) = bTe®*1,x(0,00)(5). Let the limit of the log-volatility process be denoted
by log(c2,). The characteristic function of log(c2,) can then be written as

E(ewlog(”i)) = exp {iu%o + /(ei” —-1- iuxxz|§1)uoo(dx)}
R

exp{ [ vnrta(syuas | = exp (v )

Proof: Since M has finite variance, this implies ﬁx|>1log(|x|)uM(dm) < oo. The
existence of a limit distribution F' and the infinitely divisibility of F' now follows
from Theorem 4.1 in Sato and Yamazato [18]. The second equality in the repre-
sentation of the characteristic function follows from the fact that [, H(y)ve(dy) =
Js° Je H(g(s)z)var(dx)ds for all b integrable with respect to vu (see e.g. Theorem 41
in Rocha-Arteaga and Sato [16]). O

With the limit distribution F' at hand, we can now apply Theorem 25.17 of Sato
[17] to calculate the exponential moments of log(c2,), i.e. the moments of o2, in the
next Proposition.

Proposition 4.3. Let the distribution function of log(c2,) be F with characteristic
triplet (Yoo, 0, Vo0 ). Then the k-th moment of o2, is finite, if

ke Ko ={seR: / Voo (dx) < 00} .

|z|>1

In this case
oo (k) = oo (i) = / "Wy (g(s)k)ds, (4.3)

with W (u) := Y (—iu), u € R, is well defined and
E(o2F) = et* e¥=(t). (4.4)

Proof: Since F is infinitely divisible we can apply Theorem 25.17 of Sato [17]. This
theorem gives an expression for the exponential moment of a Lévy process. It is
straightforward to apply this result to the case that we just have an infinitely divisible
distribution. Therefore the k-th exponential moment of log(c?2,) is given by

E(exp(log(0,))") = et e?= (1),

with Uoo (k) = Yook + [ (€ — 1 — kaX |z <1)Voo(dz). Since log(c%,) has the respresen-
tation log(o2,) = fooo g(s)dM, (compare to (3.6)), with g(s) = bTe**1,x (g, (s) and
E(M;) =0, we get Voo (k) = fooo Uar(g(s)k)ds. ]

Remark 4.4. By (4.2) F is also the distribution of the strictly stationary solution of
(3.1) and (3.2), hence

E(o2F) = etk ¥ (k) t>0, (4.5)

for all k € K.
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Proposition 4.5. Letlog(o?) be the strictly stationary solution of (3.1) and (3.2). As-
sume that E(o}) < oo forallt > 0. Let ¥"_ (1) and ¥"(1) be defined by (4.3) with kernel
function g replaced by gl (s) = bT (I, + e)eA*1, and g"(s) = bTe**1,x (o n)(s), re-
spectively. Then the autocovariance function of o2 is given by the following expression

Cov(0?,p,0%) = (¥ De?" () _ 20 ) 50 420, (4.6)

Proof: Let 1 =0 and (}"t"z)tzo be the filtration generated by (¢7);>0, then
]E(Ut2+h|]:tg2> ~exp {fjoo bTeAheA(tfs)]_qus} E (exp{ tt+h gt +h— s)dMs} ‘]-"tg?) .

Therefore we get

(Ut+h‘7 =E(E Jt+h0t2|-7'—g ) = E(UEE(J§+h|}T )

t t+h
E (Jt exp bTeAheA(tS)lqus} E (exp {/ g(t+h— s)dMs} ‘}‘tm))
t
h
= E (e { bT (1, + e*Me <t5>1qus}> E <exp{/ g(s)dMS}>
0
(o)
= E (exp{ bT (1, + e*)e*1,d M, }) E (exp{/ bTeAsqu(O,h)(s)dMs}>
0

ol (1) 2" (1)

)

= e
where the last equality follows from (4.4). This together with (4.5) yields (4.6). The
case p # 0 results in multiplying the expressions by e?*. O

Remark 4.6.
In Proposition 3.9 we have seen that the volatility process is strongly mixing with

exponential rate. A consequence of this property (see e.g. section 1.2.2 in Doukhan
[7]) is that

|Cov(o?, p,0f)| < K-e ™, VYh>0.

In particular this means that the autocovariance function of the volatility process will
decay to zero at an exponential rate.
5. Second order properties of the return process
In this section we derive the moment structure of the return process
G\ =G - Gt,T:/ osdLy,  t>7>0.
(t=mt]

We will only consider the case of a strictly stationary volatility process. In the second
part of the section we discuss the leverage effect for our model.
5.1. Moments and autocovariance function of the return process

Proposition 5.1. Let L be a Lévy process with E(L;) = 0 and E(L?) < co. Assume
that the volatility process o2 is strictly stationary with finite mean. Then E(G?) < oo
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for all t > 0, and for every t,h > r > 0 it holds

EG!") = 0 (5.1)
E(G")? = ert¥=0rE(L2) (5.2)
Cov(G{", Gy = o (5.3)

If further E(L}) < oo and the volatility process has finite second moment, then
E(G}) < oo for all t > 0 and for every t,h > r > 0 we have

r s

h+r
Cov(G7)2, (G0 = E(I3) /h Cov(G2, 02)ds (5.4)

Proof: If L has no Brownian component the proof of (5.1) - (5.3) is analogously to
the proof of Proposition 5.1 in Kliippelberg et al. [11] and can be extended in the
same as in the proof of Proposition 2.1 in Haug et al. [10] in case L has a Brownian
component. Since G is a square integrable martingale we get

E((Gy)*(G))?) = B(G} (Cher — Gi)?) = E(G(Ghyy — G1)).

Using this result, G7 = 2 fg Ge_osdLg+ fot o2d[L,L]s, t > 0, and the compensation
formula (see e.g. section 0.5 in Bertoin [2]) we get

h+r h+r
E(G)2@G)?) = E <2 / G?*G,_o.dL, + / Gfafd[L,L]s>
h h

h+r
E (/ G,%of,d[L,L}s>
h

h+r h+r
/ E(Gfd?)ﬁds—l—/ E(G%U?)dS/QSQVL(dI)
h h R

h+r
Bz [ E(Gods
h
Hence the covariance is equal to

Cov((GTNHG?) = E(GT)HGT)?) — (B(G)?)?

h+r
- B / (Cov(G2, 02) + E(G2)E(02)) ds — (B(GV)?)?

h+r
= ]E(L’;’)/ Cov(G?,0%)ds .
h

The covariance is finite if E(G}) < oo, V¢ > 0, and this follows with E(L}) < oo and
2 € K analogously as in Proposition 1.1 in Haug et al. [10]. |

Example 5.2. Let us consider again Example 3.7. From 50000 equidistant observa-
tions of the simulated log-price we computed the empirical autocorrelation function
of the returns and squared returns. In Figure 3 the first 40 lags of both empirical
autocorrelation functions are shown. One recognises the GARCH like behaviour of
zero correlation of the returns and significant correlation of the squared returns.
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FIGURE 3: The first 40 lags of the empirical autocorrelation function of the return (left) and
squared return (right) process.

In the next Proposition we want to consider the special case that p = ¢ = 1. Under
a further assumption on the mapping h, which has not to be the standard choice of
Definition 3.1, and the Lévy measure v, we can express the covariance of the squared
returns in terms of the covariance of the actual volatility

h+r h
o?(h) := / o2ds —/ o?ds, h>r.
0 0

Proposition 5.3. Let p = ¢ = 1 and assume that the mapping h satisfies (3.5) and

additionally [, x {exp(bie~*"h(x)) — 1} vy (dx) = 0 for all t > 0. Then under the same
conditions as in Proposition 5.1 we get

Cov((G{7)2,(GI,)2) = (E(L2))*Cov(o?(h), 02(0)).

Proof: From the proof of Proposition 5.1 we know that

h+r
Cov((G)% (GI ) =B [ B(GRo?ds - rE(LDE(?)

h
= E(L’E (/hw {2/0 Gy_0udL, +/0T aid[LL]u}ans) — (rE(L}E(0?))%.

Hence the result follows if we can show that E(for Gu_oy02dL,) =0, for all s > r, since
B! [ 0202d[L, L]ds) = (E(L?))2E(02(h)o2(0)). Define V; = [i Gy-oudLa,
t >0, and &it = exp(bje” (570 X,) for all t € [0,5), where X is the state process
(3.2). Then E(Y,02) = E(Y,62, )E(exp([’ bre~ (=% dM,) and we have to show
E(Y,52,,) = 0. An application of It ’s formula and substituting from (3.2) yields

G2, = Oio+ / / 52 bre” "W h(2) Ny (du, dx)
0 JR—{0}

+/ / G2 {eXp(ble_“l(s_“)h(x)) -1- ble_’“(s_“)h(x)} Np(du,dx).
o Jr—{0}
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Using this representation, integration by parts and taking expectation gives

E(Y’f’a'gnur) =

/ / E(Y, 52,) {exp(ble*al(#u)h(x)) 1 ble"“(s’“)h(x)} vi(dz)du
o JrR—{0}
+/ / E(67 ,Gu-0u)x {exp(ble_al(s_“)h(m)) - 1} v (dz)

0o JrR—{0}

- / / E(Yu&§u+){exp(ble_al(s_“)h(x))—1—ble_‘“(s_“)h(x)}I/L(dx)du,
o JrR—{0} '

where we used [p x {exp(bie”*'h(x)) — 1}vp(dz) = 0 and Y, 62, = Y,62,, al-
most surely for fixed u. Solving this linear integral equation with initial condition
E(Yo52,) = 0, it follows that E(Y,62,,) = 0 for all 7 > 0 is the only solution. m

Remark 5.4. In Theorem 3.10 we have seen that (Gg;“))neN is strongly mixing with
exponential rate. A consequence of this property (see e.g. section 1.2.2 in Doukhan
[7]) is that there exists a constant K > 0 such that

[Cov((G), 1)) % (G < Kg-e™™ . ¥ h>0.

In particular this means that the autocovariance function of the squared returns will
decay to zero at an exponential rate.

5.2. Leverage effect

In empirical return data researchers have found evidence (see e.g. section 1 in
Nelson [15]) that current returns are negatively correlated with future volatility. This
means that a negative shock increases the future volatility more than a positive one
or increases it while a positive one even decreases the volatility. This phenomenon is
called leverage effect in the literature.

If we take a look at the shocks of the state process X in the ECOGARCH(p, ¢) model

71 (0—v)AL;, AL, <0
we see that:
a positive shock in the return data a positive shock in the return data
increases X decreases X
(a) less than a negative one for (d) less than a negative one for
—y<60<0, 0<b<—n,
(b) more than a negative one for (e) more than a negative one for
0<8 <, v<0<O0,
(c¢) while a negative one decreases it (f) while a negative one increases it
for for
0> |, 0 < —|v].

The corresponding regions in a subset of the parameter space of § and  can also
be seen in Figure 4.
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If we compare this to the COGARCH(p, q) process, we see that in the COGARCH
model the innovations of the volatility process at time t are given by the squared
innovations of the log-price process
(see section 2 of Brockwell et al.
[5]). Hence the volatility process
of the COGARCH model reacts in
the same way to positive and neg-
ative shocks. We will consider now
an instantaneous leverage effect,
which is defined as N

@) (b)

® ©

Cov(AGt, 07, | |AL > ¢) °l

being negative. Intuitively it is clear I 0

that this correlation can just be

different from zero, if the sample Figur 4: Subset of the parameter space of 6 and 7.
path of 02 can have jumps. But

from Remark 3.6 (i) we know that this is just the case for p = ¢. The reason is that
for p < ¢ the parameter b, will be zero and therefore the jump AL, at time ¢ just
contributes to the (¢ — 1)th derivative of the state process X, but is not taken into
account for the log-volatility at that time point. Thus we will expect an instantaneous
leverage effect only for the ECOGARCH(p, p) models. This will be shown in the next
proposition, in particular we will show that the sign of the correlation is equal to the
sign of 6b,. This result is similar to the discrete time case (see Proposition 2.9 in
Surgailis and Viano [19]).

Proposition 5.5. Let (GET))QO be strictly stationary. Assume that the distribution
of the jumps of L is symmetric, i.e. for all € > 0,

Conditionally on the event that |AL| > €, the sign of Cov(AGy, 07, ) is equal to the
sign of 0b,.

Proof: Since the distribution of the jumps of L is symmetric we get
E(AGt | |ALt| > 6) = E(O’t)E(ALt | |ALt| > 6)

= E(O’t) (/ .’I,‘P(ALt S d.’17| ‘ALt‘ > E) —
xr>€
= 0.

xP(ALy € dz| |AL| > 6))

xr>€

This then implies

Cov(AGy, 07, | |AL > €) =E(AGio7, | |ALy| > ¢)

E (AGt exp { / bLeAt=9)1, (AL, + v|AL,| — Cds)} | |AL| > e>
(_Oo’t]

= E(0}AL;exp{b"1,(0AL; +y|AL:|)} | |AL:| > €)
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Since AL, is independent of o we get

Cov(AGy, 07| |AL| > €)
= E(0})E(AL; exp {by(OALL + 7|AL[)} [ [AL| > €)

= E(Uf’)/ zexp(byyx)(exp(Bbgx) — exp(—0bgx)) P(AL, € dx| |[ALi| > €).
xr>€

From sgn(exp(0bgx) — exp(—6bgx)) = sgn(6b,) for all z > € the desired result follows.
a

6. Conclusion

In this paper we have proposed a continuous time extension of the discrete time
EGARCH(p, q) process. We gave conditions for stationarity of the volatility and return
process and derived some moment expressions depending on the distribution of the
driving Lévy process. Compared to the continuous time GARCH(p, ¢) process we do
not need any parameter restriction to ensure positivity of the volatility.Further we
demonstrated that our model is able to describe an instantaneous leverage effect.The
model can also be extended to incorporate a long memory effect in the volatility,
which was done by Haug and Czado [9] by characterising the log-volatility process as
a fractionally integrated CARMA(q,p — 1) process.
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