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Zusammenfassung

Es werden verschiedene multivariate stochastische Modelle in stetiger Zeit eingefiihrt
und aus probabilistischer und statistischer Sicht im Detail untersucht. Alle diese
Modelle werden von Lévyprozessen getrieben und koénnen allgemein fiir die Model-
lierung mehrdimensionaler Beobachtungsreihen verwendet werden. Hierbei liegt in
dieser Arbeit der Schwerpunkt auf verschiedenen stochastischen Volatilitdtsmodellen
fiir Finanzmarktdaten.

Zunichst werden multivariate zeitstetige autoregressive Moving-Average (CAR-
MA) Prozesse betrachtet und darauf auftbauend ein multivariates zeitstetiges ex-
ponentielles GARCH Modell (ECOGARCH). Danach werden positiv semidefinite
Ornstein-Uhlenbeck-Prozesse eingefiihrt und es wird allgemein das Verhalten stochas-
tischer Prozesse endlicher Variation mit Werten in den positiv semidefiniten Matrizen,
die als Summe eines Integrales beziiglich der Zeit und eines Integrales beziiglich eines
erweiterten Poissonzufallsmafles dargestellt werden konnen, bei der Wurzelbildung
(und &hnlichen Transformationen) untersucht. Die positiv semidefiniten Ornstein-
Uhlenbeck-Prozesse bilden die Grundlage fiir die Definition einer multivariaten Er-
weiterung des populéren stochastischen Volatilitdtsmodells von Barndorff-Nielsen und
Shephard. Nach einer detaillierten theoretischen Untersuchung wird dieses Modell fiir
beobachtete Aktienkurse geschétzt. Als weiteres Modell mit stochastischer Volatilitét
werden multivariate zeitstetige GARCH (COGARCH) Prozesse eingefiihrt und deren

probabilistischen und statistischen Eigenschaften néher betrachtet.






Abstract

Several multivariate stochastic models in continuous time are introduced and their
probabilistic and statistical properties are studied in detail. All models are driven
by Lévy processes and can generally be used to model multidimensional time series
of observations. In this thesis the focus is on various stochastic volatility models for
financial data.

Firstly, multidimensional continuous-time autoregressive moving-average (CAR-
MA) processes are considered and, based upon them, a multivariate continuous
time exponential GARCH model (ECOGARCH). Thereafter, positive semi-definite
Ornstein-Uhlenbeck type processes are introduced and the behaviour of the square
root (and similar transformations) of stochastic processes of finite variation, which
take values in the positive semi-definite matrices and can be represented as the sum
of an integral with respect to time and another integral with respect to an extended
Poisson random measure, is analysed in general. The positive semi-definite Ornstein-
Uhlenbeck type processes form the basis for the definition of a multivariate extension
of the popular stochastic volatility model of Barndorff-Nielsen and Shephard. After a
detailed theoretical study this model is estimated for some observed stock price series.
As a further model with stochastic volatility multivariate continuous time GARCH
(COGARCH) processes are introduced and their probabilistic and statistical proper-

ties are analysed.
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1. Introduction

Today sophisticated probabilistic and statistical models play an important role in finance
and related areas. The widespread availability of high frequency or tick-by-tick data being
unequally spaced calls for the use of continuous time models. Furthermore, it has become
clear over the years that the classical model of Black and Scholes specifying the logarith-
mic asset price as a Brownian motion with drift fails to reproduce important features of
empirically observed price series, the so-called “stylized facts” (cf. Barndorff-Nielsen and
Shephard (2001a), Cont and Tankov (2004) or Guillaume, Dacorogna, Davé, Miiller, Olsen
and Pictet (1997), for instance).

The “stylized facts” of price data of financial assets (stocks, currencies, etc.) are that the
volatility is not constant over time but stochastic and exhibits jumps, that there are clusters
of extremes in the volatility, that the marginal distributions are asymmetric and heavy-
tailed and that the returns exhibit a (quasi)long-range dependent behaviour although they
are uncorrelated. Moreover, one often adds certain scaling and self-similarity properties.

In recent years many models reproducing at least some of these stylized facts have been
proposed and applied. Such models are typically stochastic volatility models of some
kind, i.e. the price process is determined by a stochastic differential equation involving
a stochastic process describing the instantaneous volatility. In order to account for the
jumps observed, this stochastic volatility process is often defined using a Lévy process.
Two prominent examples of such models are the Ornstein-Uhlenbeck stochastic volatility
model introduced in Barndorff-Nielsen and Shephard (2001b) and studied and applied in
various papers thereafter, and the continuous time GARCH (generalized autoregressive
conditional heteroskedasticity) model presented first in Kliippelberg, Lindner and Maller
(2004) which is a continuous time analogue of the GARCH process popular in discrete time
and inherits most of the appealing features of this discrete time process. Likewise, Haug and
Czado (2007) introduced recently a continuous time analogue of the exponential GARCH
(EGARCH) process modelling the logarithm of the volatility as a Lévy-driven CARMA
process.

The models mentioned above are all univariate and thus can only model the price of
a single asset. However, for portfolio optimization, risk management and the pricing of
multi-asset options, which are becoming more and more important, one needs a model
for the joint evolution of the prices of several assets. From empirical observations and
economic reasoning it is clear that in general the prices of different assets exhibit highly
non-trivial interdependencies. Clearly, it is essential to cover these in multivariate models.
So far there are only rather few continuous time multivariate stochastic volatility models
available which model the whole covariance matrix and not only the variances. Hubalek
and Nicolato (2005) and Lindberg (2005) present different factor models extending the
univariate model of Barndorff-Nielsen and Shephard, and Gourieroux (2006) uses Gaussian
vector Ornstein-Uhlenbeck processes to specify the stochastic volatility process, which in a
multivariate setting is the instantaneous covariance matrix and thus has to be a stochastic
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process in the positive semi-definite matrices.

In this thesis we introduce and study several multivariate stochastic volatility models
which are generalizations of univariate ones. Since this involves defining suitable stochastic
processes taking values in the positive semi-definite matrices, the generalizations are not
straightforward. Moreover, it should be noted that the processes we introduce in the def-
inition of the multivariate stochastic volatility models are of considerable interest in their
own right and should not only be of use in finance, but also in very different areas. More-
over, our analysis of the processes presented often goes further than what is needed for the
definition and understanding of the stochastic volatility models.

Extending the univariate work of Brockwell (2001b) in particular, we introduce and
analyse multivariate Lévy-driven continuous time autoregressive moving-average (CARMA)
processes. As these processes are the continuous time analogues of the discrete time ARMA
processes, they form a very elementary class of processes with wide-ranging applications.
In particular, for Lévy processes with finite variance we construct associated random or-
thogonal measures and use them to obtain spectral representations of multivariate CARMA
processes. Based upon these processes we define our first stochastic volatility model, the
multivariate continuous time exponential GARCH(p, ¢) (ECOGARCH) model generalizing
the univariate model presented in Haug and Czado (2007). A major motivation for con-
sidering exponential GARCH models is that a negative shock in the price process may be
accompanied by a larger positive shock in the stochastic volatility than a positive one, which
resembles the “leverage effect” often encountered empirically. After analysing some elemen-
tary properties we show that a multivariate ECOGARCH(1,1) process can be approximated
by a sequence of piecewise constant processes determined by discrete time multivariate E-
GARCH(1,1) processes arbitrarily well in the Skorokhod topology in probability. Actually,
we establish in general that a multidimensional and infinite time extension of the first
jump approximation of a Lévy process introduced in Szimayer and Maller (2007) satisfies
a “uniform tightness” condition important for the convergence of solutions of sequences of
stochastic differential equations in the Skorokhod topology.

Furthermore, Ornstein-Uhlenbeck type processes taking values in the positive semi-
definite matrices are introduced using matrix subordinators (see Barndorff-Nielsen and
Pérez-Abreu (2007)) and appropriate linear operators, and for a certain related class of
stochastic processes taking values in the positive semi-definite matrices the behaviour of
the square root (and similar transformations) is analysed. Along the way several elementary
but important results for processes in the positive semi-definite matrices are obtained. The
positive semi-definite Ornstein-Uhlenbeck processes are used to define another multivariate
stochastic volatility model, namely a multivariate generalization of the Barndorff-Nielsen
and Shephard model. This model is analysed in detail focusing in particular on the sec-
ond order structure of discretely observed returns, a state space representation and the
behaviour of the realized quadratic variation, where we state the results for a general class
of stochastic volatility models whenever possible. The analysis is completed by presenting
some further results for positive semi-definite Ornstein-Uhlenbeck type processes, in partic-
ular regarding the stationary distribution and relating them to superpositions of univariate
Ornstein-Uhlenbeck type processes. After the theoretical study the model is successfully ap-
plied to empirical data. Our results show that this multivariate stochastic volatility model
is highly tractable and that basically all results obtained for the univariate model can be ex-
tended. It generates dependent returns with zero autocorrelation and thus reproduces this
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important stylized fact. The dependence is seen by showing that the squared returns have
a non-zero autocorrelation function decaying exponentially after lag one. Moreover, like in
the univariate model one can get more flexibility (and long-range dependence) by specify-
ing the volatility process as a superposition of positive semi-definite Ornstein-Uhlenbeck
processes.

The final model with stochastic volatility, which we introduce, is the multivariate con-
tinuous time GARCH(1,1) (MUCOGARCH(1,1)) process extending the univariate COGA-
RCH(1,1) process of Kliippelberg et al. (2004). For the definition we use some insight from
the construction of the univariate COGARCH(p, ¢) process in Brockwell, Chadraa and Lind-
ner (2006). One reason why COGARCH processes, like their discrete time counterparts,
are particularly interesting is that their stationary distribution is usually heavy-tailed and
that they normally exhibit extremal clusters (cf. Fasen, Kliippelberg and Lindner (2006)),
whereas for most other models with stochastic volatility this is only the case under some
special assumptions. To analyse the MUCOGARCH(1,1) process and also to establish its
well-definedness we need to present some results on the existence and uniqueness of solu-
tions of multidimensional stochastic differential equations being defined only on an open set
and satisfying only a local Lipschitz property, and some results on their Markovian prop-
erties. Again we present a thorough study of the probabilistic and statistical properties,
especially the second order structure, and show that the returns are uncorrelated, whereas
the squared returns have a non-vanishing autocorrelation function. The analysis of the
MUCOGARCH(1,1) process is concluded by considering several examples along with some
simulations.

Finally, we address the issue of scaling laws in a univariate set-up extending the work of
Barndorff-Nielsen and Prause (2001). We obtain series representations of certain (absolute)
moments of generalized hyperbolic distributions and normal inverse Gaussian (NIG) Lévy
processes. Based upon this some asymptotic scaling results for the moments of NIG Lévy
processes are obtained and some graphs are presented which indicate that the behaviour of
moments of an NIG Lévy process over time may optically look very close to scaling.

1.1. Outline of the thesis

As every of the following chapters and appendices of this thesis is based on a paper, they
are basically self-contained and the notation is only unified within the individual chapters.
However, some general abbreviations and notation are also explained at the end of the
thesis.

In the following brief abstracts of the contents of the individual chapters are presented.
More detailed information on the content of an individual chapter is to be found in the
introductory section of each chapter.

Chapter 2 is based on Marquardt and Stelzer (2007). Here a multivariate continuous
time autoregressive moving average (CARMA) model of order (p,q), ¢ < p, driven by a
Lévy process is introduced. It extends the well-known univariate CARMA and multivariate
discrete time ARMA models. We give an explicit construction using a state space repre-
sentation and a spectral representation of the driving Lévy process. Furthermore, various
probabilistic properties of the state space model and the multivariate CARMA process itself
are discussed in detail.

Thereafter, a multivariate extension of the exponential continuous time GARCH(p, q)
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model (ECOGARCH) is introduced and studied in Chapter 8 being based on Haug and
Stelzer (2007). Stationarity and mixing properties of the new model are investigated and
ways to model a component-wise leverage effect are presented. Further it is shown that there
exists a sequence of piecewise constant processes determined by discrete time multivariate
EGARCH(1, 1) processes which converge in probability in the Skorokhod topology to the
multivariate ECOGARCH(1, 1) process. To obtain this result the first jump approximation
of a Lévy process is used and it is shown to satisfy an important uniform tightness condition
regarding the convergence of stochastic differential equations in general.

In the following Chapter 4 based on Barndorff-Nielsen and Stelzer (2007) processes of fi-
nite variation, which take values in the positive semi-definite matrices and are representable
as the sum of an integral with respect to time and one with respect to an extended Poisson
random measure, are considered. For such processes we derive conditions for the square
root (and the r-th power with 0 < r < 1) to be of finite variation and obtain integral
representations of the square root. Our discussion is based on a variant of the It6 formula
for finite variation processes. Moreover, Ornstein-Uhlenbeck type processes taking values in
the positive semi-definite matrices are introduced and some of their probabilistic properties
are studied.

Chapter 5 is an extended version of Pigorsch and Stelzer (2007). This chapter generalizes
the univariate Ornstein-Uhlenbeck (OU) stochastic volatility model proposed by Barndorff-
Nielsen and Shephard (2001b) to the multivariate case using positive semi-definite processes
of Ornstein-Uhlenbeck type. We show that most of the properties of the univariate model
are still available in closed form for the multivariate model. After deriving the second
order properties of the returns and their outer product (“squared returns”), we estab-
lish a state-space representation for the joint sequence which can be used to estimate the
model via quasi maximum likelihood. Moreover, the state-space representation provides
a straightforward way to filter out the unobservable, time varying covariance using the
Kalman filter. Likewise we analyse the realized quadratic variation and superpositions of
positive semi-definite OU type processes, for which we also obtain state-space representa-
tions. Furthermore, conditions ensuring the identifiability of our model are presented and
additionally some further results on positive semi-definite OU type processes, especially
regarding the marginal dynamics and the stationary distribution. Noteworthy, many of
our results are shown to be valid for more general multivariate stochastic volatility models
which are driven by a stationary and square-integrable instantaneous covariance process.

Furthermore, a multivariate extension of the COGARCH(1,1) process introduced in
Kliippelberg et al. (2004) is presented and shown to be well-defined in Chapter 6 which
contains the results of Stelzer (2007a). The definition generalizes the idea of Brockwell
et al. (2006) for the definition of the univariate COGARCH(p, ¢) process and is in a natu-
ral way related to multivariate discrete time GARCH processes as well as positive definite
Ornstein-Uhlenbeck type processes. Furthermore, we establish important Markovian prop-
erties and sufficient conditions for the existence of a stationary distribution for the volatility
process, which lives in the positive semi-definite matrices, by bounding it by a univariate
COGARCH(1,1) process in a special norm. Moreover, criteria ensuring the finiteness of
moments of both the multivariate COGARCH process as well as its volatility process are
given. Under certain assumptions on the moments of the driving Lévy process, explicit
expressions for the first and second order moments and (asymptotic) second order station-
arity are obtained. As a necessary prerequisite we study the existence of solutions and some
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other properties of stochastic differential equations being only defined on a subset of R¢
and satisfying only local Lipschitz conditions.

The main part of this thesis is concluded by Chapter 7 which has been published as
Barndorff-Nielsen and Stelzer (2005). In this chapter expressions for (absolute) moments
of generalized hyperbolic (GH) and normal inverse Gaussian (NIG) laws are given in terms
of moments of the corresponding symmetric laws. For the (absolute) moments centred
at the location parameter u explicit expressions as series containing Bessel functions are
provided. Furthermore, the derivatives of the logarithms of absolute p—centred moments
with respect to the logarithm of time are calculated explicitly for NIG Lévy processes.
Computer implementation of the formulae obtained is briefly discussed. Finally, some
further insight into the apparent scaling behaviour of NIG Lévy processes is gained.

Finally, there are two general appendices based on Stelzer (2006, 2007b). In Appendiz A
the linear operators B on the real symmetric matrices whose exponential exp(Bt) leaves the
inertia invariant and maps the positive (semi-)definite matrices onto themselves for all t € R
are fully characterized. Appendix B addresses the question which multivariate GARCH
models in the vec form are representable in the BEKK form. Using results from linear
algebra, it is established that all vec models not representable in the simplest BEKK form
contain matrices as parameters which map the vectorized positive semi-definite matrices
into a strict subset of themselves. Moreover, a general result from linear algebra is presented
implying that in dimension two the models are equivalent and in dimension three a simple
analytically tractable example for a vec model having no BEKK representation is given.
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2. Multivariate CARMA Processes!

2.1. Introduction

Being the continuous time analogue of the well-known autoregressive moving-average (AR-
MA) processes (see e.g. Brockwell and Davis (1991)), continuous time ARMA (CARMA)
processes, dating back to Doob (1944), have been extensively studied over the recent years
(see e.g. Brockwell (2001a,b), Todorov and Tauchen (2006) and references therein) and
widely used in various areas of application like engineering, finance and the natural sci-
ences (e.g. Jones and Ackerson (1990), Mossberg and Larsson (2004) and Todorov and
Tauchen (2006)). The advantage of continuous time modelling is that it allows handling
irregularly spaced time series and in particular high-frequency data often appearing in fi-
nance. Originally, driving processes of CARMA models were restricted to Brownian motion,
however, Brockwell (2001b) allowed for Lévy processes which have a finite r-th moment for
some r > 0.

Since CARMA processes are short memory moving average processes, Brockwell and
Marquardt (2005) developed fractionally integrated CARMA (FICARMA, for short) pro-
cesses, which exhibit long range dependence. So far only univariate CARMA processes
have been defined and investigated. However, in order to model the joint behaviour of
several time series (e.g. prices of various stocks) multivariate models are required. Thus,
we develop multivariate CARMA processes and study their probabilistic properties in this
chapter.

Unfortunately, it is not straightforward to define the multivariate CARMA processes
analogously to the univariate ones, as the state space representation (see Section 3.1) relies
on the ability to exchange the autoregressive and moving average operators, which is only
possible in one dimension. Simply taking this approach would lead to a spectral represen-
tation which does not reflect the autoregressive moving average structure. Our approach
leads to a model which can be interpreted as a solution to the formal differential equation
P(D)Y (t) = Q(D)DL(t), where D denotes the differential operator with respect to t, L a
Lévy process and P and () the autoregressive and moving average polynomial, respectively.
Moreover, it is the continuous time analogue of the multivariate ARMA model.

The chapter is organized as follows. In Section 2.2 we review elementary properties of
multidimensional Lévy processes and the stochastic integration theory for deterministic
functions with respect to them. A brief summary of univariate Lévy-driven CARMA pro-
cesses forms the first part of the third section and is followed by the development of what
will turn out to be the state space representation of multivariate CARMA (MCARMA)
processes. We start by constructing a random orthogonal measure allowing for a spectral
representation of the driving Lévy process and continue by studying a stochastic differential
equation. Analysing the spectral representation of its solution shows that it can be used
to define multivariate CARMA processes. After spending a closer look on the probabilistic
properties of this SDE (second moments, Markov property, stationary and limiting distribu-

!The contents of this chapter appeared in Marquardt, T. and Stelzer, R. (2007), Multivariate CARMA
Processes, Stochastic Process. Appl., 117(1), 96-120
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tions and path behaviour), we state the definition of MCARMA processes in Section 2.3.3.
Furthermore, we establish a kernel representation, which enables us to derive some further
probabilistic properties of MCARMA models. In particular, we characterize the stationary
distribution and the path behaviour and give conditions for the existence of moments, the
existence of a Cp° density as well as for strong mixing.

Throughout this chapter we use the following notation. We call the space of all real
or complex m x m-matrices M,,(R) or M,,(C), respectively, and the space of all complex
invertible m x m-matrices Gl,,(C). Furthermore, A* denotes the adjoint of the matrix A
and KerA its kernel. I, € M,,(C) is the identity matrix and ||A]|| is the operator norm
corresponding to the norm ||z|| for z € C™. Finally, Ig(-) is the indicator function of the

set B and Ng = NU {0}.

2.2. Multivariate Lévy processes

2.2.1. Basic facts on multivariate Lévy processes

We state some elementary properties of multivariate Lévy processes that will be needed.
For a more general treatment and proofs we refer to Applebaum (2004), Protter (2004) or
Sato (1999).

We consider a Lévy process L = {L(t)}+>0 (where L(0) = 0 a.s.) in R™ without Brow-
nian component determined by its characteristic function in the Lévy-Khintchine form
E [e“”’L(t»] = exp{tyr(u)}, t >0, with

v = i)+ [0 1= i) T (el vide), weR™, @2
Rm
where v € R™ and v is a measure on R™ that satisfies v({0}) = 0 and [ (||z]|? A1) v(dz) <

]Rm
00. The measure v is referred to as the Lévy measure of L. It is a well-known fact that to

every cadlag Lévy process L on R™ one can associate a random measure J on RT x R™\ {0}
describing the jumps of L. For any measurable set B C Rt x R™ \ {0},

J(B)=#{s>0: (s,Ls — Ls_) € B}.

The jump measure J is a Poisson random measure on RT x R\ {0} (see e.g. Definition 2.18
in Cont and Tankov (2004)) with intensity measure n(ds,dz) = dsv(dz). By the Lévy-Ito
decomposition we can rewrite L almost surely as

L(t) =~t+ / x J(ds,dz) + hf{)l / zJ(ds,dz), t>0. (2.2.2)
£
[|z]|>1,5€[0,t] e<||z||<1, s€[0,¢]

Here J(ds,dx) = J(ds, dx) —dsv(dz) is the compensated jump measure, the terms in (2.2.2)
are independent and the convergence in the last term is a.s. and locally uniform in ¢ > 0.

In the sequel we will work with a two-sided Lévy process L = {L(t)}er, constructed
by taking two independent copies {L1(t)}i>0, {L2(t)}+>0 of a one-sided Lévy process and

setting
L(t) = Lq(t) if t>0 (2.2.3)
| =La(—t—) if t<o. -
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Assuming that v satisfies additionally

el v(de) < oc, (2.2.4)

llzl|>1

L has finite mean and covariance matrix >y given by

Y= /xw* v(dz). (2.2.5)

Rm™

Furthermore, if we suppose that F[L(1)] = v + fl|$|‘>1xy(dx) = 0, then it follows that
(2.2.1) can be written in the form

Yr(u) = /(ei<u’x> —1—i(u,z))v(dr), wuweR™, (2.2.6)
R™m

and (2.2.2) simplifies to

L(t) = / xzJ(ds,dx), teR. (2.2.7)

z€R™\{0}, s€[0,]

In this case L = {L(t)}+>0 is a martingale.

2.2.2. Stochastic integrals with respect to Lévy processes

In this section we consider the stochastic process X = {X(t)}cr given by

X(t) = / f(t,s)L(ds), teR, (2.2.8)
R

where f : RxR — M,,(R) is a measurable function and L = {L(t) }+er is an m-dimensional
Lévy process without Brownian component. For integration with respect to Brownian
motion we refer to any of the standard books.

We first assume that the process L in (2.2.8) is an m-dimensional Lévy process with-
out a Gaussian component satisfying F[L(1)] = 0 and E[L(1)L(1)*] < oo, i.e., L can be
represented as in (2.2.7).

In this case it follows from (2.2.7) that the process X can be represented by

X(t) = / f(t,s)x J(ds,dz), t eR, (2.2.9)

RxR™

where J(ds,dz) = J(ds,dx) — dsv(dz) is the compensated jump measure of L. A sufficient
condition for the existence of the stochastic integral (2.2.9) in L(Q, P) (see e.g. Rajput
and Rosinski (1989) or Marcus and Rosinski (2005)) is that

/ /(||f(t,s):r:||2 A, s)x||) v(de)ds < oo, ViteR.

R R™
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Then the law of X (¢) is for all ¢ € R infinitely divisible with characteristic function

E [exp {i{u, X(t))}] = exp / / <ei<“’f(t’s)x> -1- i(u,f(t,s)w>) v(dz)ds

R R™

Furthermore, if f(¢,-) € L*(R; M,,(R)), the integral (2.2.9) exists in L?((2, P) and
EXt)X(@)] = /f(t, S)Xrf*(t,s)ds. (2.2.10)
R

If additionally
/ /(Hf(t, )zl A1) v(dz)ds < 0o, ViER,

R R™

the stochastic integral (2.2.8) exists without a compensator and we can write

X(t) = / f(t,s)z J(ds,dx), teR, (2.2.11)

RxR™

still assuming E(Lp) = 0.

Finally, in the general case, where condition (2.2.4) is not satisfied, necessary and suffi-
cient conditions for the integral (2.2.8) to exist are (see Rajput and Rosinski (1989) and
Sato (2006))

/ /(Hf(t,s)xHQ A1) v(de)ds < oo, ViER, (2.212)

R R™

and

[lrom+ [ 900 Tonss)sl) - oa(lalh) vide) | ds < e (2213
Rm

R

Then we represent X as

X(t) = / ({R/ [t s)x [J(ds,dx) — Iyl f (&, s)z|)v(dz)] + f(t,s)y | ds, teR.
R m

Moreover, if the integral in (2.2.8) is well-defined, the distribution of X (¢) is infinitely
divisible with characteristic triplet (4,0, 7% ) given by

’Y§<=/ f(t,s)7+/f(t,s)x (Lo (Lf (&, 8)xl) = Iy ([]])] v(dz) | ds, (2.2.14)

R R™
V&(B)://lg(f(t,s)x) v(dx)ds. (2.2.15)

R R™
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It follows that the characteristic function of X (t) can be written as

B [ X O] — exp Q i, u) + / [ =1 = i, @) gy (]| v (d)
Rm

= exp /¢L(f(t,s)*u)d5 , (2.2.16)
R

where 17, is given as in (2.2.1). These facts follow from Sato (2006, Theorem 3.1, Proposition
2.17 and Corollary 2.19).

2.3. Multivariate CARMA processes

In this section we discuss CARMA processes driven by general Lévy processes, i.e., the
Lévy processes may have a Brownian component and does not need to have finite variance,
if not stated otherwise. We start with a brief review of the well-known one-dimensional
case.

2.3.1. Univariate Lévy-driven CARMA processes

Continuous-time ARMA (CARMA) processes constitute a special class of moving average
(MA) processes (see, for instance, Applebaum (2004, Section 4.3.5)) with short memory
and are the continuous time analogues of the well-known autoregressive moving average
(ARMA) processes. We give here a short summary of their definition and properties. For
further details see Brockwell (2001a,b, 2004).

Definition 2.3.1 (CARMA Process). Let {L(t)}tcr be a Lévy process satisfying

/ log |z|v(dz) < oo,
|z[>1
D,q be in Nog with p > q and ay,...,ap,by,...,bg €R, ap, by # 0 such that

A::[ 0 ‘ Tp-1

—ayp ‘ —Gp—1 e —al

has only eigenvalues with strictly negative real part. Furthermore, let {X (t)}ier denote the
unique stationary solution to

dX(t) = AX(t)dt + e L(dt), teR, (2.3.1)

where e =[0,...,0,1]. Then the process
Y(t) =b"X(2), (2.3.2)
with bT = [ by, bg—1, .- bg—pt1 ], 1s called a Lévy-driven continuous time autoregressive

moving average process of order (p,q) (CARMA(p,q), for short). If ¢ < p — 1, we set
by =...=byps1 =0.
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The CARMA (p, q) process can be interpreted as the stationary solution of the p-th order
linear differential equation,

p(D)Y (t) =q(D)DL(t), t>0, (2.3.3)
where D denotes differentiation with respect to ¢ and
p(2) =2 +a12P "+ +a, and q(z) = bo2? + b2+ + by

are the so-called autoregressive and moving-average polynomials, respectively. To see this
note first that in the case ¢(z) = 1 (i.e. ¢ = 0 and b7 = (1,0,...,0)) rewriting (2.3.3) as
a system of first-order differential equations in the standard way gives (2.3.1) and (2.3.2)
with X/ = (Y3, DY;,...,DP71Y;). In the general case we transform (2.3.3) to Y () =
p(D) 1q(D)DL(t) = q(D)p(D)"'DL(t) (note that we may commute p~!(D) and ¢(D),
since the real coefficients and the operator D all commute). From the previous case we
infer that the process in (2.3.1) is formed by p(D) 'DL(t) and the first p — 1 derivatives
of this process. Now one can immediately see that Y; = b7 X; = ¢(D)p(D)"'DL;.

Remark 2.3.2. Observe that the process {X (t)}ter can be represented as
t
X(t) = / eAtWe L(du), t € R, (2.3.4)
—o

and is a multivariate Ornstein- Uhlenbeck-type process (Jurek and Mason (1993), Sato and
Yamazato (1984), Wolfe (1982)). Hence, we have

t
Y(t) = / bleAtWe L(du), teR. (2.3.5)

From (2.3.5) it is obvious that {Y (¢) }+cr is a causal short memory moving average process,

since it has the form -

Y(t) = / g(t —u) L(du), teR, (2.3.6)

with kernel g(t) = bleAte], [0700)(15). Replacing e by its spectral representation, the kernel

g can be expressed as
o0

o) = — / ROV IO (2.3.7)

. p(iA)

Note that the representation of {Y (¢)}+cr given by (2.3.6) together with (2.3.7) defines a
strictly stationary process even if there are eigenvalues of A with strictly positive real part.
However, if there are eigenvalues with positive real part, the CARMA process will be no
longer causal. Henceforth we focus on causal CARMA processes.

Proposition 2.3.3 (Brockwell (2004, Section 2)). If E[L(1)?] < oo, then the spectral

density fy of Y = {Y (t) }ter is given by

var(L(1)) Jq(iM)[?
2 |p(iN)[*

fyr(\) = A eR.
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Consequently, the autocovariance function ~y of the CARMA process Y can be expressed

vy (h) =cov(Y(t+h),Y(t) = w / e % d\, heR.

Moreover, for a causal CARMA process an application of the residue theorem leads to

" g(A)a(=X) bl

vy (h) = var(L(1 heR,
(1) = var(B) 3 o
provided all eigenvalues Aq, ..., A, of the matrix A are algebraically simple.

2.3.2. State Space Representation of Multivariate CARMA Processes

This section contains the necessary results and insights enabling us to define multivariate
CARMA processes in the next section. As we shall heavily make use of spectral represen-
tations of stationary processes (see Doob (1953), Gihman and Skorohod (1974), Rozanov
(1967) for comprehensive treatments), let us briefly recall the notions and results we shall
employ.

Definition 2.3.4. Let B(R) denote the Borel-o-algebra over R.
A family {((A)}aesmr) of C™-valued random variables is called an m-dimensional ran-
dom orthogonal measure, zf

(i) C(A) € L2 for all bounded A € B(R),
(ii) ¢(0) =0
(iii) C(A1UAg) = C(A)) + C(Ag) as., if Ay N Ay =0, and
(iv) F: B(R) — Mu(C), A — E[C(A)C(A)] defines a o-additive positive definite matriz

measure (i.e., a o-additive set function that assumes values in the positive semi-
definite matrices) and it holds that E[C(A1)((A2)*] = F(A1 N Ag) for all Ay, Ay €
B(R).

F is referred to as the spectral measure of C.

The definition above obviously implies E[((A1)((A2)*] = 0 for disjoint Borel sets A1, Aj.

Stochastic integrals [, f(¢)¢(dt) of deterministic Lebesgue-measurable functions f : R —
M,,,(C) with respect to a random orthogonal measure ¢ are now as usually defined in an L2-
sense (see, in particular, Rozanov (1967, Ch. 1) for details). Note that the integration can
be understood Component wise: Denoting the coordinates of ¢ by (;, i.e. ¢ = ((1y---,Cm)%,
the i-th element ([, f(¢)¢(dt ) of [y f(t)¢(dt) is given by /", fA fir(t)Cx(dt), where the
integrals are standard one- dimensional stochastlc integrals in an L2-sense and f;;(¢) denotes
the element in the i-th row and k-th column of f(t). The above integral is defined whenever
the integral

/ FOF(d) () / ST (0 Fia(dt)
A =1

1<ij<m
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exists. Functions satisfying this condition are said to be in L?(F). For two functions
f,g € L*>(F) we have

E [ )¢ (| g(t)c(dt) 1= f)F(dt)g(t)". (2.3.8)
A A A

In the following we will only encounter random orthogonal measures, whose associated
spectral measures have constant density with respect to the Lebesgue measure A on R,
ie. F(dt) = CA(dt) := Cdt for some positive definite C' € M,,(C), which simplifies
the integration theory considerably. In this case it is easy to see that it is sufficient for
S F&)F(dt) f(t)* to exist that [, ||f(t)]|*d¢ is finite, where || - || is some norm on M, (C).
To ease notation we define the space of square-integrable matrix-valued functions

2. — SR 2 00 . 3.
L%JM@Dr{ﬂR M (©), [ 501 < } (2.3.9)

In the following we abbreviate L?(R; M,,(C)) by L?(M,,(C)). This space is independent
of the norm || - || on M,,(C) used in the definition and is equal to the space of functions
f=(fij) : R = M,,(C) where all components f;; are in the usual space L?(R;C).

1/2
1l = ( / Hf(t)H?dt) (2.3.10)

defines a norm on L?(M,,(C)) and again it is immaterial, which norm we use, as all norms
[ - |l on My;,(C) lead to equivalent norms | - ||z2(az,,(c))- With this norm L?(M,,(C)) is
a Banach space and even a Hilbert space, provided the original norm || - || on M,,(C) is
induced by a scalar product. Observe that as usual we do not distinguish between functions
and equivalence classes in L?(+). The integrals [\ f(¢)¢(dt) and [, g(t)¢(dt) agree (in L?),
if f and g are identical in L?(M,,(C)), and a sequence of integrals [, || fn(t)]|* dt converges
(in L?) to [, [If(#)I[* dt for n — oo, if || fu(t) — f()|L2(as,m(c)) — O as n — oo. Moreover,

B[ [ stctan [ stvsian) | = [ sorcatya (23.11)

Our first step in the construction of multivariate CARMA processes is the following
theorem extending the well-known fact that

o

iut_l
vwwz/kiu o(dn),  tER,

—00

is an m-dimensional standard Wiener process, if ¢ is an m-dimensional Gaussian random
orthogonal measure satisfying F[¢(A)] = 0 and E[p(A)p(A)*] = é—’;)\(A) for all A € B(R)
(see e.g. Araté (1982, Section 2.1, Lemma 5)).

Theorem 2.3.5. Let L = {L(t)}ser be a two-sided m-dimensional square integrable Lévy
process with E[L(1)] = 0 and E[L(1)L(1)*] = X. Then there exists an m-dimensional
random orthogonal measure @1, with spectral measure Fy, such that E[®r(A)] = 0 for any
bounded Borel set A,

Xr
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and
o0

L(t) = / ewzﬂ_lqm(d,‘). (2.3.13)

—00

The random measure ®r, is uniquely determined by

e}

efi a efi b
®r([a,b)) = / HQTM“L(@) (2.3.14)

for all —oo < a < b < .

Proof. Observe that setting ®([a, b)) = L(b)— L(a) defines a random orthogonal measure on
the semi-ring of intervals [a; b), with —oo < a < b < co. Using an obvious multidimensional
extension of Rozanov (1967, Theorem 2.1), we extend ®;, to a random orthogonal measure
on the Borel sets. It is immediate that the associated spectral measure Fy, satisfies F,(dt) =
Y7 dt and that integrating with respect to @, is the same as integrating with respect to
the Lévy process L.

Now define ®1,([a,b)) for —oo < a < b < oo by (2.3.14) which is equivalent to

o0

e—i a _ ,—iub
1[0, b)) = / MQTM“ L(dp). (2.3.15)

—00

Using (2.3.11) we obtain for any two intervals [a,b) and [a/, D)

E[®L([a,b)®L([d’,V))"] 7 SN (TR W (2.3.16)
a a = 3.
LA L ’ 2mip L 2mip a
® —iua —iub —ipa’ —iub’ *
= /46 27;6 2?2 <%2y2> dy,
2 T
— 0o

where E};/ % denotes the unique square root of > defined by spectral calculus. The crucial
e—ina_o—iub 21/2
\/ﬂiu L

point is now to observe that the function qga,b(u) = is the Fourier transform

of the function If, ) (t)ElL/Q, ie.,

Pap e M, (1) 5] 2t

-7 L

The standard theory of Fourier-Plancherel transforms F (see e.g. Chandrasekharan
(1989, Chapter II) or Yosida (1965, Chapter 6)) extends immediately to L?(M,,(C)) by
setting

Fn: L (M (C)) — L (M (C)), f(t) = flu) = —= [ e ™ f(t)dt

where [*_ e f(t)dt is the limit in L?(M,,(C)) of ffR e~ f(t)dt as R — oo, because this
can be interpreted as a component-wise Fourier-Plancherel transformation and, as stated
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before, a function f is in L?(M,,(C)), if and only if all components f;; are in L?(R;C). In
particular, F,, is an invertible continuous linear operator on L?*(M,,(C)) with

Fl s (M (C)) = LA(Myn(T)), F(1) — £(2) m / it f (),

and Plancherel’s identity generalises to:

[ s a = [ Foatuyan (2.3.17)
R R

Combining (2.3.16) with (2.3.17) gives

Bl (ab)oL(ld V)] = = / o) (o)) = 25 [ iy ()1 (0)
This implies immediately that E[®r([a,b))®L([a’,b"))*] = 0, if [a,b) and [a, ) are disjoint,
E[®r([a,b))®r([a,b))"] = %}f’b)) and that @, is a random orthogonal measure on the

semi-ring of intervals [a, b), which we extend to one on all Borel sets. Therefore, (2.3.15)
extends to

[ 1@t - / B () 1, (dp) (2.3.18)
for all Borel sets A, where QSA = Fm(Ia) is the Fourier transform of Ia.

For any function ¢ € L?(M,,(C)) there is a sequence of elementary functions ¢y (t),
k € N, (i.e., matrix-valued functions of the form Y N CiI,(t) with appropriate N €
N,C; € M,,(C) and Borel sets A;) which converges to ¢ in L?(M,,(C)). As the Fourier-
Plancherel transform is a topological isomorphism that maps L?(M,,(C)) onto itself, the
Fourier-Plancherel transforms ¢ (t) converge to the Fourier-Plancherel transform ¢(¢) in
L?(M,,(C)), which allows us to extend (2.3.18), exchanging the roles of y and ¢, to

/ o o) = 7 | 2(t) B (dt) (2:3.19)

for all functions ¢ in L?(M,,(C)) and their Fourier-Plancherel transforms ¢. Now choose
ip.biei,u,a

o(p) = & then $(t) = V24 p)(t). This shows that

[e o]

eiub _ eiua
| e = L) - Lia)
i
—00
and thus (2.3.13) is shown.
The uniqueness of ®;, follows easily, as (2.3.13) implies (2.3.19) using arguments analo-

gous to the above ones. O

Note that for one-dimensional random orthogonal measures such results can already be
found in Doob (1953, Section IX.4).
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Remark 2.3.6. If we formally differentiate (2.3.13), we obtain

dLt) _ % i
dt /oo e L(du)a

as in the spectral representation differentiation is the transform given by
/ e P(dp) »—>/ ipe ™ ®(dp).
—00 —00
Thus, a univariate CARMA processes should have the representation
oo .
it 4(ie)
Y1) = / et L) g (), (2.3.20)
oo P(in)

as this reflects the differential equation (2.3.3). Later, in Theorem 2.8.22, we will see that
this is indeed the case. The square integrability necessary for (2.3.20) to be defined, explains
why one can only consider CARMA processes with q < p (cf. Lemma 2.3.11).

The next lemma deals with the spectral representation of integrals of processes.

Lemma 2.3.7. Let ® be an m-dimensional random orthogonal measure with spectral mea-
sure F(dt) = Cdt for some positive definite C € M,,(C) and g € L?>(M,,(C)). Define the
m-dimensional random process G = {G(t) hier by

[e.e]

Gt = [ (i o).

—00

Then G is weakly stationary,

G(s)ds < oo a.s. forevery t>0 and

o0

et — 1
G(s)ds = / i g(ip) ®(dp), t>0.

S O —_

—0o0
Proof. Weak stationarity follows immediately from (2.3.11), which implies

o0

BlG()G(s)7] = / =9 g (i) Cg ips)* d.

—00

The weak stationarity implies that
IG(s)ll2 := E[IG(s)I3]"/? = E[G(s)"G(s)]'/?

is finite and constant, where || - |2 denotes the Euclidean norm. Thus an elementary Fubini
argument and using || - ||p1 < || - ||z2 gives:

E 0/ G(s)ds | < B 0/ IG()llads| = 0/ E[IG(s)]2] ds < 0/ |G (s)]|2ds < oo.
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In particular, fo s)ds is almost surely finite. Finally, we obtain

j G(s)ds = j e g(ip) ®(dp)ds = 7 /t e ds g(ip) (dp)
0 0 —oco 0

:/ ._1g(iu)<1>(du),

i

é\g

—00

using a stochastic version of Fubini’s theorem (e.g. the obvious multidimensional extension
of Gihman and Skorohod (1974, Section IV .4, Lemma 4)). O

Before turning to a theorem enabling us to define MCARMA processes we establish three
lemmata and one corollary which contain necessary technical results relating the zeros of
what is to become the autoregressive polynomial to the spectrum of a particular matrix A.
The first lemma contains furthermore some additional insight into the eigenvectors of A.

Lemma 2.3.8. Let Ay,..., A, € M, (C), p € N, define P : C — M, (C), z — I,2" +
APl Ag2P2 4+ Ap and set

N(P)={z € C: det(P(z)) = 0}, (2.3.21)
i.e., N(P) is the set of all z € C such that P(z) & Gl,,(C). Furthermore, set
0 I, 0 ... 0
0 0 I, :
A= | €Mm(© (2.3.22)
0 . ... 0 I
Ay Ay e . Ay

and denote the spectrum of A by o(A). Then N(P) = o(A) and T € C™ \ {0} is an
eigenvector of A with corresponding eigenvalue X, if and only if there is an & € KerP(\) \
{0}, such that z = (Z*, (A\Z)*, ..., (AP71Z)*)*. Moreover, 0 € a(A), if and only if 0 € o(A,).

Proof. It is immediate from the structure of A, that A is of full rank, if and only if A4, is of
full rank.

Let A\ be an eigenvalue of A and 7 = (z7,... 73)* € R™, z; € R™, a corresponding
eigenvector, i.e., AT — Az = 0 from which A\z1 = x2, Axs = x3,...,Axp—1 = Tp, Axp +

Arxp + Aszpq + ...+ Apzy = 0 follows. Hence, z; = ANl i=1,2,...,pand

Mgy + AN oy + AN 2y + o Ay = (T NP+ AP 4+ A)ay = 0. (2.3.23)
As  # 0, we have 1 # 0 and (2.3.23) gives z; € KerP(\). Hence, we can set & = x;.
Furthermore the non-triviality of the kernel of P()) implies det(P(\)) = 0. Thus N'(P) D
o(A) has been established.

Now we turn to the converse implication. Let A € AV(P), then P()\) has a non-trivial
kernel. Take any z € KerP(\) \ {0} and set

T = (%, ()., (AW Lp)H)*,

Then (2.3.23) shows that Az = Az and thus A € 0(A). Therefore N(P) C 0(A) and Z is
an eigenvector of A to the eigenvalue . O
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Corollary 2.3.9. o(A) C (—00,0) + iR if and only if N(P) C (—o0,0) + iR.
Lemma 2.3.10. If N(P) C R\{0} + iR, then P(iz) € Gl,,(C) for all z € R.

Proof. As all zeros of det(P(z)) have non-vanishing real part, all zeros of det(P(iz)) must
have non-vanishing imaginary part and thus P(iz) is invertible for all z € R. O

p—1 ,
Lemma 2.3.11. Let Cy,Ch,...,Cp_1 € My, (C) and R(z) = > C;z". Assume that N'(P) C
R\{0} + iR, then -

/ |P(iz) " R(iz) |2 dz < oo,

where P(z) = Lpz2P + A12P~ 1 4+ .. + A,

Proof. As det(P(iz)), z € R, has no zeros, |P(iz) "' R(iz)| is finite for all z € R, continuous
and thus bounded on any compact set. Hence,

K
| it ) P o
K

exists for all K € R. For any x € R™ we have

p—1
1P(2) H—H( me? + Y Apyz )w

k=0
p—1
k
> <|le = > I14p-kllz |> [l
k=0

Thus, there is K > 0 such that ||P(z
This implies ||P(2) 7| < 2|2|7P V2|

> [|z7z]| - ph?'

)z|| > |z[P||z]|/2 for all z such that |z| > K, z € R™.
> K and thus for all z € R, |z| > K,

1P(iz) "  R(iz)|* < |1P(i2) 7 PP R(i2)|* < BEd (ZHC HW)

which gives that f |P(iz) "' R(iz)||* dz and [} ||P(iz) "' R(iz)||* dz are finite. O
The following result provides the key to be able to define multivariate CARMA processes.

Theorem 2.3.12. Let L = {L(t)}ier be an m-dimensional square-integrable Lévy pro-
cess with zero mean and corresponding m-dimensional random orthogonal measure ® as
in Theorem 2.3.5 and p,q € No, ¢ < p (i.e., p > 1). Let further Aj, As,..., Ay, By,

By,...,B; € My,(R), where By # 0 and define 51 = o = ... = [p_g-1 = 0 (if
p—j—1
p>q+1)and Bpj = — Z Aifp—j—i + Bg—j for j = 0,1,2,...,q. (Alternatively,
p—j—1
Bp—j = Z AiBp—j—i+ By—j for j =0,1,...,p—1, setting B; =0 fori <0.) Assume

that A as deﬁned in (2.3.22) satisfies 0(A) C (—00,0) + iR, which implies A, € Gl (R).
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Denote by
G = (Gi().....Gy0)"
an mp-dimensional process and set 3* = (Bf,...,ﬁ;). Then the stochastic differential
equation

dG(t) = AG(t)dt + BdL(t) (2.3.24)

s uniquely solved by the process G given by

G,(t) = / eMw,i(iIN) ®(dN), j=1,2,...,p, tER, where (2.3.25)
1 .
ZU](Z) = ;(w]+1(z)+ﬁj)a Jj=L2,...,p—1 and

p—1
wp(z) = % <_2Ap—kwk+1(z) +ﬁp> :
k=0

The strictly stationary process G can also be represented as

t
G(t) = / A3 L(ds), teR. (2.3.26)

—00
Moreover, G(0) and {L(t)},~, are independent, in particular,
E[G;(0)L()*] =0 forall t>0, j=1,2,...,p.

Finally, it holds that

p—2
wp(2) = P B =D Ay Bk |, (2.3.27)
j=0 k=0
w(z) = (P(2)7'Q), (2.3.28)
where
P(2) = I,2°+ AP~ ..+ A, (“autoregressive polynomial”)
Q(2) = Boz'+ Bz + ...+ B, (“moving-average polynomial”)

and [ ||wj(i)\)\|2d)\ < oo forallj€{1,2,...,p}.

Proof. A, € Gl,,(R) follows from Lemma 2.3.8. That (2.3.26) is the strictly stationary
solution of (2.3.24) is a standard result, since all elements of o(A) have strictly negative
real part, and a simple application of Gronwall’s Lemma shows that the solution of (2.3.24)
is a.s. unique for all ¢ € R (see e.g. Tkeda and Watanabe (1989), Theorem 3.1). Since G(0) =
ffoo e~ 453 L(ds) and the processes {L(t)}<o and {L(t)};>¢ are independent according to
our definition (2.2.3) of L, G(0) and {L(t)},>, are independent.
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To prove (2.3.27) and (2.3.28) we first show

1 P—J ‘
wi(2) = (wp(z) + Zﬁp_iz“> for j=1,...,p—1. (2.3.29)
=1

In fact, for p — j = 1 (2.3.29) becomes w,_1 = L (wy(z) + B,—1) which proves the identity
for j = p — 1 immediately. Assume the identity holds for j + 1 € {2,3,...,p — 1}, then

1 1 1 p—j—1 ‘
wj(z) = ;(wj+1( z)+ B) = [W (wp(z) + Z ﬁp_izzl> + 5;
=1

z

1 p—J -
= J wp(z) + Z ﬁpfizl_ )
=1

which proves (2.3.29). Now we turn to (2.3.27):

( i Ap_pwp (2 )+5p>
k=0

A )

p—1 p—1p—k—1
(Imzp + ZAP_ka) wp(z) - ﬁpzp_l o Z Z Ap—kﬁpfizkﬂ_l-

k=0 k=0 =1
Set j =k +i—1, then

wp(2) = %

N

It follows,

—2 p—

2 2
wp(z) = (P(Z))_l szp—l - Z ZAp—kﬂp-‘rk—j—le
j=k

p
k=0 j=

p—2 j
=(PE) B =D ApiBpri—j# |
j=0

=0 k=0

which proves (2.3.27).
Let now [ € {1,2,...,p— 1}. Then setting Ay = I,

p—I
wy(z) = % <wp(z) + Zﬂp_izi1>

2 p—l1
1 L , -
= (PN B =Y Ay iBpn—jr? |+ Bpiz”!
=0 k=0 i=1
PE) [, o1 K38 (B, o
= & - DD ApkBpir—j12 + | Y Bpir
i =0 k=0 i=1
P(2))-1 [ - p—2 j ' p p—i-1 '
= (z(jpi))l By t— ZAp—kﬁerk—j—ﬂ] + Z Z Ap—kﬂpfiflzwrk
i Jj=0 k=0 k=0 i=0
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Setting j = k + [ we obtain,

(P())! p—2 j p ktp—i—1
. A A
wy(2) = = B2t~ — ZApfkﬁerkfjle] + Z Z Ap—kBprk—j—17’
i §=0 k=0 k=0 j=k
_ 2 3 p—l—-1p—1-1
P | &
R =D D ApkBprj2 4 Z Z Ap—kBpih—j—17’
§=0 k=0 j=
p  k+p—-il-1 p—l—1k+p—i—1
. . .
B2 N DY Y Ay kBprki P+ Y, D> ApiBprkj?
k=p—l j=k k=1 j=p-I

It follows,

p—2 j
wi(z) = (P B ™ = D0 D Ay w2 P

j=p—1 k=0
p  k+p—Ii-1 p—l—1k+p—i—1
j—p+1 j—p+1
+ E Ap kBpyk—j127 P + Z Z Ap kBpyk—j1277P
k=p—l j=k k=1 j=p-I

The last term in the bracket appears only if p — [ — 1 > 1. Therefore, the whole term in
the bracket is a polynomial of at most order p — 1. Fixing [ = 1 and setting i =5 —p+1
we obtain,

p—2k—1
wl(z) :P(Z)il Z Z Ap kBr— zZ "’ZZA}; kBr— zZ]

k=p—1i=k—p+1 k=1 1i=0

p—1k—1
= P(2)™! 5p+ZZAp % Br—i?" +A02ﬁp Zz]

k=1 i=0

p—2 p—1
= P(z)"! ng 2 +Z Z Ay 1Bk ,z].

=0 k=i+1

Using the fact that 81 = B;—p4+1 and setting j = p — k, we finally get

p—i—1

wi(z) = (P(2))"" | B g—p+12" "‘Z Bp—i + Z AjBp—j—i 2

p—2 -
= P(Z)_l Bq_p+1z”_1 + Z Bq_izi -1 Z Bq_izi
=0 1=0

ZBq iZ' = P(2)7'Q(2).

The finiteness of [ [Jw;(i\)[|* dX for all j = 1,2,...,p is now a direct consequence of
Lemmata 2.3.10, 2.3. 11 and Corollary 2.3.9.
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It remains to show that the process defined in (2.3.25) solves (2.3.24): For j =1,...,p
we have as a consequence of (2.3.25),

() = G5(0) = / (6™ — 1)y (i) B(dN). (2.3.30)
For j =1,...,p — 1 the recursion for w; together with Lemma 2.3.7 gives
Ooei)\t_l . Ooei)\t_l
Gi(0) - G5(0) = [ e + 5 [ = e

/wﬁl (iM)e™* ®(dN) ds + B;L(t)

Gj+1(8) ds + ﬁjL(t).

Hence,
de(t) = Gj+1(t)dt + ﬁjdL(t). (2.3.31)
Analogously we obtain for G,

@m—%@z/www%mmw>

—00

pl/t
0

e A w1 (1) @(dN) ds + B,L(t)
k=0

é\g

_ /ApGl(s)+---+A1G’p(8)d8 + ByL(2).

Therefore,
dGp(t) = —(ApGi(t) + ...+ A1Gy(t))dt + BpdL(t).

Together with (2.3.31) this gives that the process G defined by (2.3.25) solves (2.3.24). O

Obviously, E[G(t)] = 0 for the process G = {G(t)}1er which solves (2.3.24). Noting
that G is a multivariate Ornstein-Uhlenbeck process, the second-order structure follows
immediately.

Proposition 2.3.13. Let G = {G(t)}ier be the process that solves (2.3.24). Then its
autocovariance matriz function has the form

T(h) = E[G(t + h)G(t)*] = eMT(0), h >0, (2.3.32)

with T(0) = [ AU B B e ™ du satisfying AT(0) + T'(0)A* = —BX 6%,
0
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Proof. (2.3.32) follows from (2.3.11) and the last identity is a standard result from matrix
theory (see e.g. Bhatia (1997, Theorem VII.2.3)). O

From Chojnowska-Michalik (1987), Jurek and Mason (1993), Sato and Yamazato (1984)
or Wolfe (1982) we know that (2.3.26) is the unique stationary solution to (2.3.24) whenever
the Lévy measure v of the driving process L satisfies

/ log ||z]|v(dx) < co.
lzl>1

This condition is sufficient (and necessary, provided (3 is injective) for the stochastic integral
in (2.3.26) to exist, as can be seen from (2.2.12) and (2.2.13) with f(¢,s) = eA(t’s)ﬁI[ovoo)(t—
s). As we shall use this fact later on to define CARMA processes driven by Lévy processes
with infinite second moment, we state the following two results on the process G in a general
manner.

Proposition 2.3.14. For any driving Lévy process L = {L(t)}tcr, the process G =
{G(t) }1er solving (2.3.24) in Theorem 2.3.12 is a temporally homogeneous strong Mar-
kov process with an infinitely divisible transition probability Pi(x,dy) having characteristic
function

t

/ i) Py, dy) = exp { i{w, 4 tu) + / Pr((EB) ) dv . weR™.  (2:333)
Rmp 0

Proof. See Sato and Yamazato (1984, Th. 3.1) and additionally Protter (2004, Theorem
V.32) for the strong Markov property. O

Proposition 2.3.15. Consider the unique solution G = {G(t)}+>0 of (2.3.24) with initial
value G(0) independent of L = {L(t)}+>0, where L is a Lévy process on R™ satisfying
fllxllzl log ||z||v(dx) < oo.

Let L(G(t)) denote the marginal distribution of the process G = {G(t)}i>0 at time t.
Then there exists a limit distribution F' such that L(G(t)) — F in distribution as t — oo.
This F is infinitely divisible with characteristic function

[e.9]
E [e““’m} = exp /wL((eAsﬁ)*u) dsp, ueR"™. (2.3.34)
0
Proof. See Sato and Yamazato (1984, Theorem 4.1). O

Remark 2.3.16. Obviously F' is also the marginal distribution of the stationary solution
considered in Theorem 2.5.12.

The sample path behaviour of the process G = {G(t) }1er is described below.

Proposition 2.3.17. If the driving Lévy process L = {L(t)}wer of the process G =
{G(t) }+er in Theorem 2.3.12 is Brownian motion, the sample paths of G are continuous.
Otherwise the process G has a jump, whenever L has one. In particular, AG(t) = BAL(t).
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2.3.3. Multivariate CARMA processes

We are now in a position to define an m-dimensional CARMA (MCARMA) process by using
the spectral representation for square-integrable driving Lévy processes and to extend this
definition making use of the insight obtained in Theorem 2.3.12.

Definition 2.3.18 (MCARMA Process). Let L = {L(t) }1er be a two-sided square inte-
grable m-dimensional Lévy-process with

E[L(1)] = 0 and E[L(1)L(1)*] = &y

An m-dimensional Lévy-driven continuous time autoregressive moving average process
{Y () }er of order (p,q), p>q, (MCARMA(p, q) process) is defined as

[e.e]

Y(t) = / eMP>IN)TIQIN) ®(dN), tER, where (2.3.35)
P(2): = In2P+ AP+ 4+ A,
Q(z): = Bo!+B29 '+ ...+ B, and

® is the Lévy orthogonal random measure of Theorem 2.5.5 satisfying E[®(d\)] = 0 and
E[®(d\)®(dN)*] = 2%, Here Aj € My(R), j = 1,...p and B; € M, (R) are matrices
satisfying By # 0 and N (P) := {z € C: det(P(z)) = 0} C R\{0} +iR.

The process G defined as in Theorem 2.3.12 is called the state space representation of
the MCARMA process Y.

Remark 2.3.19. (i) There are several reasons why the name “multivariate continuous
time ARMA process” is indeed appropriate. The same arguments as in Remark 2.5.6
show that an MCARMA process Y can be interpreted as a solution to the p-th order
m-dimensional differential equation

P(D)Y (t) = Q(D)DL(t),

where D denotes the differentiation operator. Moreover, the upcoming Theorem 2.3.22
shows that for m = 1 the well-known univariate CARMA processes are obtained (an
alternative proof for some special cases meeding no finite variances is to be found
in Lemma 6.6.1 in Chapter 6) and, finally, the spectral representation (2.3.35) is
the obvious continuous time analogue of the spectral representation of multivariate
discrete time ARMA processes (see, for instance, Brockwell and Davis (1991, Section
11.8)).

(ii) The well-definedness is ensured by Lemma 2.3.11. Observe, moreover, that, if the
determinant det(P(z)) has zeros with positive real part, all assertions of Theorem
2.3.12 except the alternative representation (2.3.26) and the independence of G(0)
and {L(t) }+>0 remain still valid interpreting the stochastic differential equation as an
integral equation as in the proof of the theorem. Howewver, in this case the process is
no longer causal, i.e. adapted to the natural filtration of the driving Lévy process.
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(iii) Assuming E[L(1)] = 0 is actually no restriction. If E[L(1)] = pr # 0, one simply
observes that L(t) = L(t) — urt has zero expectation and

P(D)"'Q(D)DL(t) = P(D)"'Q(D)DL(t) + P(D) ™ Q(D)p.

The first term is the MCARMA process driven by E(t) and the second an ordinary
differential equation having the unique “stationary” solution —A,; qu,u L, as simple
calculations show. Thus, the definition can be immediately extended to E[L(1)] # 0.
Moreover, it is easy to see that the SDFE representation given in Theorem 2.3.12 still
holds and one can also extend the spectral representation by adding an atom with mass
pr to @5 at 0.

(iv) Furthermore, observe that the representation of MCARMA processes by the stochastic
differential equation (2.3.24) is a continuous time version of state space representa-
tions for (multivariate) ARMA processes as given in Brockwell and Davis (1991, Ex-
ample 12.1.5) or Wei (1990, p. 387). In the univariate Gaussian case it can already
be found in Aratd (1982, Lemma 3, Chapter 2.2).

As already noted before, we extend the definition of MCARMA processes to driving Lévy
processes L with finite logarithmic moment using Theorem 2.3.12. As they agree with the
above defined MCARMA processes, when L is square-integrable, and are always causal, we
call them causal MCARMA processes.

Definition 2.3.20 (Causal MCARMA Process). Let L = {L(t)}+cr be an m-dimensional
Lévy process satisfying
/ log ||z|| v(dz) < oo, (2.3.36)
llz]|=1
p,q € Ng with ¢ < p, and further Ay, A, ..., Ay, By, By,...,By € My, (R), where By # 0.

Define the matrices A, 3 and the polynomial P as in Theorem 2.3.12 and assume o(A) =
N(P) C (=0,0) +iR. Then the m-dimensional process

where G is the unique stationary solution to dG(t) = AG(t)dt + BdL(t) is called causal
MCARMA(p, q) process. Again G is referred to as the state space representation.

Remark 2.3.21. In the following we will write “MCARMA” when referring to Definition
2.8.18, “causal MCARMA” when referring to Definition 2.3.20 and “(causal) MCARMA”
when referring to both Definitions 2.53.18 and 2.3.20.

Let us now state a result extending the short memory moving average representation of
univariate CARMA processes to our MCARMA processes and showing that our definition
is in line with univariate CARMA processes.

Theorem 2.3.22. Analogously to a one-dimensional CARMA process (confer Equation
(2.3.7)), the MCARMA process (2.3.35) can be represented as a moving average process

[e.e]

Y(t) = / g(t —s)L(ds), teR, (2.3.38)

—00
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where the kernel matriz function g : R — M,,(R) is given by

o) = 5= [ € P Qin) di. (2.3.39)

Proof. Using the notation of the proof of Theorem 2.3.5 we obtain this immediately from
(2.3.19):

V()= [ &P Qlin) 2(dp)

- %_/ _/ eI P (i) "' Q(ip) dp D (ds)
= %_/ _/ =9 P(ip) 1 Qi) dp L(ds) :_/ g(t — s) L(ds).

O

Remark 2.3.23. For causal MCARMA processes an analogous result holds with the kernel
function g replaced by

3(8) = (L, Oaty (©)s -+ - Ot ()€ B 0, 00) ().

Moreover, the function g simplifies in the square-integrable causal case as the following
extension of a well-known result for univariate CARMA processes shows.

Lemma 2.3.24. Assume that 0(A) = N(P) C (—00,0) + iR. Then the function g given
in (2.3.39) vanishes on the negative real line.

Proof. We need the following consequence of the residue theorem from complex analysis
(cf., for instance, Lang (1993, Section VI.2, Theorem 2.2)):

Let ¢ and p : C — C be polynomials where p is of higher degree than ¢q. Assume that p
has no zeros on the real line. Then

/ % exp(iat)dt = 2mi Z Res (f,z) Ya >0, (2.3.40)
oo p ) 2€C:S(2)>0,p(iz)=0
10 epliat)dt = —2mi R Va<0 (2341
—t)exp(zoz) = —2mi Z es(f,z) Va< (2.3.41)
oo p( z€C:S(2)<0,p(iz)=0

with f:C—C, z — % exp(iaz) and Res(f,a) denoting the residual of the function f at
point a.
Turning to our function g, we have from elementary matrix theory that

P(iz)1Q(iz) = %
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where S : C — M,,(C) is some matrix-valued polynomial in z. Observe that det(P(iz))
is a complex-valued polynomial in z and that Lemma 2.3.11 applied to R = @ implies
that det(P(iz)) is of higher degree than S(z). Thus, we can apply the above stated results
from complex function theory component-wise to (2.3.39). But as all zeros of det(P(z))
are in the left half plane (—o0,0) + R, all zeros of det(P(iz)) are in the upper half plane
R +4(0,00) and therefore (2.3.41) shows that

1 T
g(t) = - / e P(ip) " Q(ip) dp = 0 for all t < 0.
™

O

Remark 2.3.25. The above result reflects the causality, i.e., that the MCARMA process
Y (t) only depends on the past of the driving Lévy process, i.e., on {L(s)}s<¢. Similarly
g vanishes on the positive half line, if N(P) C (0,00) + iR. In this case the MCARMA
process Y (t) depends only on the future of the driving Lévy process, i.e., on {L(s)}s>¢. In
all other non-causal cases the MCARMA process depends on the driving Lévy process at all
times.

Using the kernel representations, strict stationarity of MCARMA processes is obtained
by applying Applebaum (2004, Theorem 4.3.16).

Proposition 2.3.26. The (causal) MCARMA process is strictly stationary.

Furthermore, we can characterize the stationary distribution by applying representation
(2.3.38) and the results of Sato (2006) mentioned at the end of Section 2.2.2.

Proposition 2.3.27. If (,0,v) is the characteristic triplet of the driving Lévy process L,
then the distribution of the MCARMA process Y (t) is infinitely divisible for t € R and the
characteristic triplet of the stationary distribution is (75,05, v5°), where

,@o_/ 7ds*// To.y(lg(s)z) — Zo,y (llll)] v(de) ds,

R R™

op = / 9(5)og" (5)ds,

R
_ / / Is(g(s)z) v(dx) ds. (2.3.42)

R R™

For a causal MCARMA process the same result holds with g replaced by §.

2.3.4. Further properties of MCARMA processes

Having defined multivariate CARMA processes above, we analyse their probabilistic be-
haviour further in this section. First we turn to the second order properties.

Proposition 2.3.28. Let {Y () }ier be the MCARMA process defined by (2.3.35). Then
its autocovariance matrixz function is given by

o0

o / M PEN)TIQENELQGN) (PN dN, heR.

—00

Ty (h) =
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Proof. 1t follows directly from the spectral representation (2.3.35) that the MCARMA
process Y = {Y (¢) }+er has the spectral density

1
fr(\) = Q—P(M)*Q(M)ELQ(M)*(P(M)*l)*, A eR. (2.3.43)
™
The autocovariance function is the Fourier transform of (2.3.43). O

Remark 2.3.29. Note that in Proposition 2.3.13 we already obtained an expression for the
autocovariance matriz function of the process {G(t)}ter of Theorem 2.3.12. The upper left
m x m block of (2.3.32) is also equal to I'y .

Regarding the general existence of moments, it is mainly the driving Lévy process that
matters.

Proposition 2.3.30. Let Y be a causal MCARMA process and assume that the driving
Lévy process L is in L"(Q, P) for some r > 0. Then Y and its state space representation
G are in L™(Q2, P). Provided (3 is injective, the converse is true as well for G.

Proof. We use the general fact that an infinitely divisible distribution with characteristic
triplet (y, o, v) has finite r-th moment, if and only if

/ 2l v(dz) < oo
e

for one and hence all C' > 0 (see Sato (1999, Corollary 25.8)). Using the Kernel represen-
tation (2.3.38) with

3(5) = (I, 0at0 (@) - - > Ont ()€™ Blj0,00) (5),
(2.3.42) and the fact that there are C, ¢ > 0 such that

[ (Zims Ontya(©)s - - - > Ongy () )58 < Ce™¢

we obtain for the stationary distribution of Y

/Hw||>1 = vy tds) = //I“’OO)(H(Im’OMm(C)’---aOMm(C))eASﬁxH)

0 Rm
X H(Im, 001, (C)5 - - - ,OMm(C))eAsﬁxHr v(dz)ds

/ /I[Lw) (Cemlz]l) CTe™™ |la]|" v(dx)ds

<
0 R™
log(1/(Cll=[)
_ / / Cre™" ||z||" dsv(dx)
lz|>1/C 0

CT’
= — z||" = 1/C") v(dx),
/chur I" — 1/C") w(dx)

rc

which is finite, if and only if L has a finite 7-th moment.

Basically the same arguments apply to G(t) = ffoo eAt=5) 3L(ds). Provided f is injective,
there are D,d > 0 such that ||e4*3| > De~% and calculations analogous to the above ones
lead to a lower bound which establishes the necessity of L € L" for G € L". O
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Since the characteristic function of Y'(t) for each ¢ is explicitly given, we can investi-
gate the existence of a C}° density, where Cp° denotes the space of bounded, continuous,
infinitely often differentiable functions whose derivatives are bounded.

Proposition 2.3.31. Suppose that there exists an o € (0,2) and a constant C > 0 such
that

[ [ V(e = 9100 Lt piery vida) ds = > (2.3.44)
R Rm™m

for any vector u such that ||u| > 1. Then the MCARMA process Y (t) has a C;° density.
The same holds for a causal MCARMA Y (t) process with g replaced by g.

Proof. 1t is sufficient to show that [ ||u||*||®(u)| du < oo for any non-negative integer k,
where ® denotes the characteristic function of Y (¢) (see e.g. Picard (1996, Proposition
0.2)).

The characteristic function of the (causal) MCARMA process Y (t) is given by

®(u) = exp / / [e““’g(t*s)m —1—i{u,g(t — 5)$>I{\<u,g(t—s)m>\§1}] v(dx)ds p

R R™
where ¢ stands for either g or §. Thus,
1/2

|®(u)]| = | exp // {e““’g(t*s)@ + e Huwglt=s)z) _ 2] v(dx)ds

R R™

= exp / / (cos(u, g(t — s)z) — 1) v(dz)ds

R R™

< exp / / (cos(u, g(t — s)x) — 1) I{j(u.g(t—s)e)|<1y v(dx) ds ¢,

R R™

as cos(u, g(t — s)z) — 1 < 0. Then, using the inequality 1 — cos(z) > 2(z/7)? for |z| < 7
and Assumption (2.3.44) we have

@) < exp 8 ~C [ [ 190 = )P Ity v(de) ds
R R™

< exp{~C|Jul*"*},

where C, C' > 0 are generic constants and the proof is complete. The inequality 1 —cos(z) >
2(z/m)? for |2| < 7 can be easily shown: Define f(2) = 1 — cos(z) — 2(z/m)?. Then
f(0) = f(w) = 0 and there is y € (0,7) such that f'(z) > 0, z € [0,y) and f'(z) < 0,
z € (y,n]. Hence, f(z) > 0 for all z € (0, 7). O

We summarize the sample path behaviour of the MCARMA (p, q) process Y = {Y () }ier,
which is immediate from the state space representation (2.3.24) and the proof of Theorem
2.3.12.
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Proposition 2.3.32. Ifp > q+1, then the (causal) MCARMA (p,q) process Y = {Y (t) }+er
is (p — q — 1)-times differentiable. Using the state space representation G = {G(t)}ier we
have %Y(t) =Gip1(t) fori=1,2,...,p—q—1.

If p=q+1, then AY (t) = f1AL(t), i.e., Y has a jump, whenever L has one.

If the driving Lévy process L = {L(t)}1er of the MCARMA (p,q) process is Brownian mo-
tion, the sample paths of Y are continuous and (p—q—1)-times continuously differentiable,

provided p > q + 1.

Ergodicity and mixing properties (see, for instance, Doukhan (1994) for a comprehensive
treatment) have far reaching implications. We thus conclude the analysis of MCARMA
processes with a result on their mixing behaviour. Recall the following notions:

Definition 2.3.33 (cf. Davydov (1973)). A continuous time stationary stochastic process
X = {Xi}ier is called strongly (or a-) mixing, if
oy :=sup{|P(ANB)— P(A)P(B)|: A € FO

—0o0)

BeF>*} -0

as | — oo, where F° = 0 ({Xi}1<o) and F° = o ({Xi}i>1)-
It is said to be - mixing (or completely regular), if

B == E (sup {|P(B|F°,) — P(B)|: BE F{°}) — 0
as | — oo.
Note that o; < §; and thus any [S-mixing process is strongly mixing.

Proposition 2.3.34. Let Y be a causal MCARMA process and G be its state space repre-
sentation. If the driving Lévy process L satisfies

/| | Nlelrvia) < o0 (2.3.45)

for some r > 0, then G is B-mizing with mizing coefficients B; = O(e~) for some a > 0
and Y is strongly mizing. In particular, both G and Y are ergodic.

Proof. Since G(t) = ffoo eAMt=5)3L(ds) is a multidimensional Ornstein-Uhlenbeck process
driven by the Lévy process L, we may apply Masuda (2004, Theorem 4.3) noting that
(2.3.45) together with Proposition 2.3.30 ensure that all conditions are satisfied. Hence,
the S-mixing of G with exponentially decaying coefficients is shown. But this implies that
G = (G},Gs, ... ,G;)* is also strongly mixing, which in turn shows the strong mixing
property for Y, since Y is equal to G and it is obvious from the definition of strong mixing
that strong mixing of a multidimensional process implies strong mixing of its components.
Note that we also obtain a; < §; for the mixing coefficients a; of Y. Using the well-known
result that mixing implies ergodicity concludes the proof. O
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3. A Multivariate Exponential Continuous
Time GARCH Process

3.1. Introduction

GARCH type processes have become very popular in financial econometrics to model re-
turns of stocks, exchange rates and other series observed at equidistant time points. They
have been designed (see Engle (1982) and Bollerslev (1986)) 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 cannot be modelled
by a GARCH type process without further extensions. This finding led Nelson (1991) to
introduce the exponential GARCH process, which is able to model this asymmetry. In that
paper the log-volatility of the EGARCH(p, ¢) process was modelled as an ARMA(q,p — 1)
process.

Starting with Nelson (1990) continuous time models related to GARCH processes have
been investigated for a long time. As several important characteristic features of GARCH
processes get lost in the originally studied diffusion limits of GARCH processes, Kliippelberg
et al. (2004) introduced the COGARCH process as a continuous time analogue of the
GARCH process, which inherits many of the characteristic features of GARCH processes.
Likewise, Haug and Czado (2007) recently defined and analysed an EGARCH process in
continuous time and Haug (2007) presented first estimation results. Moreover, Haug and
Czado (2006) extended this model allowing for long range dependence using fractionally
integrated processes.

In this chapter we develop a multivariate version of the continuous time EGARCH process
of Haug and Czado (2007). Note that in discrete time matrix exponential GARCH processes
have for the first time been studied by Kawakatsu (2006) in a truly multivariate sense,
whereas before only the variances, but not the whole covariance matrix, have been modelled
as EGARCH processes (cf. Ostermark (2001), Tse and Hackard (2004) or Yang and Doong
(2004) for some typical examples).

In our EGARCH specification we model the logarithm of the covariance matrix process
as a CARMA process in the symmetric matrices using the multivariate CARMA processes
introduced in Chapter 2. Taking the exponential then automatically ensures positive def-
initeness of the covariance matrix process. The standard mathematical fact that the ex-
ponential of a symmetric matrix is positive definite seems to have been used only very
rarely in order to model covariance matrices so far (the recent paper Kawakatsu (2006), for
instance, does not credit any references for this idea). To the best of our knowledge the
first appearance in the statistics literature is Chiu, Leonard and Tsui (1996).

This chapter is organized as follows. At the end of this section some notations used
throughout the chapter are given. In Section 3.2 we first introduce a general specification
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of the discrete time multivariate EGARCH process and propose two ways of modelling
asymmetric behaviour in the vectorized log-volatility process. Afterwards we recall some
basic facts on multivariate Lévy processes and on the multivariate Lévy-driven CARMA
process, as defined in Chapter 2. We further give a sufficient condition for the existence
of the a-th exponential moment of a CARMA process. In the first part of Section 3.3 the
multivariate exponential continuous time GARCH process (ECOGARCH) is defined and
stationarity conditions are discussed. In the second part we show a strong mixing property
of the volatility and the return process and shortly consider the mean and autocovariance
function of the return process. In the last section it is shown that for an ECOGARCH(1,1)
process there exists a sequence of EGARCH(1,1) processes converging to the ECOGARCH
process in a strong sense, viz. in the Skorokhod topology in probability. To this end we give
a multivariate and infinite time extension of the first jump approximation of a Lévy process
presented in Szimayer and Maller (2007) and show that it satisfies an important general
condition of Kurtz and Protter (1991) regarding the convergence of solutions of stochastic
differential equations.

3.1.1. Notation

Throughout this chapter we write RT for the positive real numbers including zero, R*+
when zero is excluded, and we denote the set of real m x n matrices by M, ,(R). If m =n
we simply write M, (R) and denote the group of invertible n x n matrices by GL,(R), the
linear subspace of symmetric matrices by S,,, the (closed) positive semi-definite cone by
S;" and the open (in S,,) positive definite cone by S}*. I, stands for the n x n identity
matrix, det(A) for the determinant and o(A) for the spectrum (the set of all eigenvalues) of
a matrix A € M,(R). Moreover, vech : Sg — RU4T1D/2 denotes the “vector-half” operator
that stacks the columns of the lower triangular part of a symmetric matrix below another.
Finally, A* is the adjoint of a matrix A € M, (R).

Norms of vectors and matrices are denoted by || - ||. If the norm is not specified then it
is irrelevant which particular norm is used.

The exponential of a matrix A is denoted by exp(A) or e? (see Horn and Johnson (1991,
Ch. 6) for a detailed discussion). Recall that for symmetric matrices it is defined by
functional calculus and it holds that

© 4k
exp(A) = %

k=0
From functional calculus it is immediately clear that the matrix exponential maps the
symmetric d X d matrices to the positive definite ones. Likewise, we can define the logarithm
log : SZ{+ — S4 by functional calculus and log is the inverse function of exp : Sy — SZIF+.
Moreover, we denote by A'/2 the unique positive semi-definite square root of a matrix
Aes].

For a matrix A we denote by A;; the element in the i-th row and j-th column and this
notation is extended to processes in a natural way.

Regarding all random variables and processes we assume that they are defined on a given
appropriate filtered probability space (Q,F, P, (Fi);cr+) satisfying the usual hypotheses
(complete and right continuous filtration). LP denotes as usual the space of all random
variables with a finite p-th moment, i.e. all random variables X with E(||X||P) < oo in a
multivariate setting.

The indicator function of some set A is denoted by 14. A sequence (z,)nen in a normed
space is called an ¢1-sequence if Y ||z, | < oco.
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3.2. Related processes

3.2.1. Multivariate EGARCH processes in discrete time

In this section we discuss a multivariate EGARCH model in discrete time providing the
basis for our continuous time modelling. We will throughout use a very general specification
and briefly indicate some possible specifications to be used in practice later on.

Definition 3.2.1 (Multivariate Discrete Time EGARCH). Let d € N, p € Sy, (Bk)ken be
an 0*-sequence in M,,(R) with m = d(dzﬂ), € = (€n)nez an i.i.d. sequence of R¥-valued
random variables with E(e1) = 0 and var(e;) = Iy and f : R? — R™ a measurable function

such that f(e1) € L?. Then the process Y = (Y;)ez with

Y; = exp((u + Hy)/2)eq

and vectorized logarithmic volatility process H = (Hy)ez given by
[e.e]
vech(Hy) = Ouf(er—)
k=1

for all t € Z is called a d-dimensional EGARCH process.

As in the univariate case one usually is less interested in the log-volatility being an
infinitely moving average process, but more in it being an ARMA process. This leads to the
following definition of multivariate EGARCH(p, q) processes, where we refer to Brockwell
and Davis (1991) for the necessary background on multivariate ARMA processes.

Definition 3.2.2 (Multivariate Discrete Time EGARCH(p,q)). Let d,p,q € N,u € Sg,
at, ..., 0, 01, ..., 0y € Mp(R) with m = d(dzﬂ), ¢ = (én)nez an i.i.d. sequence of RY-
valued random variables with E(e1) = 0 and var(e;) = Iz and f : R? — R™ a measurable
function such that f(e1) € L% Suppose oy # 0,8, # 0 and that

det(l —ajz—--- —ay2?) #0
on {z € C| |z| < 1}. Then the process Y = (Y;)iez, where
Yy = exp((n + Hy)/2)e

and the vectorized log volatility H is given by

P q
vech(H;) = Z B f(et—k) + Z agvech(Hy_y)

k=1 k=1
for allt € Z, is called an EGARCH(p, q) process.

So far we have considered a general transformation f of the noise sequence €. Concrete
specifications should be made in such a way that the model exhibits some desired properties,
e.g. a leverage effect. In the univariate case the “standard choice” introduced originally in
Nelson (1991) is

fm) = 0n+~(nl — E(le1]))
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with some real parameters 6, y. This choice allows for a leverage effect, is at the same time of
a simple structure and ensures E(f(e1)) = 0. The logarithmic volatility models put forth in
Kawakatsu (2006) can all be transformed into our above model using appropriate choices of
f. However, all of them lead to functional forms involving only the individual components
€it, © = 1,...,d, of the innovation sequence € and their absolute values |€;| in a linear
manner. In particular, crossproducts of the form ¢; ;€;; do not enter the specification of f.
Dependence on these crossproducts seems, however, desirable, especially when comparing
things to multivariate GARCH specifications. We thus suggest two new possible choices
for f now. The first possible choice

f(n)=6n+T <V€Ch ((7777*)1/2) - F <V€Ch ((616{)1/2))) (3.2.1)

with © € M, 4(R) and I' € M,,(R) is a straightforward multivariate extension of the
standard choice. Note that (nm*)!/? can be interpreted as an extension of the absolute value

to a multidimensional setting and that ((7777*)1/2) = nin;/lInll2 with || - ||2 denoting the
ij

Euclidean norm on R%. The second possibility we suggest is to use a generalized standard
choice component-wise, viz.

f(n) = wvech(g(n) — E(g(e1))) with (3.2.2)
g - R — Sa, (M, M2, s Ma) — (fij(ni,nj)hgi,jgd
Fimismi) = 0pmi + viam| fori=1,2,...,d

f.. iy 1) 7
i (Mi>mj ”\/771'—77]'

)
) = O S| for i = 1,2, ,d, j=1,2,...i—1
) = fji(m,nj)fOI‘iZl,Q,...,d,j:i+1,i+2,...,d

fii(niy i

where 0; ;,v;; with ¢ =1,2,...,d, j =1,2...,7 are real parameters.
The following proposition shows that f as specified in (3.2.1) or (3.2.2) satisfies the
required conditions for EGARCH processes.

Proposition 3.2.3. Let e, be an R*-valued random variable with e; € L? and f : R* — R™
as specified in Equation (3.2.1) or (3.2.2). Then f is well-defined and f(e1) € L>.

Proof. If f is specified by (3.2.2) this follows from an element-wise application of the
Cauchy-Schwartz inequality.
If f is given by (3.2.1) we are free to choose any norm for the proof. Thus we work in

the following with the Euclidean norm || - |2 on R%, resp. R™, and the induced operator
norm on matrix spaces. Elementary calculations give H(elel*)l/QHQ = ||€1]|2, which implies
the well-definedness. Likewise, we use the operator norm | - || induced by these choices for

the vech operator. We have

1f(en)ll2 < [1®llzflexll2 + [ITll2 (HvechH

] s (1))

Using Jensen’s inequality one obtains HE (vech ((6161*)1/2>) H2 < ||vech||E(]|€1]]2). Thus

1 (en)ll2 < ([®]l2 + IT[z[[vechl]) [[ex]l2 + [[Tll2{vech | E([le1 [2)-

Since €; € L? this immediately implies f(e1) € L2. O
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3.2.2. Multivariate Lévy and Lévy-driven CARMA processes

Before defining multivariate ECOGARCH processes in the next section, we briefly review
Lévy processes and multivariate CARMA processes as introduced in Chapter 2.

3.2.2.1. Basic facts on multivariate Lévy processes

We state some elementary properties of multivariate Lévy processes that will be needed.
For a more general treatment and proofs we refer to Sato (1999), Applebaum (2004) or
Protter (2004).

We consider a Lévy process L = (Lt)cr+ (Where Lo = 0 a.s.) in R? determined by its
characteristic function in the Lévy-Khintchine form FE [e““’Lﬂ = exp{ty¥r(u)}, t >0,
where

() = i)~ 5 (0, Cua+ [ () <1 ifu,a) oy (o)) vi(do), we B

R4
(3.2.3)
where the drift v, € R%, Cp, € SJ and vy is a measure on (R% B(RY)) that satisfies

vr,({0}) = 0 and [(||z||*> A 1)vr(dz) < oo. The measure vy, is referred to as the Lévy
R4

measure of L. Here || - || may be any fixed norm (not only the Euclidean one). Different
norms simply correspond to different truncation functions and thus for a given Lévy process
~1, changes when the norm is changed. Implicitly we presume throughout this chapter that
given a Lévy process 7y, is set to the value such that (3.2.3) holds with the currently
employed norm.

It is a well-known fact that to every cadlag Lévy process L on R? one can associate
a random measure Nz on RT x R%\ {0} describing the jumps of L (see e.g. Jacod and
Shiryaev (2003, Section II.1)). For any measurable set B C R x R?\ {0},

Np(B)=t{s>0: (s,Ls— Ls_) € B}.

The jump measure Ny, is an extended Poisson random measure (as defined in Jacod and
Shiryaev (2003, Definition 11.1.20)) on R* x R%\ {0} with intensity measure np(ds,dr) =
dsvp(dx). By the Lévy-1t6 decomposition we can rewrite L almost surely as

Ly =~pt+ By + / x Np(ds,dzx) + liﬁ)l / Ny (ds,dz), t>0. (3.2.4)
£

[[]|=1,5€[0,¢] e<|lz|| <1, s€[0,¢]

Here B is a d-dimensional Brownian motion with covariance matrix Cp, N(ds,dz) =
N(ds,dz) — dsvr,(dz) is the compensated jump measure, the terms in (3.2.4) are inde-
pendent and the convergence in the last term is a.s. and locally uniform in ¢ > 0.

In the sequel we will sometimes work with a two-sided Lévy process L = (L¢)¢er, con-
structed by taking two independent copies (L1 ¢)icr+, (L2,t)icr+ Of a one-sided Lévy process

and setting
L if t>0
L, = 1,t 1 -
_LQ,—t— if t<O.
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Assuming that v, satisfies additionally

HxHQ vi(dz) < oo,
lzl>1

L has finite mean and covariance matrix ¥, given by

Y =Cr + /mx* vr(dz).
R4
For the stochastic integration theory (with respect to Lévy processes and/or random

measures) we refer to the brief overview in Section 2.2.2 in Chapter 2 or any of the standard
texts, e.g. Jacod and Shiryaev (2003), Protter (2004) or Applebaum (2004).

3.2.2.2. Multivariate Lévy-driven CARMA processes

As the name “continuous time ARMA” (CARMA) already suggests, these processes are
the continuous time analogue of the well-known ARMA processes. A d-dimensional CAR-
MA(q,p) process Y with ¢,p € Ny can be viewed as the stationary solution to the formal
differential equation:

Q(D)Y, = P(D)DL,
where L = (L;)ier is a d-dimensional Lévy process and D the differential operator with
respect to t.

Q(z) = 274+ A9+ A2 L+ A

P(z) = Bo’+ Bzt +...+ B,
with By,...,Bp, A1,..., A € My(R), A; € GL4g(R) and By # 0 are referred to as the
autoregressive and moving average polynomial, respectively. In order to be able to define
CARMA processes properly one needs ¢ > p and that the zeros of det(Q(z)) have all strictly

negative real parts. Then the CARMA(q, p) process Y is defined as the unique stationary
solution of

Y, = (I0,...,0)X, (3.2.5)
0 14 0 0
0 0 1y 0
dX;, = : : : : Xydt + BdLy, (3.2.6)
0 0 0o - I
A, A1 —Ap - —A

where 3 = (51,81, ... ,ﬂg)T is a gd x d matrix with elements §,_; = — Zg:_f_l AiBg—j—i+
B,_; (setting B; = 0 for ¢ < 0). The process X is usually called state space representation.
In the univariate case d = 1 the representation by (3.2.5), (3.2.6) can be replaced by

Y; = (Bp,Bp-1,...,Bpqi1) X
0 1 0 - 0 0
0 0 1 - 0 .
dX, = ; ; Lo [ Xdt+ | 7 | dL,
0 0 0 1 2

—Ay Ay —Ags o —Ay
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setting B; = 0 for ¢ < 0. This representation was used in the definition of the univariate
ECOGARCH processes in Haug and Czado (2007).

For CARMA(q,0) processes the equivalence of the two representation for univariate
CARMA processes is clear. In general, the equivalence in L? (i.e. the driving Lévy process
L has to have a finite second moment) has been shown in Theorem 2.3.22 in Chapter 2
using Fourier methods. For CARMA(2,1) processes a proof of the equivalence not needing
a finite variance is presented in Lemma 6.6.1 of Chapter 6.

Later on we need the following result on the existence of exponential moments. By
Ei: R\{0} — R we denote the exponential integral, i.e.

AN 0 k
Ei(z) = / 6Tdt =~ +Inz|+ Z kx 1 for all z € R\{0} (3.2.7)
k=1 '

—0o0
taking the Cauchy principal value of the integral for x > 0 and v being the Euler constant.

Proposition 3.2.4. Let Y be a stationary d-dimensional CARMA (q,p) process satisfying
o(A) C (=00,0) + iR, || - || @ norm on R? and its induced operator norm, a € RT+ and
C,b € RY* such that ||(I4,0,...,0) e8| < Ce™ for all s € RY. If

/” - Ei(aC||z|)vL (dz) < 0o (3.2.8)

then E (eo‘”YOH) < 00.

For all 0 < b < —max(R(c(A))) there exists a C € RYT such that ||(I4,0,...,0)e?[| <
Ce™ holds for all s € RT. If A is diagonalizable this holds also for b = — max(R(c(A))).
Furthermore, (3.2.8) is implied by

/” - eCllzlly; (dz) < oo, (3.2.9)

Proof. Tt is elementary to see (using e.g. the Jordan decomposition of A) that o(A) C
(—00,0)+iR implies for all 0 < b < —max(R(c(A))) that there exists a C € R™ such that
[(14,0,...,0)e28|| < Ce® holds for all s € RT. If A is diagonalizable this also shows
that one can take b = —max(R(c(A))).

From Proposition 2.3.27 of Chapter 2 we know that the stationary distribution of Y
is infinitely divisible. Denote by (yy,oy,vy) the characteristic triplet of the stationary
distribution of Y. Sato (1999, Theorem 25.3) implies that for all & > 0 we have E(e®Mll) <

oo if and only if
/ ey (da) < .
[z =1

Proposition 2.3.27 of Chapter 2 implies
al|lx > « ...,0)es 8z s
/”m||>1e el (dz) :/ /Rde 10,00 Belly 3 (1](14,0, . .., 0)e* Bz| v (dw)ds
/ / el o (@Ce™ ||z (de)ds
Rd
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In(aClz|))/b b
:/ / exCe™ 2l gspy, (da)
z>1/(aC) JO

aCl|z|| ,z
= 1/ / e—dzuL(dx)
b Jje|>1/(ac) 1 z

1
b Ei(aC|z]|) — Ei(1)) vz (da).
benzl/(am( (aCllz]]) — Ei(1)) vp(dz)

Since vy, is a Lévy measure, f||$”>1/(ac) Ei(1)vz(dz) < oo for all @ > 0 and the integral
f||x||>1/(a()) Ei(aC||z|))vr(dz) is finite if and only iff| Ei(aC||z|)vr(dx) < co. There-
fore (3.2.8) is sufficient for E(e*Ml) < oc.

||| =1

From (3.2.7) it follows that for any ¢ > 0 there exists a K(c) € RT" such that |Ei(z)| <
K(c)e® for all x > ¢. This shows that (3.2.9) implies (3.2.8). O
If (¢,p) = (1,0), A is diagonal or unitarily diagonalizable, || - || is the Euclidean norm
and By = I, then one can take b = —max(R(c(A))) and C = 1. So a d-dimensional

CARMA(1,0) process (OU process) with unitarily diagonalizable A has at least as many
exponential moments as the driving Lévy process.

3.3. Multivariate exponential COGARCH

3.3.1. Definition and stationarity

Now we define the exponential continuous time GARCH(p,q) process by specifying the
vech-transformed log-volatility process as a CARMA(q,p — 1) process.

Definition 3.3.1. Let L = (L¢)i>0 be a d-dimensional zero-mean Lévy process with Lévy
measure vy, such that fo”>1 llz||?vr(dz) < oo and associated jump measure Ni. Further-

more, let h: R4 — R™ with m = @ be a measurable function satisfying

[ @)l < o, (33.1)
R4

p,q € Nwithq>p and Ay,...,Aq,Bo,...,Bp—1 € Mp(R) with A; € GLg(R) and By # 0
such that all zeros of the determinant det(Q(2)) of the autoregressive polynomial Q(z) :=
294+ A2 4 Ax292 4+ Ay, z € C, have strictly negative real part.

Then we define the d-dimensional exponential COGARCH(p, q) process G, shortly ECO-
GARCH(p, q), as the stochastic process satisfying,

dGi = exp((p + Hi-)/2)dLy, t>0, Go=0, (3.3.2)

where p € Sq and the vectorized log-volatility process H = (Hy)i>0 s a process in Sq with
mean zero and vectorial state space representation

vech(Hy) = (Ipy,0,...,0)X;, t>0, (3.3.3)
AX; = AX, di+8dM,, t>0, (3.3.4)

with the initial value Xo € Ry, being independent of the driving Lévy process L and

t
M, = / / h(x)Nr(ds,dz), t >0, (3.3.5)
0 JRA{0}
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being a zero-mean Lévy process. The matrices A € Mgy, (R) and B € My m(R) are defined
by

0 Inm 0 0 B
0 0 I, 0 B2
A= : oo L B=
0 0 0 e Iy By—1
—Ag Ay —Age - A B4

with coefficients B,_; = — Zg;{*l Aifq—j—i+ Bp—1—j forj=0,1,...,q—1 (setting B; = 0
fori<0). Ifp=q=1, we have A = —A; and 8 = By.

Then returns over a time interval of length r > 0 ending at time ¢ are described by the
increments of G

G\ =G — Gy = / exp(p+ Hy_/2)dLs, t>1>0. (3.3.6)
(t—T’,t}

Thus this gives us the possibility to model ultra high frequency data, which consists of

returns over varying time intervals. On the other hand an equidistant sequence of such

non-overlapping returns of length r is given by (Gg;) JneN- Such a sequence then corresponds

to a discrete time multivariate EGARCH process Y.

Remark 3.3.2. (a) The condition (3.3.1) ensures that the integral defining the Lévy process
M is indeed well-defined and that M has a finite variance.

(b) The condition that det(Q(z)) has only zeros with strictly negative real part is equivalent
to demanding that all eigenvalues of A have strictly negative real part.

(c) In order for the multivariate CARMA process for the log-volatility to be definable it
would actually suffice to demand that det(Q(z)) has no zero with vanishing real part (see
Remark 2.3.19 in Chapter 2). But the resulting multivariate CARMA process would no
longer be adapted to the natural filtration of the driving Lévy process L. In view of equation
(3.3.2) this adaptedness is, however, clearly desired. Thus we refrain from discussing any
possible extension of the above model in this direction.

(d) After extending the Lévy process (My)icr+ to one defined on the whole real line the
unique stationary version of H can be written as

t
vech(H;) = / (I, 0, ...,0)eA=9) gdn, .

—00

(e) In general one can define a continuous time analogue of the infinite moving average
discrete time EGARCH process of Definition 3.2.1 by

vech(H) = / ft—s)dMs,

with f: RT — M,,(R) being an appropriate deterministic function.

So far we have considered a general transformation h of the jumps of the driving Lévy
process L. Concrete specifications should be made in such a way that the model exhibits
similar properties, e.g. a leverage effect, as in the discrete time case. The choice

h(n) = ©n + I'vech <(nn*)1/2> , (3.3.7)
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with © € M,, q(R) and I" € M,,(R), being the continuous time analogue of (3.2.1) clearly
is always a valid choice, as an inspection of the proof of Proposition 3.2.3 shows. Again it
is notable that this extends the standard choice from the univariate literature.

A choice analogous to (3.2.2) is

h(n) = vech(g(n)) (3.3.8)

with g as in (3.2.2). That [, ||A(2)|*vL(dz) is finite is elementary to see.

Both specifications (3.3.7) and (3.3.8) obviously allow for asymmetric responses to posi-
tive and negative shocks in the logarithmic (co)variance components. For p = ¢ and (3.3.8)
the instantaneous leverage effect for the variance components can be shown as in Haug and

Czado (2007, Proposition 5.5).

Proposition 3.3.3. Let H and G be as in Definition 3.3.1 with h satisfying (3.3.1).
If the eigenvalues of A all have negative real parts and Xo has the same distribution as
Jo° e BdM,, then X, H and exp((u+ H)/2) are strictly stationary.

Proof. The strict stationarity of X, vech(H) follows from Theorem 2.3.12 in Chapter 2,
because X is the state space representation of a CARMA(q,p — 1) process. Since strict
stationarity is invariant under continuous transformations, exp((u + H)/2) also has this
property. O

From (3.3.6) it follows directly that the increments (Gg}) Jneny of G are stationary if
the volatility exp((u + H)/2) is stationary, since the increments of L are stationary and
independent by definition.

Corollary 3.3.4. If exp((u + H)/2) is strictly stationary, then G has strictly stationary
increments.

Remark 3.3.5. If ¢ > p+ 1 the log-volatility process is continuous and (¢ —p — 1) times
differentiable, which follows from the state space representation of vech(H) (cf. Proposition
2.8.82 in Chapter 2). In particular, the volatility will only contain jumps for p = q.

3.3.2. Mixing and second order properties

Mixing properties (see Doukhan (1994) for a comprehensive treatment) are useful for a
number of applications. In particular for asymptotic statistics, since consistency results and
central limit theorems exist for mixing processes. Thus we will derive mixing properties
of the strictly stationary volatility process and the return process. First we recall the
definition of strong mixing, which is also called a-mixing for a process with continuous
time parameter.

Definition 3.3.6 (Davydov (1973)). For a process Y = (Ys)s>0 define the o-algebras
‘7:[10/,u] = o((Ys)seo) and .7-"[35“700) = 0((Ys)s>utt) for all w > 0. Then Y is called
strongly or a-mizing, if

at) = Sl;lio)a(f[)(;u},f[ZH,oo))

i= sup sup{|P(ANB) — P(A)P(B)|: A€ Fy,;,BE€ T} 100} — 0,
u>0 ’ ’

ast — 00.
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Above we denote by o (-) the generated completed o-algebra. The strong mixing property
with exponential rate of the log-volatility and volatility process is the subject of the next
proposition. Here strong mixing with exponential rate (exponential a-mixing) means that
a(t) decays to zero exponentially fast for t — oco.

Proposition 3.3.7. Let vech(H) be defined by (3.3.3) and (3.3.4). Assume that the eigen-
values of A all have negative real parts and Xg has the same distribution as fooo e BdM,,,
hence H and exp(u + H/2) are strictly stationary. Then there exist constants K > 0 and
a > 0 such that

ag(t) < K-e ™ and Qexp(utH/2) (1) < K- e, as t— oo,

where ap (t) and aexp(r/2)(t) are the a-mizing coefficients of the log-volatility and volatility
process, respectively.

Proof. Since vech(H) is a CARMA(q,p — 1) process the result follows from Proposition
2.3.34 of Chapter 2 and the fact that a-mixing is preserved under continuous transforma-
tions. U

Theorem 3.3.8. Assume that L is a Lévy process with E(||L1|?) < oo. Let the log-volatility
process H be strictly stationary and strongly mixing.

Then for all v € R*+ the discrete time process (G )nen,
G =Gy — G-ty = / exp(p+ Hs—/2)dLgs,n € N,
((n—1)r,nr]
1s strongly mixing with exponential rate and ergodic.
Proof. We define the process X with values in (S;)? by

N, = (exp(u + vech ' (X/)/2),... ,exp(u + vech ™' (X{)/2)),

where X; = (X},...,X/)*. Then X is a Markov process and we can define the
gm-dimensional process

Gﬂ::/ N,_dLs,n € N.
((n—1)r,nr]

Now the rest of the proof works along the lines of the proof of Haug and Czado (2007,
Theorem 3.10). O

Corollary 3.3.9. Let (tn)nen, be a strictly increasing sequence of observation time points

with lim, oo t, = 00 and t, = kyc for all n € Ny, where k, € Ny and ¢ > 0. Then the

discrete time process (Ggf”))neN,

G =Gy — Gy,

with Ay, = t, — tp_1, is strongly mizing with exponential rate.
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Proof. Simply expand the grid of observation times to an equidistant one with step size c.
Then clearly

G(A) G(e) G(A.) G(e)
Fio..0 CFio e and Flippga,. CF

1250y k+l/cvtk+l+1/cv"' ’
where .7-"102(5'.) ; is the o-algebra generated from the random vectors G,&Al), . ,GglAl) and the
other o-algebras are defined analogously. An application of Theorem 3.3.8 then provides
the result. O

Now we derive the second order moment structure of the return process

Gﬁ”) = Gt—Gtr:/ exp(pu+ Hs—/2)dLs t>r>0,
(t—m,t]

considering only the case of a strictly stationary volatility process.

Proposition 3.3.10. Let L be a Lévy process with E(L1) = 0 and E(||L1||?) < oo. Assume
that the log-volatility process H is strictly stationary and E(||exp(u + Hy/2)||) < oo. Then
E(||G¢]|?) < oo for all t > 0, and for every t,h > r > 0 it holds that

EG" = 0
BGG)) = [ Blexplit He [DB(LY expln + He/2)ds
COV(GIET), GE:_)h) = 0.
The results follow analogously to the univariate case in Haug and Czado (2007, Propo-

sition 5.1). Note that the second order moment structure of H is clear from Chapter 2,

whereas for the volatility exp(u + H) and the “squared returns” Gy)(Ggr))* the formulae
obtained in the univariate case are already not explicit. Thus we refrain from stating them
in our multivariate setting.

Regarding the finiteness of “exponential moments” of H needed above we have the fol-
lowing result.

Proposition 3.3.11. (i) Let || - ||« be an algebra norm on Sy and the ECOGARCH log-
volatility process H be strictly stationary. Then

BE(ere2lfilley < oo with ay,ay € RTF (3.3.9)
implies
B (|| explon (u + H))|2) < oc. (3:3.10)
(ii) Let moreover C € R™ be such that
sup {Hvech*1 ((Im,O...,O)eAsﬁx) H*} < Ce b

z€R™ |lvech™!(z)|l.=1

for all s € RY and some b € RT™™. Then (3.3.9) is in turn implied by

/ Ei (e aaC||[vech ™ (h(z))|+) vi(dz) < oo
z€R?,[lvech ™ (h(x)) ]|« >1

or

/ exp (aqasC|lvech™ (h(z))|+) v (dz) < oc.
z€RY||[vech ™ (h(2)) ]|« >1
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Proof. (i) Since || - || is an algebra norm, | exp(ay(u+ Hy))||22 < etrezllmlgarezlifills  This
immediately shows (i).

(ii) The second part follows from Proposition 3.2.4 using the norm || - || = |[vech™}(-)|«
on R™ and the definition of M implying vys(dxr) = v (h~!(dz)), because vech(H) is an
m-dimensional stationary CARMA process. O

3.4. Approximation of ECOGARCH(1,1) processes by
EGARCH(1,1) processes

In this section we show that for any multivariate ECOGARCH(1,1) process where the
driving Lévy process L has a vanishing Brownian part there exists a sequence of piecewise
constant processes determined by discrete time multivariate EGARCH(1,1) processes which
converges in probability in the Skorokhod topology (see Billingsley (1999) or Jacod and
Shiryaev (2003, Chapter IV) for a comprehensive introduction) to the ECOGARCH(1,1)
process. This result is also new in the univariate case and should be especially useful for
statistical purposes (cp. Maller, Miiller and Szimayer (2006)).

For a complete and separable normed space (E,| - ||g) denote by Dg the set of all
functions f : Rt — E that are right continuous and have left limits. Let further A be
the set of all time change functions, i.e. all continuous and strictly increasing functions
A RY — RT that satisfy A\(0) = 0 and lim;_ A(t) = co. Denote by ep+ the function
R* — RT, ¢+ t and by [|z|| g [a,p) = SUDte[ap) [|2(t)| £ for z € Dp. A sequence (zn)nen in
Dp converges to € Dp in the Skorokhod topology if there exists a sequence (Ap)nen in
A such that (An)nen converges uniformly to e+, i.e. limy, oo [ Ay — er+ [|r+ [0,00) = 0, and
(%5 © An)nen converges uniformly on compacts to z, i.e. limy, .o [|Tn 0 Ay — 2| g, [0,5) = O for
all N € N. In particular uniform convergence on compacts of (x,)nen implies convergence
in the Skorokhod topology. A separable (yet not complete) metric inducing the Skorokhod
topology is given by

dp(x,y) = )i\relf\dA,E(x,y) for z,y € Dg (3.4.1)

where
<1 . .
i p(2.9) = I = el oo + 3 g i 1sup fa(minn, A©) = ylain(n. 1))
n=1 =n

see e.g. Kurtz and Protter (1996). For equivalent norms on E the above definition leads to
equivalent metrics on Dg. As we are only considering finite dimensional normed spaces F in
the following it is irrelevant which particular norm on E we use, we may even switch between
different norms to use the most convenient one. Convergence of a sequence (X (™), cy of
FE-valued cadlag random processes, i.e. random variables in Dpg, in probability in the
Skorokhod topology to a cadlag random process X means for us in the following that
plim,,_, . dr(X () x ) = 0 with plim denoting the limit in probability. Again we note
that uniform convergence on compacts in probability (ucp convergence, cf. Protter (2004,
Chapter I1.4)) obviously implies convergence in the Skorokhod topology in probability and
that in a metric space convergence in probability is metrizable (follows e.g. by replacing
the absolute value with the metric in Loéve (1977, p. 160 (3), p.175 9.)).

In the following we presume that each of the appearing spaces S,,, R™, M,,(R) with n € N
and products of such spaces are equipped with some norm. For the in the following necessary
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theory from stochastic analysis we refer to Protter (2004). Now we can state our main
theorem of this section where again m := d(d + 1)/2.

Theorem 3.4.1. Let (G, X) in R x R™ be a d-dimensional ECOGARCH(1,1) process G

and its associated vectorized log-volatility process X = vech(H) with initial value (Go, Xo).
Assume the driving Lévy process L has no Brownian part and let (tgn))iENO for each n € N
be a strictly increasing sequence in RT with t(()n) = 0 and lim;_ tgn) = 00. Defining
6 = SUpP;en {tgn) — tgﬁ)l} assume that lim,, ., 60 = 0.

Then there exists for each n € N a function h, : R x Rt — R™ and a sequence of

independent random variables (egn))leN in R with finite variance and E 65 )) =0Vi,n eN

such that h, e 7, t;7 —t:_ as finite variance, E | hy, t =0 an
plim,, g, gm <(G(”),X(")), (G,X)> =0, (3.4.2)

where for each n € N the process (G, X)) in RY x R™ is defined by

(G, X$) = (Go. Xo), (3.4.3)

GEZL)) GEZL)) + exp <<,u + vech™! ( bt >> /2> (3.4.4)
i—1 —

(n) _4(n)
Xt((rfl)) = eA<ti fia ) n) + Bhy, < (n) t(n) t(n ) for alli € N and (3.4.5)
T 1 1
(G x ™y (Gvg X0 ) fort e (1 €M) e N. (3.4.6)
i—1 i—1

The sequence (egn))ieN can be chosen to be i.i.d. provided tl(-n) — (n) =6 for all i € N.
If h is continuous h,, can be chosen such that the sequence offunctzons h, : RIxRT — R™

satisfies
n <zt§ ™) _ g ) H}) (3.4.7)

for all compact K C R, If h is uniformly continuous, h, can be chosen such that (3.4.7)
holds with R? instead of K .

lim (sup sup {

n—00 \zeK ieN

When the time grids are equidistant, i.e. tgn) - tgﬁ)l =6 for all s € N, and (egn))ieN is

chosen i.i.d., then the increments (G(ZL)) — G(ZL)) > =: (Yi(n)> of G™ are a discrete
t; ti-1/ ieN 1eN

time multivariate EGARCH(1,1) process with associated vectorized log-volatility process
<X () > =: (Vech(Hi(n)))' N (apart from the fact that var (én)) = I, will usually
iEN e

not be satisfied). We allow for a non-equidistant grid as this may be useful when having
irregularly spaced data (cf. Maller et al. (2006)).

We will prove this result in several steps now using the first jump approximation of a
Lévy process introduced in Szimayer and Maller (2007) and the theory on the convergence
of stochastic integrals and differential equations to be found in Kurtz and Protter(1991,
1996). As similar techniques should be useful elsewhere as well, we state several results in
a general manner below.
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It should be noted that there is an immediate extension to ECOGARCH(p, q) processes
with orders p,q where ¢ > 1. However, the approximating piecewise constant processes
are no longer essentially discrete time multivariate EGARCH processes. Furthermore, it
is clear that the result remains valid when considering the processes only on a finite time
interval [0, 7] and looking at partitions (tz(n))ie{l,Q,...,N(")} of this interval with N € N.

We start by giving a d-dimensional and infinite time extension of the first jump approxi-
mation for a general Lévy process presented in Szimayer and Maller (2007) and a refinement
of it for a Lévy process with zero mean. Below the infimum over an empty set is taken to
be 0o as usual. Recall below that for a given Lévy process its drift v, is defined such that

(3.2.3) is satisfied with the currently employed norm.
Theorem 3.4.2. Let L be a d-dimensional Lévy process with no Brownian part, drift vy,
and Lévy measure vy. Further let (m("))neN be a positive sequence, which is bounded by
1 and monotonically decreases to 0, and (tgn))ieNO be for each n € N a strictly increasing
sequence with tén) =0 and lim;_ tl(n) = 0o. Setting 6 = SUp; N {tl(n) — ty_l)l}, assume
further that lim, 6 =0 and

2
tim ) (v, (7)) =0, (3.4.8)

n—oo

where JM := {z € R?: ||lz]| > m(™}.
(a) Define for alln € N

1 i - 21 (de),
m(m) <|z]|<1

O inf{¢ : tgl)l) <t< tgn), |ALy| >m™}  foralli €N,

7 —

LV =Mt N AL forteRY, LM = (L")epe,

1€N: Ti(n) <t
LY=L, foraite 1Y), i e N, L0 i= (L) e
1—1
Then it holds that )
L™ = L in ucp as n — oo (3.4.9)
and
plim,, ., dga(L™, L) = 0. (3.4.10)

(b) If L has finite expectation and E(L,) =0, define L") = (Lgn))teRﬁ» by setting
() ()

v (J)

n n 1
L = > 1(0,00) (73 ))ALT@) -
ieN: t{™ <t

/J(n) zvr(dx) | . (3.4.11)

Then
plim,, . dra(L™, L) = 0. (3.4.12)
and E (Lgn)) =0 for allt € R" as well as E <AL£ZL))> =0 for alli € N and each n € N.

(c) Provided E(||L1||?) < 0o, it holds that E(|L{™(2), E(|L™|12), E(IL™|?) as well
as E(|ALM™M|2), E(|AL™|12), E(|AL™)|2) are finite for all t € RT and n € N.
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() 4(n)

The definition of Ti(n) above means that it is the first time in the grid interval (¢,°,¢;"]

at which L has a jump bigger than m™ in norm. If there is no such jump, Ti(n) = 0.

L™ approximates the Lévy process L by a drift and the first jumps of size greater than
m(™ in the grid intervals. Since the jumps are left at their original time, we obtain ucp
convergence. In the approximation L(™ both these jumps and the increment caused by
the drift are shifted to the grid points, so that L(™ is constant in between the grid times.
Due to shifting the jumps we obtain only convergence in the Skorokhod topology. Finally,
the approximation L™ is a modification of L(™ when L has a finite and vanishing first
moment. It ensures that also the approximation has a vanishing mean, as it will often be
desirable to reproduce this property of L.

Proof. (a) An inspection of the proof of Szimayer and Maller (2007, Theorem 3.1) shows
that it immediately generalizes to our multivariate set-up with no upper bound on the jump
sizes and no binning of the jump sizes. This proves (3.4.9) which implies

plim,, . dga(L™,L) = 0.

Using the time change A which is the obvious extension to [0,00) of the time change em-
ployed in the proof of Szimayer and Maller (2007, Theorem 3.2) and arguments analogous
to theirs give dga(L™, L) < d)\,Rd(f/(n), LMY <60 4+ 0(V/6(M) = 0 as n — oo a.s. The
triangle inequality thus establishes (3.4.10).

(b) Assume now E(L;) = 0. Then E <L£n)> =0forallt € R as well as F <AL£ZL))> =0

i

for all 2 € N and each n € N follows from

.y (J(n))(tgn)_tz(@l)
(n) _l—e o
E <1(0,oo) (7; )ALT}”)> = . (J(n)) /J(n) zvy(dz).

Since E(L1) = 0, we have v, = — f”m”>1 zvr(dz). Hence, straightforward calculations give
for all t € RT

IL&™ - L)

(1) (142

— Z 1—c¢ — (J(n))

ieN: t{™ <t

<tc™,

avr(dx) — (tﬁn) — tg)l) / avr(dr)
Jm) J()

where

o (g (J0) V)" (50 (k-2

c = +/§(n) / d
. |2[|v( w)kz T

=1

Since (3.4.8) and E(||L1]|) < oo imply that V6™ [, ||z|lvr(dz) and v (J)V6(M) con-
verge to zero as n — 00, we have lim,, o, C™ = 0 and hence lim,, o, || L(™ — L IR j0,7] =
0 a.s. for all T € R*. Combining this with (3.4.10) shows (3.4.12).
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Finally, (c) is easily seen using

1 (T (7 -4)

. * — *
E (1(0700)(TZ)ALTi(n) <ALTi(n)> > o (J(n)) /J(n) xx*vr(dz),
since E(]|L1|?) < oo is equivalent to the finiteness of [, [|z?vL(dz) or of all components
of [paza*vy(dz). O

The next Lemma shows that when one of the sequences (6(),eyn or (m(™),cy is given
one can always choose the other one such that (3.4.8) holds.

Lemma 3.4.3. Let L be a Lévy process in R®. Assume that (5(n))neN s a monotonically de-
creasing sequence in RYT with lim,_o 6 =0 or (m("))neN s @ monotonically decreasing
sequence in R with lim,—.com™ = 0 and m(™ < 1¥n € N, respectively. Then a monoton-
ically decreasing sequence (m("))neN in RY with lim,_,eom™ = 0 and m™ < 1¥n e N or
a monotonically decreasing sequence (5(n))neN in RYT with lim,,_o0 60 = 0, respectively,
can be chosen such that (3.4.8) is satisfied for all norms || - ||.

Proof. We have that [, min(||z|/?,1)v(dz) < oo for all norms | - ||, because vy, is a Lévy
measure. Thus lim,, o 8™ v (J™\U(0)) = 0 for all norms where Uy (0) denotes the open
ball around zero with radius 1 and J™ = {z € R?: ||z|| > m(»}. Moreover,

m(n)2uL(J(")ﬂU1(O))§/ HxH?yL(dx)S/ 22w (dz) < oo.
J(MNU(0) U1(0)

This implies that (3.4.8) holds if 6 = o ((m("))4>. Hence, the lemma is shown by choosing
for instance m(™ = (5("))1/5 Al or 6 = (m(”))5, respectively, for all n € N. O

Next we show that the first jump approximation of a Lévy process has uniformly con-
trolled variations (UCV) which is important, as it ensures convergence of stochastic inte-
grals and solutions to stochastic differential equations (cf. Kurtz and Protter (1991, 1996)).
Equivalently one could use a condition called “uniform tightness” (cf. Jacod and Shiryaev
(2003, Section IV.6) or Kurtz and Protter (1991, 1996)). This shows in general that the
solution of a Lévy-driven stochastic differential equation can be approximated arbitrarily
well in the Skorokhod topology in probability by replacing the driving Lévy process with
its first jump approximation provided the additional technical assumptions of Kurtz and
Protter (1991, 1996) or Jacod and Shiryaev (2003, Section IX.6) are satisfied.

In the following we need to transform any semi-martingale to one with bounded jumps in
a suitable way. To this end we define for a semi-martingale Z and x € RT™" U {oo} the semi-
martingale Z*] by setting Ztm = Zt — Y ges<t Tr(AZg) with 74(2) := max(0,1 — k/||z||)2
for finite x and Z[*°l = Z. Furthermore, for a finite variation process A we denote by
(TV(A)t)ier+ the process giving the total variation of A over the interval [0,¢] for t € Rt
and for a d-dimensional martingale M = (Mj, My, ..., My)* the quadratic variation [M, M]
is understood to be defined by [M, M]; = Z‘ijzl[Mi, M.

Definition 3.4.4 (Kurtz and Protter (1991)). Let (Z™),en be a sequence of semi-martin-
gales in R each defined on its own filtered probability space (Q(”),}"(”),P("), (ft(n))teR‘F)
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satisfying the usual hypothesis. If there exists a k € RTTU{oo} such that for each o > 0 and
n € N there exist (fén))—local martingales M), (.E(n))—adapted finite variation processes
A™ inRY and (.E(n))—stoppmg times T satisfying (Z™)F = M) 4 A0 - p)(7e) <
a) < (1/a) and

Slelg Epwm) ([M(n)’M(n)]min(t,T("va)) + TV(A(n))min(t,T(n,a))) < o0 (3.4.13)

for all t € RT then the sequence (Z (n))nEN is said to have uniformly controlled variations
(UCV).

In the following our processes are defined on the same probability space, but the filtrations
are different.

Theorem 3.4.5. Let L be a d-dimensional Lévy process without a Brownian part and
(LM™)en the first jump approzimation of Theorem 3.4.2 (a). Let (ft(n))teR be for each
n € N the completed filtration generated by L™ . Then the usual conditions are satisfied
and L™ is for each n € N a semi-martingale on (Q,F, P, (ffn))teR). Moreover, (L), ey
has UCYV.

If L has finite mean and E(L1) =0, let L™ be the first jump approzimation of Theorem
3.4.2 (b). Then L™ is for each n € N a martingale on (2, F, P, (ffn))te]g) and (L), ey
has UCYV.

Proof. (1) Since L™ is piecewise constant, it is clear that (f,fn))te]g is right continuous.
Thus the usual conditions are satisfied. The semi-martingale property is also immediate. To
see that also L™ is a semi-martingale with respect to this filtration, provided E(L;) = 0,
it suffices to note that L™ — L( is a deterministic process of finite variation on compacts.
That L(™ is even a martingale is then straightforward as the jumps have zero expectation
and are independent of the past.

(2) We now show UCV for (L(™),cn.

Choose k € (2,00) such that

G CRETRY
k/2 > sup {5(")”7(")“} +1 and k/2 > sup / avr(dx)
neN i,;neN v, (J) g
where Jo(n) = J™ N {z: ||z|| < 1}. The finiteness of the first supremum is a consequence

of (3.4.8) and the finiteness of the second one follows from
(0 (60—
vi, (J™) /Jén) wvr(dr)

k
oo \/5(n)yL(J(n)) (5(n))(k+1)/2
< Vo (15) Y ( k +)1|

k=0

1—

for all ¢,n € N, since the right hand side goes to zero as n — oo.
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Define (Mt(n))teR+ by

Mt(n) —
o () (1 =)

vn (J) /J<n> wvi(dz)

0

1—e

> | tow @™o IAL 0 DAL o ~
ieN: t{™ <t

and (AM™);cq+ by

A= 3 <1(o,oo) (7 i(n))l(l,oo)(HALTi(n) DAL e+ (tgn) - t?ﬂ))

ieN: 1M <t
—un () (1 =1

vr, (J) /ng wVL(dm)> :

where 7. (2) = & — 74 (). Then M is a (ft(n))—martingale with expectation zero and A™)

1—e
+

a (]:t(n))—adapted finite variation process for all n € N. By the choice of k we have

(LN = a4 g,

tEn) tgn) ’

Since [M™), MO], = 3 o _, <AM(")> AM™ | it follows that

E <[M("),M(")]t) = Z E (1(0,00)(%(”))1(0,1](||ALTi<n>\|)(ALTi(n>)*ALTi<n>>
ieN: ™ <t

o (JO0) (60— ) 2

1 — € *
_ Z o (J(n)) /J(g") ¥ (dx) /Jé") zvr(dz)

ieN: ™ <t
< Z E (1(0,00) (Ti(n))l(o,l](llALTi(n) H)(ALTE"))*ALT@)
ieN: M <t
o)
_Z‘EN%)Q vr, (J™) /Jén)m zv(dx).
Denoting by || - ||2 the Euclidean norm and using the elementary inequality 1 —e™" < « for

all x € R™, this implies

sup E(IM™ M™],) < ¢ / l|z)|2vL (dz) < oo (3.4.14)
neN lzl|<1

for all ¢t € R. Note that the appearance of the Euclidean norm here does not imply that
the Euclidean norm is also used elsewhere, e.g. in the definition of J™ ie. |- || is not
necessarily || - ||2.
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Turning to A™ we have that
T <1(0’OO)(Tl(n))l(l,oo)(HALTZ(")H)ALTZ(H)) H + H’YLH (tgn) _ tgﬁ)l)

) (4 _ym)
1- eiyL(J( ))(ti 7ti71) (n) (n)
* v, (J™) a <ti B ti*) /J(gn) wvi(dr)

for all i,n € N. The inequality is immediate provided

1AAD)| <3

¢

10000 (7™ 10,00 1AL ) DAL oy +9® (1 =) < 5 and

1000 10,00 IAL 0 DAL | < w.

Otherwise the choice of x ensures Hl(o,oo) (Ti(n))l(l,oo)(||ALT§n)H)ALT@) > /2 and that

HAAEZL)) < (3/2)k which implies the validity of the inequality. We have
—up (I t.")ft(.")>
1 (- (n) _ () () ((m) _ ,(m)
- t."—t.") do)|| < ¢ (t" _t‘")
v, (J) (l -t /Jé") v (do)|| < Oy (t; i1
with

o (g (J0) V)" (00 (k-2

= Vv () Y
k=1
which converges to zero as n — oco. Hence,

t
TV(Am))th,// min(umu,n)NL(ds,dx)H(ymyusup{cin)})
0 Jlaf>1

neN
and thus

sup E <TV(A(”))t) (3.4.15)
neN

= (3/ win([ ] m)vr () + || + sup {Ci"’}> -
Jel>1 et

for all t € RT.

Combining (3.4.14) and (3.4.15) and choosing T(® = a + 1 for all n € N and a € R+
shows that (L(™),cy has UCV.

(3) It remains to verify that (L), cn has UCV, provided L has a finite expectation and
E(Ly) = 0. The arguments presented in the proof of Theorem 3.4.2 (b) imply that

TV (L™ — L), < c™¢,

for all n € N and ¢t € Rt with lim,,_,oo C = 0. This immediately shows that (L(") —
I_/("))neN has UCV. As (L(”) — I_L(”))neN and (I_/("))neN converge in probability in the Sko-
rokhod topology, Kurtz and Protter (1996, Theorem 7.6) ensures that both sequences are
uniformly tight. Property 6.3 on page 377 of Jacod and Shiryaev (2003) therefore implies
that (L(™),ey is uniformly tight and so Kurtz and Protter (1996, Theorem 7.6) shows that
it has UCV. O
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After these preliminaries we can proof our theorem on the convergence of discrete time

EGARCH(1,1) processes to a ECOGARCH(1,1) process.

Proof of Theorem 3.4.1: Let || - || be a norm on R*™™. We have that the joint process
L = (L, M)} _ga is a Lévy process in R4 with

A N B NIy A G A P

[l (z*,h(z)*)* | [l (z*,h(z)*)*|>1

for all t € RT with v, = — f||(:v*,h(:v)*)*||>1 zvr(dz) and vy = — f||(:v*,h(:v)*)*||>1 h(z)vr(dz).
Here we used that v,(W) = vi(f~1(W)) and Np(ds, W) = Ny (ds, f~1(W)) for all Borel
sets W C RT™*™ where f : RY — R™ g (2%, h(z)*)*. It is clear that L has a finite
expectation and E(L;) = 0.

First Step: Choice of noise sequences €™ and functions hy,
Choose a sequence (m(™),cy such that (3.4.8) is satisfied for v, noting that the existence
is ensured by Lemma 3.4.3. Let (L(),eny = ((LM)*, (M)* ) be the first jump ap-
proximation to L as given in Theorem 3.4.2 (b). Hence, plimn_,oode+m(L("), L) = 0 and
due to Theorem 3.4.5 (L), cy has UCV.

Set

0 AL _

o = L(0,00) (Ti(n))ALT(n) + 7]({;) for all i,n € N (3.4.16)

with
1— efl’L(J(n))ng)*tEi)l)

vy, (J(")) J(n)

7 =-

zvr(dz), (3.4.17)

where JW = {z € R?: ||(z*, h(z)*)*|| > m(™}. Then by construction (egn))ieN is for each
n € N a sequence of independent random variables having finite variance and zero expec-
tation (cf. Theorem 3.4.2 (b), (c)). If tz(n) - tgﬁ)l = 6 for all i € N then ’y(LnZ) does not

depend on ¢ € N and (egn))ieN is i.d.d.
Moreover,

AM% =h <1(o oy ()AL <n>> + 71(\2‘) = hy, (eE"),tE") - t§’i)1> (3.4.18)

for all i,n € N, with

AR CRETEY

(n) _ 1—e
Vari = Q) . h(z)vr(dzx) and (3.4.19)
hy i RYx RT — R™, (3.4.20)

L ()t )Y
(z,t) — h (z + W /J(n) qu(dm)> — W /J(n) h(z)vr (dx).

Theorem 3.4.2 (b), (c) ensures that h, (egn),tgn) - tgi)l) has a finite variance and zero

expectation for all i,n € N.
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We have that lim,, .o sup;ey {ny](&)ZH} = 0 and limy, .o SUp;cy {H’Yén) H} = 0. From this

1
it is easy to see that (3.4.7) holds with R instead of K if h is uniformly continuous. If h
is only continuous (3.4.7) follows along the same lines noting that any continuous function
is uniformly continuous on compacts.
Second Step: Convergence to the ECOGARCH
Define the processes S in R™ by S; = (1,1,...,1)*¢ for all t € RT and (Xt(n))teRJr for all
n € N by

x{" = X,

~ (n) _,(n) )

X = A %)X;(j)) + Bhy, <e§”>, £ _ t§2)1> for all i € N and
i i—1

IO
£, = At0) Xt({;))l for t € (™), ¢, i e N.

Below Oga denotes the zero in R,
Then the joint process (X () ) A g ) satisfies the stochastic integral equation

XE(”)) X t o
L | O | L [ p ( X@) al . (3.4.21)
M(”) O]Rm 0 s s
t S
S, O )
with
OMm,d(R) /8 Aﬂf
F:R"™ — M T 00 (@) Ontypn(®)
: — May3m,drom(R), z — ’
0ru®)  Am O, (R)
0y a®)  Onin(R) I,

Obviously F is globally Lipschitz and hence the stochastic integral equation (3.4.21) has a

unique global strong solution. Here we are implicitly using the filtration (]:t(n))teR for each
n € N as defined in Theorem 3.4.5.
Likewise (X, L, M, S) is the unique solution to the stochastic integral equation

Xi Xo I
Ly Oga ! °
= B[+ / F(X,)d | M,]. (3.4.22)
M, Opm 0 s
S, Ogrm °

We have that
plim,,_cdzasan (L)), (M), 8%)", (L7, M7, 8)") = 0
follows from plim,,_,  drdtm (L("), L) = 0. Moreover, the fact that L™ has UCV implies

that ((LM)*, (M™)*, S*)* has UCV. Hence, Kurtz and Protter (1991, Corollary 5.6) shows
that

plim,, , dgd+sm <((j((n))*’ (LM)*, (M(n>)*,S*) (X*,L*7M*7S*)*) =0, (3.4.23)
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noting that Kurtz and Protter (1996, Example 8.2) ensures that F' satisfies the necessary
technical conditions (alternatively one can use Jacod and Shiryaev (2003, Theorem 1X.6.9)).

Setting F(X(™) = (F(X't("))> et @ continuity argument gives that
te

*

DI ey Ryt ([FCXO), (007, (a ), 87) ] [F(X), (27, M7, 8] ) = 0

and therefore a combination of Theorems 7.7, 7.10, 7.11 of Kurtz and Protter (1996) implies
that ((X<n>)*, (L)Y*, (MM)*, s*) has UCV.
neN

Next we observe that for all T € Rt

sup HXt(") — X’t(")H < sup |le* —I,]|, sup H)E't(")H , (3.4.24)
t<T s€[0,6(m)] t<T
where || - ||« is the operator norm induced by || - ||. Since ((f(("))*, (LY (M))*, S*)* N
ne

has UCV and thus (X)), cy is uniformly tight (use Kurtz and Protter (1996, Theorem
7.6) and Jacod and Shiryaev (2003, Property 6.3, p. 377)), we have from the definition

of uniform tightness (cf. Kurtz and Protter (1996, Definition 7.4)) that sup,<r HXt(n)H is
stochastically bounded in n € N for all T € R*. Combining this with

lim sup He_AS — ImH* =0
=00 L cl0,50m]

and (3.4.24) establishes that
X™ — X 0 in ucp as n — oc. (3.4.25)
This implies
plim,,_ocdgasan ( (X)), (X007, (L)), (X7, X, 1)) =0

and by a continuity argument

plim,, o ds, xra+m ([Z(n)7 ((X’(N))*’ (L(n))*> } A (X*7L*)*]> =0 (3.4.26)
with Z and (Z(),cy defined by

Zt(n) = exp <<u + vech™! <Xt("))) /2) ,
Zy =exp ((p+ vech™! (X1)) /2) for all t € RY.

Finally, we observe that
t B t _
G = Gy + / ZMarm, XM = Xy + / I, dX™ and
0 0

¢ t
Gy = Gy +/ Zs_dLg, X = Xo +/ I,dX, forallt € RT.
0 0
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Therefore Kurtz and Protter (1991, Theorem 2.2) (or alternatively Jacod and Shiryaev
(2003, Theorem VI.6.22)) shows that

plim,,_scdzazn (G, X™),(G, X)) =0,
since ((X™)* (L(™)*)* has UCV. Hence, (3.4.25) establishes
plinn,,_scdpair (G, X™), (G, X)) =0.

O

In the following we consider one of our special choices for h and thereafter give some
variants of our main Theorem 3.4.1.

Proposition 3.4.6. Assume that h is given by (3.3.7). Then h is Lipschitz and thereby
uniformly continuous.

Proof. To show that h as given in (3.3.7) is Lipschitz it suffices to show that

)1 /2 _ 7777*

R? — Sg, n — (m*
I1nll2

is Lipschitz. But this is immediate from

ninj  Ninj
[nll2 N7l

<|mi — 0| + [n; — 0| + ||n — 7| for all n,ﬁeRd, i,j€{1,2,...,d}.

O

Theorem 3.4.7. Let the set-up of Theorem 3.4.1 be given and assume that var(Ly) = I .
Then in Theorem 3.4.1 the function h, and the sequence of independent random variables

(egn))ieN can for all n € N be chosen such that egn) = (\/t(n) t(n ) Ci(n) foralli,n e N

where (Ci(n))ieN is for all n € N a sequence of independent d-dimensional random variables
with Var(Ci(n)) =1, for alli,n € N.
Moreover, if h is continuous hy, can be chosen such that the sequence of functions h,

R? x RT — R™ satisfies
. <zt§ ") _ ¢ ) H}) (3.4.27)

lim (sup sup {
00 \zeK ieN
for all compact K C R,
Proof. Let L, L(™), M(”),’Y(Lnl),’y&) be as in the proof of Theorem 3.4.1. We have that
1 — (I —4"))

IJL(J(n)) J(n)

L 0 A
— v (J™) /J(n) zvp(dr) /J(n)x v (dz)

f xx*vp(dr)

v = var <1(0 o) (T, (n))AL (n)>
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for all 4,n € N. A series expansion shows

2

/ :UVL(dac)/ zvp(de)|| =0. (3.4.28)
J(n) J(n)

2

1 — evp (M) ")

lim sup

Combining this with

1 — e =)
ORI / xx*vp(de) — Iy|| <
i (TO) A —107) S :

7

s (,/L((](n))(s(n))”“_1

+ Jm (Z — /. HwH%VL(dm)> -0

k=2

lim
n—oo

lim sup
n—00 ieN

/ xx*vp(dr) — Iy
J(n)

2

establishes

SERL RE—
TR

lim sup =0. (3.4.29)

Hence, there exists a N € N such that Vi(n) € GLy(R) for all i € N and n > N. W.lo.g.
we assume N = 1. Then a continuity and compactness argument gives

~1/2
lim sup <V(n)) / tgn) — tz@l — Izl = 0. (3.4.30)

N0 eN

Define for each n € N the process (Egn))te]}{ﬁ* by

2" = 1, for t € 0,6 /2),

Eﬁﬂ) _ (Vi("))_l/2 tz(n) — tz@1 for t € [(t(n) —l—t > /2, <t(n + tz+1> /2>

Since (3.4.30) implies that (Egn))teR-l» converges uniformly to the identity, it follows that

. ™0 L m
phmnﬂoodeJﬁm(R)XRd-km 0 Im ,L s (Id—f—ma L) =0. (3431)

Setting
t
I = / 5"z
0

we thus have from Kurtz and Protter (1991, Theorem 2.2) or Kurtz and Protter (1996,
Theorem 7.10) that

plim, . dgam (((ﬂ"))*, (M("))*) (L%, M*)*> —0 (3.4.32)

and from Kurtz and Protter (1996, Theorem 7.11) that ((ﬂ"))*, (M<">)*>  has UCV.
ne
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Setting
n n)\ ~1/2 n n
(= (V) (Lo (™AL o +9£7)
) = (V=) ¢

1 — e—ve(JM) . 1— e (It ’ *
Vn(t):W / rxr I/L(dl')— W /I'VL(d.YJ) / x VL(d.YJ),

J(n) J(n) J(m)
hy R x RT — R™,

1/2 — (It _ (It
(Z,t) —h (Vn(\t/)g) z+ 1 L (J(n)) / iEl/L(d.I) - 1VLTN)) / h(x)VL(d.I)
Jm) Jm)

for all i,n € N it is easy to see that (egn))ieN, (C,(n))ieN and h,, have for all n € N the claimed
properties. Finally, noting that

ign) = Z egn) and
ieN: 1l <t

MM = S h (7,40 — 1) forallineN, teR*

(2 3

ieN: 1M <t
the proof continues now as the proof of Theorem 3.4.1 with L(™ in the place of L(™. O

Proposition 3.4.8. Let the set-up of Theorem 3.4.1 be given and assume that h is linear.
Then hy(z,t) = h(z) can be chosen for all n € N.

Proof. Obviously h,, = h for h,, as defined in the proof of Theorem 3.4.1. O



4. Positive Definite Matrix Processes of
Finite Variation?

4.1. Introduction

The theory of self-decomposability, as developed by Lévy, Urbanik, Sato, Jurek and Mason,
and others, has turned out to be of substantial interest for stochastic modelling in finance,
turbulence and other fields. See, for instance, Barndorff-Nielsen (1998a), Barndorff-Nielsen
and Shephard (2001b) and Barndorff-Nielsen and Schmiegel (2004), where (positive) Lévy
driven processes of Ornstein — Uhlenbeck type have a key role.

The focus of the present chapter is on stochastic differential equation representations of
square roots of positive definite matrix processes of Lévy or Ornstein — Uhlenbeck type.
Such representations are, in particular, of interest in connection with the general theory
of multipower variation, cf. Barndorff-Nielsen, Graversen, Jacod, Podolskij and Shephard
(2006) and Barndorff-Nielsen, Graversen, Jacod and Shephard (2006).

In the present literature matrix-valued stochastic processes are not commonly used to
model multivariate phenomena (see, for instance, the short discussion on multivariate
stochastic volatility models at the end of Section 4.4). Our introduction of positive-definite
Ornstein-Uhlenbeck processes and the discussion of the representations of square (and
other) roots shows that matrix-valued models of considerable generality can be defined
in a natural way and univariate results can very often be generalized by using notions
and results from matrix analysis. Furthermore, several results of general interest regard-
ing matrix-valued processes (semi-martingales) and matrix analysis are obtained, as we
proceed.

This chapter is organized as follows. Section 4.2 establishes some notation, and in Section
4.3 we present a convenient version of It6’s formula for processes of finite variation. In
Section 4.4 we introduce positive definite processes of Ornstein — Uhlenbeck type (OU
processes), using the concept of matrix subordinators discussed by Barndorff-Nielsen and
Pérez-Abreu (2007). The question of establishing tractable stochastic differential equations
for roots of positive definite matrix processes is then addressed in Section 4.5, and in Section
4.6 the results are applied to the case of OU processes.

4.2. Notation

Throughout this chapter we write R™ for the positive real numbers including zero and we
denote the set of real m x n matrices by My, ,(R). If m = n we simply write M,,(R) and
denote the group of invertible n x n matrices by G L, (R), the linear subspace of symmetric

!The contents of this chapter appeared in Barndorff-Nielsen, O. E. and Stelzer, R. (2007), Positive Definite
Matrix Processes of Finite Variation, Probab. Math. Statist., 27(1), 3-43 (Special issue in the memory
of K. Urbanik)
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matrices by S, the (closed) positive semi-definite cone by S} and the open (in S,,) positive
definite cone by S;}*. I, stands for the n x n identity matrix and o(A) for the spectrum
(the set of all eigenvalues) of a matrix A € M, (R). The natural ordering on the symmetric
n X n matrices will be denoted by <, i.e. for A,B € S, we have that A < B, if and
only if B— A € S;'. The tensor (Kronecker) product of two matrices A, B is written as
A® B. vec denotes the well-known vectorisation operator that maps the n x n matrices to
R by stacking the columns of the matrices below one another. Finally, A* is the adjoint
(transposed) of a matrix A € M, (R).

For a matrix A we denote by A;; the element in the i-th row and j-th column and this
notation is extended to processes in a natural way.

Norms of vectors or matrices are denoted by || - ||. If the specific norm is not specified,
then it is irrelevant which particular norm is used.

Regarding all random variables and processes we assume that they are defined on a given
appropriate filtered probability space (2, F, P, (F;)) satisfying the usual hypotheses. With
random functions we usually do not state the dependence on w € ) explicitly.

Furthermore, we employ an intuitive notation with respect to the (stochastic) integration
with matrix-valued integrators referring to any of the standard texts (e.g. Protter (2004))
for a comprehensive treatment of the theory of stochastic integration. Let (A;);ep+ in
Mpn(R), (Bt)ier+ in M, s(R) be cadlag and adapted processes and (L¢)yegr+ in M, »(R)
be a semimartingale. Then we denote by fot As_dLsBs_ the matrix Cy in M, (R) which
has ij-th element Cijr = > 11> 1y fg Aik,s—Bijs—dLps. Equivalently such an integral
can be understood in the sense of Métivier and Pellaumail (1980b), resp. Métivier (1982),
by identifying it with the integral fot A, _dL; with A; being for each fixed t the linear
operator M, (R) — My, ((R), X — A;XB;. Moreover, we always denote by ff with
a € RU{—o0},b € R the integral over the half-open interval (a, b] for notational convenience.
If b = oo, the integral is understood to be over (a,b).

If X = (X¢)ser+ is some stochastic process and f some function, then f(X) denotes the
process (f(X¢))ier+. Extending this notation we also write VX when taking the square
root and X" when taking the r-th power, for instance.

4.3. 1to formulae for finite variation processes in open sets

In this section we provide a univariate and a multivariate version of the It6 formula from
stochastic analysis, which is especially suitable for the purposes of this chapter. Actually,
our version is a consequence of standard results, but not given in the usual references.
Closely related versions for processes taking values in R¢ instead of an open subset C' can
be found in Protter (2004, Theorem I1.31) or Rogers and Williams (2000, pp. 28-29), for
example, and for processes in an open subset with not necessarily finite variation in Jacod
(1979, Theorem 2.54).

As we are analysing stochastic processes in general open subsets C' of R, My(R) or Sy,
we need an appropriate assumption that the process stays within C' and does not hit the
boundary, since this causes problems in general. To describe “good” behaviour we thus
introduce “local boundedness within C”. If C' is the whole space it is the same as “local
boundedness”.
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Definition 4.3.1. Let (V| - |lv) be either RS, My(R) or Sq with d € N and equipped with
the norm || - ||v. Let a € V and let X = (X)ier+ be a V-valued stochastic process. We say
that X is locally bounded away from a if there exists a sequence of stopping times (T},)neN
increasing to infinity almost surely and a real sequence (dy)nen with d,, > 0 for allm € N
such that || X — al|ly > d,, for all 0 <t < T,.

Likewise, we say for some open set C' C V' that the process X is locally bounded within
C' if there exists a sequence of stopping times (T, )nen increasing to infinity almost surely
and a sequence of compact convex subsets D, C C with D, C Dypy1 Vn € N such that
Xi € Dy, for all0 <t <T,.

Obviously, if a process is locally bounded away from some a or is locally bounded within
some C' in one norm, then the same holds for all other norms. We will see in the following
that these definitions play a central role for our It6 formulae and that they hold for many
processes.

Proposition 4.3.2 (Univariate It6 formula for processes of finite variation). Let (Xy)ier+
be a cadlag process of finite variation (thus a semi-martingale) with associated jump measure
px on (RT x R\{0}, B (RT x R\{0})) (see e.g. Jacod and Shiryaev (2003, Proposition
11.1.16)) and let f : C — R be continuously differentiable, where C' is some open interval
C = (a,b) with a,b € RU{xoo}, a <b. Assume that (X;)cr+ is locally bounded within C.
Then the process X as well as its left limit process (Xi—)ier+ take values in C at all times
t € RT, the integral fg fR\{o}(f(XS* +1z)— f(Xs-))ux(ds,dx) exists a.s. for allt € R and

(X)) = F(Xo) + /0 F(Xol)dXE + /0 /R oy UKo ) S ),

where X§f = Xy — fg fR\{O} zux(ds,dz) is the continuous part of X.

(Strictly speaking f(Xs—+x) is not defined for all z € R, as f is only defined on C. But our
assumptions assure that px is concentrated on those x for which Xs_ +x € C. Therefore
we can simply continue f arbitrarily outside of C'.)

Proof. As X is locally bounded within C', the process X cannot get arbitrarily close to the
boundary of C' in finite time and hence X; and X;_ are in C at all times t € RT.

Obviously, [y fa o (f (Xs- + @) — F(Xs-))pux(ds,dx) = Yoo, Af(X). That X; is
locally bounded within C' implies the existence of compact intervals D,, C C such that
X € D, for all t € [0,T,) for some sequence (T},)nen of stopping times increasing to
infinity a.s. However, f’ is bounded on D,,, say by ¢,, and the mean value theorem gives us
tliat Af(Xs) = f(Xs) = f(Xs—) = f1(C)(Xs — Xs—) = f'({s)A X with (s € D,,. Therefore,
fo fR\{O} If(Xs— +2) = f(Xso)|ux(ds,dr) = ZO<s§t IAf(XS)] < e Zo<s§t |AX,| for all
t € [0,T},), which is finite due to the finite variation of X. Thus the almost sure existence
of the integral is shown.

The standard It6 formula (see Bichteler (2002, Theorem 3.9.1 together with Proposition
3.10.10) for an appropriate version) gives

(X)) = F(Xo) + /0 J(Xo_ )X,

+ /0 /R \{O}(f (Xs— +2) — f(Xso) — f1(Xs—)2)pux (ds, dz),
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on observing that, since X is a finite variation process, we can move from a twice contin-
uously differentiable f to an only once continuously differentiable one, as in Protter (2004,
Theorem I1.31). Noting further that

t t t
| e = [ reoaxs+ ] O,

and that the integral

/ / (F(Xue + 2) — F(Xoo))pix(ds, dz)
0 JR\{0}

exists, we obtain:

F(X0) = F(Xo) + /0 F(Xol)dXE + /0 /R o Um0~ S ). O

Remark 4.3.3. a) The assumption that X remains locally bounded within C ensures that
/(X)) is locally bounded. This reflects the boundedness of the derivative needed in the proof
of Protter (2004, Theorem 1.54), which is a special case of the above result.

b) It is straightforward to see that X is locally bounded within C' = (a,b) if and only if
X isin C at all times and locally bounded away from both a and b, where for a = —oc0 or
b = oo this has to be understood as meaning locally bounded. Recall in this context that any
finite variation process is locally bounded.

In the multivariate version we use the notion of (total) differentials, sometimes also
called Fréchet differentials (see Rudin (1976, Chapter 9), or Bhatia (1997, Section X.4)
for an overview focusing on the matrix case), rather than partial derivatives for notational
convenience. Recall, however, that a function is continuously differentiable if and only if
all partial derivatives exist and are continuous, and that the derivative, which is a linear
operator, simply has the partial derivatives as entries. The derivative of a function f at a
point z is denoted by D f(z). In particular, we have the following multivariate version of
Proposition 4.3.2. We state it only for processes in R?, but it should be obvious that R?
can be replaced by My(R) or Sg.

Proposition 4.3.4 (Multivariate It6 formula for processes of finite variation). Let (X;);er+
be a cadlag R%-valued process of finite variation (thus a semi-martingale) with associated
jump measure pix on (R x RIN\{0}, B (Rt x RN\{0})) and let f : C — R™ be continuously
differentiable, where C C R? is an open set. Assume that the process (Xi)er+ s locally
bounded within C. Then the process X as well as its left limit process (Xi—);cr+ take values
in C at all times t € RT, the integral fé fRd\{o}(f(XS* +x)— f(Xs2))px(ds,dx) exists a.s.
for allt € R and

$050) = 1050+ [ Drtgaxes [ (0 ) S (s, )

where X§ = Xy — fg fRd\{O} zpx(ds,dz) is the continuous part of X.

Proof. The proof is a mere multivariate rephrasing of the one for Proposition 4.3.2 using
an appropriate general multidimensional version of Itd’s formula (e.g. Bichteler (2002,
Proposition 3.10.10), Métivier (1982, Theorem 27.2) or Protter (2004, Theorem 7.33)) and
standard results from multivariate calculus. U
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4.4. Positive semi-definite matrix processes of OU type

In this section we briefly review one-dimensional processes of Ornstein-Uhlenbeck (OU) type
(cf. Applebaum (2004), Cont and Tankov (2004) or Barndorff-Nielsen and Shephard (2001b,
2007) among many others) and then introduce Ornstein-Uhlenbeck processes taking values
in the positive semi-definite matrices. For the necessary background on Lévy processes see
Protter (2004, Section 1.4) or Sato (1999).

In univariate financial modelling, it has become popular in recent years to specify the vari-
ance process 2 as an Ornstein-Uhlenbeck process (see in particular the works of Barndorff-

Nielsen and Shephard). We assume given a Lévy process (Lt);cp+ and consider the SDE
do? = —\o? dt + dL; (4.4.1)

with some A € R and initial value 0(2] € R. The solution can be shown to be
t
o2 =e M2 —i—/ e M=9dL, (4.4.2)
0

and is referred to as an OU type process. Note that for univariate OU type processes one
often applies a time transformation on the Lévy process and then has dL ), instead of dL
above, but this is not possible in the multivariate case below. Provided the Lévy process L
is a subordinator (a.s. non-decreasing Lévy process) and O'g > 0, the unique strong solution
o2 is positive and thus can be used as a variance process. After extending the Lévy process
to one, (L¢)ier, living on the whole real line in the usual way, one can show that (4.4.1)

has a unique stationary solution given by

t
ol = / e M=9dL,

—00

provided A > 0 and the Lévy process has a finite logarithmic moment, i.e. E(log™(L1))
< oQ.

There is a vast literature concerning the extension of OU processes to R%valued processes
(for instance, Chojnowska-Michalik (1987), Jurek and Mason (1993) or Sato and Yamazato
(1984)). By identifying My(R) with R4 one immediately obtains matrix valued processes.
So for a given Lévy process (L;)ier with values in My(R) and a linear operator A : My(R) —
M;(R) we call some solution to the SDE

dX; = AX,_dt + dL, (4.4.3)

a (matrix-valued) process of Ornstein-Uhlenbeck type.
As in the univariate case one can show that for some given initial value Xy the solution
is unique and given by
t
X, =eAX, + / At dr,. (4.4.4)
0
Provided E(log™ ||L1]) < oo and o(A) € (—00,0) + iR, there exists a unique stationary
solution given by
t
X, = / eAl=9)qr,.

—00
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In order to obtain positive semi-definite Ornstein-Uhlenbeck processes we need to consider
matrix subordinators as driving Lévy processes. An My(R)-valued Lévy process L is called
“matrix subordinator”, if L; — Ls € S&L a.s. for all t > s, see Barndorfl-Nielsen and Pérez-
Abreu (2002, 2007), Rocha-Arteaga (2006) and the references therein for further details.

Proposition 4.4.1. Let L be a matrix subordinator, assume that the linear operator A
satisfies exp(At)(S}) C ST for allt € RT and let Xo € S}. Then the Ornstein- Uhlenbeck
process (Xi)ier+ with initial value Xo satisfying (4.4.3) takes only values in SZ{.

If E(log™ ||[L1]]) < oo and 0(A) € (—o0,0) + iR, then the unique stationary solution
(Xt)ter to (4.4.3) takes values in ST only.

Proof. The first term eA' X, in (4.4.4) is obviously positive semi-definite for all ¢ € R* due
to the assumption on A. Approximating the integral f(f eAU=39)qL . by sums in the usual
way, shows that also the second term is positive semi-definite, since all approximating sums
are in S;l" due to the assumption on A and the S;-increasingness of a Lévy subordinator.
The very same argument implies the positive semi-definiteness of the unique stationary
solution. O

An important question arises now, namely, which linear operators A can one actually
take to obtain both a unique stationary solution and ensure positive semi-definiteness. The
condition exp(At)(S}) € S§ means that for all ¢ € R the exponential operator exp(At)
has to preserve positive semi-definiteness. So one seems to need to know first which linear
operators on My(R) preserve positive semi-definiteness. This problem has been studied
for a long time in linear algebra in connection with the general topic “Linear Preserver
Problems” (see, for instance, the overview articles Li and Pierce (2001) and Pierce, Lim,
Loewy, Li, Tsing, McDonald and Beasley (1992)). We have the following:

Proposition 4.4.2. Let A : Sy — Sq be a linear operator. Then A(S;{) = SZ{, if and only
if there exists a matrix B € GLyg(R) such that A can be represented as X — BX B*.

Proof. This was initially proved in Schneider (1965). A more general proof in a Hilbert
space context may be found in Li, Rodman and Semrl (2003). U

Remark 4.4.3. No explicit characterization of the linear operators mapping SZ{ mnto SZ{,
i.e. A(ST) CS), is known for general dimension d.

Naturally, all linear maps on Sy can be extended to mappings on My(R). From this linear
algebraic result we obtain the following result, introducing the linear operators preserving
positive semi-definiteness which we shall employ.

Proposition 4.4.4. Assume the operator A : My(R) — My(R) is representable as X +—
AX + X A* for some A € My(R). Then et has the representation X — e *XeA™t and
eAl(ST) =Sy for allt € R.

Proof. eAtX = eAtXeA™ for all X € My(R) follows from Horn and Johnson (1991, pp. 255
and 440) and eAt(SZ{) = S;r for all t € R is then implied by Proposition 4.4.2, since e? is
invertible for any matrix B € My(R). O
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That all linear operators A on Sy satisfying eA? (SZ{) = S:lr for all t € R are of the above
form is shown in Appendix A.

Note the close relation of this kind of operators to Kronecker sums and the so-called
“Lyapunov equation” (see Horn and Johnson (1991, Ch. 4)). For a linear operator A of
the type specified in Proposition 4.4.4 formula (4.4.3) becomes

dX; = (AXy— + Xy A")dt + dLy (4.4.5)

and the solution is .
X, = e Xpet + / A=) gL e (1=9), (4.4.6)

0

Confer also Horn and Johnson (1991, p. 440) for a related deterministic differential equa-
tion.

Using the vec transformation and Horn and Johnson (1991, Theorem 4.4.5) we see that
0(A) = 0(A)+0(A), where the addition of two sets A, B C R is defined by A+ B = {a+b:
a € A,be B}. Thus

Theorem 4.4.5. Let (L;)ier be a matriz subordinator with E(log™’ ||Ly||) < oo and A €
My(R) such that o(A) C (—00,0)+iR. Then the stochastic differential equation of Ornstein-
Uhlenbeck type

dX; = (AX,_ + X,_ A*)dt + dL,

has a unique stationary solution
t
X, = / (A=3) gL, A" (=5)
—00
or, in vectorial representation,
t
vec(Xy) = / La®A+ARIL)(t—s) dvec(Ly).
—0o0

Moreover, X; € S; for allt € R.

Recall from Barndorff-Nielsen and Pérez-Abreu (2007) that any matrix subordinator
(L¢)ter has paths of finite variation and can be represented as

t
Ly = ’yt—i—/ / zp(ds,dx) (4.4.7)
0 Jsi\{o}

where v € SZ{ is a deterministic drift and p(ds,dx) an extended Poisson random measure
on Rt x S; (regarding the definitions of random measures and the integration theory with
respect to them we refer to Jacod and Shiryaev (2003, Section I1.1)). Observe in particular
that the integral exists without compensating. Moreover, the expectation of u factorises,
ie. E(u(ds,dxr)) = Leb(ds)v(dx), Leb denoting the Lebesgue measure and v the Lévy
measure of L. The above equation (4.4.7) can be restated in a differential manner as

dL; = ~dt + / xp(dt,dz). (4.4.8)
3 \{0}

The obvious extension of this to a Lévy process (L;)ier having been started in the infinite
past gives another representation of the above stationary OU process.
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Proposition 4.4.6. The positive semi-definite Ornstein-Uhlenbeck process X defined in
Theorem 4.4.5 can equivalently be represented as

t t
Xt:/ / eA(ts)xeA*(ts)u(d&dm)Jr/ eA(tfs),YeA*(tfs)ds
—oo JS\{0} —0

t
= / / A=) e =9 | (ds, dx) — B~y
—00 S:{\{O}

where B™1 is the inverse of the linear operator B : Myg(R) — My(R), X — AX + X A*
which can be represented as vec ! o ((I; ® A) 4+ (A ® I))~! o vec.

Proof. The invertibility of B and the positive semi-definiteness of —B~!y follow immedi-
ately from the standard theory on the Lyapunov equations (Horn and Johnson (1991, Th.
2.2.3, 4.4.7). Now only the second equality remains to be shown, but this is immediate as
_B-1! %GA(tfs),yeA*(tfs) — eA(tfs),.YeA*(tfs) and lims_, o eA(tfs) —0. O

The next proposition provides a characterization of the stationary distribution. To this
end observe that tr(XY™) (with X,Y € M;(R) and tr denoting the usual trace functional)
defines a scalar product on My(R). Moreover, the vec operator is a Hilbert space isome-
try between My;(R) equipped with this scalar product and R? with the usual Euclidean
scalar product. This, in particular, implies that the driving Lévy process L at time ¢ has
characteristic function (cf. also Barndorff-Nielsen and Pérez-Abreu (2007))

pr,(Z) = exp (im(ﬂ) +t /S (e"(X2) _ 1)u(dX)>, Z €Sy (4.4.9)

2 \{0}
Proposition 4.4.7. The stationary distribution of the positive semi-definite Ornstein-
Uhlenbeck process X is infinitely divisible with characteristic function

fix(Z) = exp (m(fYXZ) + /S (er¥2) _ 1)VX(dY)>, Z €Sy (4.4.10)

T\{0}

where

x =By

with B defined as in Proposition 4.4.6 and

vx(E) :/ / Ip(e?*ze ®)u(dr)ds
0 Jsi\{o}

for all Borel sets E in ST\{0}.
Assume that the driving Lévy process is square-integrable. Then the second order moment
structure is given by

B(Xi) =7y =B yv(dy) = —B~ E(Ly) (4.4.11)
si\0}
Var(vec(Xy)) :/ AT a® Y g (vec(Ly ) el SLatla® AN gy
0
= — B War(vec(Ly)) (4.4.12)

Cov(vee(Xypp), vee(Xy)) = eASLatla@DIY 41 (vee (X)), (4.4.13)
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where t € R and h € RY and B: Mp(R) - Mp(R), X — (A I+ [, ® A)X + X(A* ®
Ig+ 1;® A*). The linear operator % can be represented as

vee Lo (Ip @ AR+ I; @A)+ (AR I;+1;® A) @ Ip)) o vec.

Above the vec operator is used, as this clarifies the order of the elements of the (co)vari-
ance matrix.

Proof. The characteristic function is standard, cf. Barndorff-Nielsen, Pedersen and Sato
(2001, p. 178) for instance. Regarding (4.4.11) a general result for infinitely divisible
distributions implies that F(X;) = vx + fS; yvx(dy). Using the explicit representation
for vx and evaluating the integral as in the proof of the last proposition immediately
establishes (4.4.11). The proof of the first equality in (4.4.12) and of (4.4.13) is standard,
see e.g. Proposition 2.3.13 in Chapter 2, and the second equality in (4.4.12) follows by an
explicit integration as before. U

Remark 4.4.8. In the existing literature for R%-valued processes only the analogue to the
first equality in (4.4.12) is stated and an identity is given that becomes

—Var(vec(L1)) = (A® I;+ I ® A)Var(vec(Xy)) + Var(vee(Xy) )J(A* @ Ig+ Iy ® A*)

in our case. That identity is, of course, equivalent to our second equality in (4.4.12), but
usually obtained by a very different approach (cf. Araté (1982), for instance). Our version
involving B~ stresses that the wvariance can be calculated by solving a standard linear
equation and fits in nicely, as inverse operators of this type appear in many of our results.

Moreover, conditions ensuring that the stationary OU type process X is almost surely
strictly positive definite can be obtained.

Theorem 4.4.9. If~v € S;‘+ or I/(S;—’—) > 0, then the stationary distribution Px of X is
concentrated on S}, i.e. Px(SyT) = 1.

Proof. From Proposition 4.4.6 and its proof we have X; > —B~!y. In the case vy € S;'F this
proves the theorem immediately, as then —B~ly is strictly positive definite due to Horn
and Johnson (1991, Theorem 2.2.3).

Assume now that v(S]*) > 0. From Proposition 4.4.6 we know that

Xo> Y e ALY AL ST AL

—00<s<0 0<s<oo

Since Z — eA9ZeA"s preserves positive definiteness for all s € R, it is obviously suf-
ficient to show that (Lgs),cr+ has at least one jump that is positive definite. Choose
now e¢ > 0 such that (ST N {z € SJ : |lz]| > €}) > 0. Then the process L.y =
> o<s<t 1{3368;:”1”26}(AL5)AL5 is a Lévy process with Lévy measure v(-) = v(-N{z € S} :
llz|| > €}), where we denoted by 1,/(:) the indicator function of a set M. L. is obviously
a compound Poisson process and the probability that a jump of L. is in SZ{\S;r+ is given
by q = ve(SJ\S;")/ve(S;) < 1. As the individual jump sizes and the jump times are
independent and (L s)scp+ has a.s. infinitely many jumps in RT, this implies that with
probability zero all jumps of (Le s)scr+ are in S;r\S;rJr. In other words, (L s)ser+ and thus
(Lg)ser+ has a.s. at least one jump in S;lH'. O
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The positive-definite Ornstein-Uhlenbeck processes introduced above can be used as a
multivariate stochastic volatility model in finance, as an extension of the one-dimensional
approach proposed in Barndorff-Nielsen and Shephard (2001b). A different kind of gen-
eralization has been discussed by Hubalek and Nicolato (2005) and Lindberg (2005), who
have specified different multivariate stochastic volatility models using factor models, where
the individual factors are univariate positive Ornstein-Uhlenbeck type processes. The d-
dimensional volatility model of Hubalek and Nicolato is of the form Y7 = AS;A* where
S is an Ornstein-Uhlenbeck process in S (actually only on the diagonal matrices) and
A € My, (R). The results for the roots of positive definite processes which we obtain in
Section 5 are with a minor obvious adaptation immediately applicable to processes of this
type. Another proposal put forth in Gourieroux, Jasiak and Sufana (2004) specifies a d x d
volatility process V as a sum V; = Zfil z; 7, with the processes z; being 1.i.d. Gaussian
Ornstein-Uhlenbeck processes in R? and K € N. These processes are referred to as Wishart
autoregressive processes, as the distribution of V' is the Wishart distribution (see also Bru
(1991)). This specification is not amenable to the type of SDE representations of the root
processes that we shall discuss in Section 5, under a general set-up, and in Section 6 for
positive definite OU processes. Note also, in this connection, that the Wishart law is not
infinitely divisible, hence, in particular, not self-decomposable (see Lévy (1948)).

In stochastic volatility models the integrated variance process is of particular interest
(see e.g. Barndorff-Nielsen and Shephard (2001b, 2003)). The same reasoning as in the
univariate case (Barndorff-Nielsen (1998b)) leads to the following explicit result for the
integrated variance of a positive definite Ornstein-Uhlenbeck stochastic volatility process:

Proposition 4.4.10. Let X be a positive semi-definite Ornstein-Uhlenbeck process with
matial value Xy € SZ{ and driven by the Lévy process L. Then the integrated Ornstein-
Uhlenbeck process X+ is given by

t
X = / X,dt = B™' (X; — Xo — Ly)
0

for t € RT, where B is the linear operator defined in Proposition 4.4.6.

The use of positive semi-definite OU type processes in a multivariate stochastic volatility
model is discussed at length in Chapter 5.

4.5. Roots of positive semi-definite processes

In this section we obtain stochastic representations of general roots of processes in R™ and
later on of the square root of stochastic processes taking values in Sj{. Recall that every
positive semi-definite matrix A has a unique positive semi-definite square root A2 defined
by functional calculus (see, for instance, Horn and Johnson (1985) and Horn and Johnson
(1991) for a comprehensive introduction).

The interest in such representations comes, in particular, from the theoretical works on
the properties of multipower variation; see Barndorff-Nielsen, Graversen, Jacod, Podolskij
and Shephard (2006), for instance. In that paper the limit theorems are obtained under
an hypothesis that the square root of the covariance matrix process is a semi-martingale of
a special type. Moreover, in many cases the additional assumption is needed that it takes
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values in the strictly positive definite matrices, as this ensures that the covariance matrix
process is of the same type (and vice versa). However, as there are no formulae given
relating the characteristics of the covariance matrix process with those of its square root,
we shall derive the relations explicitly and discuss whether the invertibility assumption is
indeed always necessary. Under the invertibility assumption It&’s lemma is the key tool,
but as we see later on we can move away from this prerequisite. On the other hand we
restrict ourselves to the study of processes of finite variation. The reasons are that the
processes we intend to apply our results to are naturally of finite variation and that in the
infinite variation case it seems impossible to obtain results for processes that may reach the
boundary 88;{ = SZ{\S;{JF. As a consequence all our “stochastic” integrals coming up can
actually be computed path-wise as Lebesgue-Stieltjes integrals.

In the following we start by analysing univariate processes, where we study general r-th
powers and then move on to multivariate processes.

4.5.1. The univariate case

Now we shall first present the univariate case, as it involves no advanced matrix analysis,
but allows one to understand the behaviour of root processes. Due to the applications we
have in mind, we state the following results for finite variation processes, whose discontin-
uous part is of the special form fg fR+\{0} g(s—,z)u(ds,dr) with some extended Poisson
random measure g on RT\{0} (in the sense of Jacod and Shiryaev (2003, Definition 1.20)).
Moreover, g(s,z) = g(w,s,z) : Q@ x RT x RT\{0} — R*\{0} is a (random) function that
is Fs x B(R™) measurable in (w,x) and cadlag in s. For such a process the jump measure
is ux(ds,dz) = u(ds,g'(s—,-)(dz)), where g~!(s—,-) is to be understood as taking the
preimage of the set dzr with respect to the map RT\{0} — RT\{0},z — g(s—,z). We
frequently refer to the dependence on w € §2 in the following, but keep suppressing it in the
notation.

Theorem 4.5.1. Let (Xi)cp+ be a given adapted cadlag process which takes values in
RT\{0}, is locally bounded away from zero and can be represented as

dX; = cdt —i—/ g(t—, z)p(dt, dz)
RH\{0}

where ¢ is a predictable and locally bounded process, p an extended Poisson random measure
on RT x RT\{0} and g(s,z) is Fs x B(RT\{0}) measurable in (w,z) and cadlag in s.
Moreover, g(s,x) takes only non-negative values.

Then for any 0 < r < 1 the unique positive process Y = X" is representable as

Yo = Xy, dY; = audt —i—/ w(t—, z)p(dt,dr),
R*\{0}

where the drift
ap = rX[:lct

1s predictable and locally bounded and where
w(s,x) == (X5 +g(s,2))" — (Xs)"

is Fs x B(R") measurable in (w,x) and cadlag in s. Moreover, w(s,x) takes only non-
negative values.
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Proof. Remark 4.3.3 implies the local boundedness of X within R and restating Proposi-
tion 4.3.2 in a differential manner gives

dX] =rX; leydt +/ (Xp— + )" — X )ux(dt,dx).
R*\{0}

Using the relation between ux and p stated before the theorem, we obtain

AX] = o X et [ (X gl o) - X (e, da),

R+\{0}
The positivity of w(s,x) is a consequence of an elementary inequality recalled in the
following lemma and the additional properties stated are now straightforward. O

For the sake of completeness and since it is essential to our results, we recall the following
elementary inequality and give a proof.

Lemma 4.5.2. For a,z € R* and 0 < r < 1 we have that (a + x)" — a" is monotonically
decreasing in a and
(a+z) —a" <2z

In particular, for a,b € R it holds that |a" —b"| < |a — b|".

Proof. Define for fixed x the function f : RT — R, a — (a+ z)" —a". Then f'(a) =
r ((a o a’"_l) < 0 using that the r — 1-th power is monotonically decreasing. Hence,
f is monotonically decreasing and f(a) = (a + x)" —a” < f(0) = 2". For the second
inequality we assume without loss of generality that a > b. Then |a" —0"| = (b+ (a—b))" —
b" < (a—0)" = |a—b|", due to the first inequality. O

Remark 4.5.3. Actually the representation stated in Theorem 4.5.1 holds for arbitrary
powers X" with r € R. If r > 1, the assumption that X is locally bounded away from zero
is mo longer necessary.

For processes that start at zero or may become zero, we obviously cannot use [t6’s formula
in the above manner, since there is no way to extend the r-th power for 0 < r < 1 to an
open set containing [0, 00) in a continuously differentiable manner. Likewise, all advanced
extensions of It6’s formula we know of (e.g. Bardina and Jolis (1997), Ghomrasni and Peskir
(2003), Peskir (2005)), cannot be applied. For instance, the Boleau-Yor formula (Protter
(2004, Theorem IV.77)) allows for a non-continuous derivative, but still demands it to be
bounded, but for r-th roots it is unbounded at zero. The Meyer-It6 formula (Protter (2004,
Theorem IV.70)) needs a left derivative, which again cannot be defined at zero. But by
using the very standard It6 formula and applying a tailor-made limiting procedure, we can
indeed verify an extension to processes that may become zero:

Theorem 4.5.4. Let (X;),cp+ be a given adapted cadlag process which takes values in R
and can be represented as

dX; = cdt —i—/ g(t—, z)p(dt, dz)
RH\{0}

where ¢ is a predictable and locally bounded process, p an extended Poisson random measure
on RY x RT\{0} and g(s,z) is Fs x B(RT\{0}) measurable in (w,z) and cadlag in s.
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Moreover, g(s,x) takes only non-negative values. Assume that the integrals fg rXQ:lcsds

(in the Lebesgue sense) and fg f]R+\{0} (Xs— +9g(s—,2))" — (Xs—)"u(ds,dx) exist a.s. for all
teRT.

Then for any 0 < r < 1 the unique positive process Y = X" is representable as
Yy = Xy, dY; = audt —i—/ w(t—, x)p(dt,dz), (4.5.1)
R+\{0}

where the drift
ag = TX[__lct

is predictable and where
ZU(S,CC) = (XS + g(S,SE))T - (XS)T

is Fs x B(R") measurable in (w,x) and cadlag in s. Moreover, w(s,x) takes only non-
negative values and Y: is a.s. of finite variation.

Note that ¢; = 0 implies a; = 0 above, even if X; = 0, using the conventions of Lebesgue
integration theory.

Proof. We first show that Y = X" is representable by (4.5.1). Recall below that all integrals
can be viewed as path-wise Lebesgue-Stieltjes ones.
For any € > 0 the process X, ; := X; + € is bounded away from zero and

t t
Xt =Xo+e+ / csds + / / g(s—,z)u(ds,dr).
0 0 JR+\{0}

From Theorem 4.5.1 we obtain that

t
(Xe+e) =X, = (Xo+e) + / (X + € tegds (4.5.2)

0
+ /0 /R+\{0} (Xom + e+ g(s—,2)) — (Xom +€)") u(ds, da).

For s € R™ we clearly have that (Xs_ +¢€)" — X!_ point-wise as ¢ — 0. Moreover, since
r—1€ (—1,0), one has that (X,_ +¢)" ! is decreasing in e. Thus,
Ir (Xee +€)" L] < [rXI e, for all € > 0.

By assumption |rX""1c,| is Lebesgue-integrable over [0,¢] and so majorized convergence
gives that

t t
/ r(Xs_ + e)ril csds — / rX " legds as € — 0.
0 0

From Lemma 4.5.2 we see that (Xs— + e+ g(s—,x))" — (Xs— +€)" is positive and also
decreasing in €. So our assumptions and majorized convergence ensure that

e—0

lim/o /IK+\{O} ((XS_ +e€+ 9(8—7,%'))7" _ (Xs— + e)r) wu(ds, d.%')

— [ ] (X glsma)) = X2 s o).
0 JR+\{0}
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Combining these results we obtain, from (4.5.2) and by letting € — 0,

¢ t
X/ =X} +/ rX " teods + / / (Xo— +g(s—,2))" — XI_) p(ds, dz),
0 0 JrH\{0}

which concludes the proof of the representation for Y.

To establish the finite variation of the process Y it suffices now to argue that both
integral processes f(f rX"teyds and fg fR+\{0}(XS* + g(s—,x))" — (Xs—)"u(ds,dx) are of
finite variation. For the second this is immediately clear and for the first we only need to
observe that the existence in the Lebesgue sense implies the existence of fg lr X" teg|ds.
The latter is strictly increasing (thus of finite variation) when viewed as a process in ¢ and
its total variation is an upper bound for the total variation of the first integral. O

Remark 4.5.5. a) Inspecting the proof it is clear that Theorem 4.5.1 remains valid when
replacing the square root with any continuously differentiable function f : Rt — R. If
additionally |f'(z + ) < K|f'(2)] and |f(z + ¢ +y) — f(z + )| < K|f(@+y) — f(z)| for

all z,y,e € RY, where K and K are some constants, the same is true for Theorem 4.5.4.
Then f(X) is representable by (4.5.1) with a; = f'(X¢—)er and w(t, z) = f(X¢+g(t,x))—
f(X).

b) In general, r-th powers with 0 < r < 1 of finite variation processes do not have to be
of finite variation, as the following deterministic example exhibits. Let X be given by:

1 1 1 1 1
Xp=——(1+—-)|t—-14+—=) forte|l——1- ,neN,
n n n n n—+1

Xy =0 fortell, 00).

Then we have that Xi_(1/n) = 1/n? and X(l,#l), =0 for all n € N and in each interval

{1 — %, 1- n%_l the process X is linearly decreasing. From this it is immediate to see that

the total variation of (X¢)ier+ is given by 2% 7, # — 1, which is finite. Likewise, we see
that for 0 < r < 1 the process X" has jumps of size 1/n" at the times 1 — (1/n). As
S n% is infinite for all o < 1, this shows that for r < 1/2 the process X" is not of
finite variation. Note, moreover, that X is of the form studied in Theorem 4.5.4 where
a=—(1421) fort € [1—(1/n),1— (1/(n+1))), which is trivially predictable and locally
bounded, g(s, ) = x and pu(ds,dz) = 377 | 61-1/n)(ds)01 2 (dx) with 6, denoting the Dirac
measure with respect to v.

Naturally, the next step is to give some readily checkable conditions for the existence of
the integrals.

Lemma 4.5.6. The integral fg f]R+\{0} w(s—,x)u(ds,dx) exists a.s. in the usual sense, if

the integral fot fRﬂ{o}(g(s—,x))ru(ds,dx) exists a.s. or there is some a.s. finite random
variable C > 0 such that X; > C for allt € RT.

Proof. In the first case the existence follows by a standard majorization argument from
0 <w(s,z) = (Xs+g(s,2)" — (Xs)" < (g(s,x))" (Lemma 4.5.2). Likewise, we observe
in the second case that we can argue w-wise and the function x — z" is Lipschitz on any
interval of the form [a,00) with @ € RT\{0}. Thus there is a (possibly random) K € R*
such that 0 < (Xg +g(s,z))" — (Xs)" < Kg(s,z). Hence, the claim follows by a dominated

convergence argument, since the integral fg \[R+\{O} g(s—,x)u(ds,dr) exists. O
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The condition X; > C' actually means that the previous Theorem 4.5.1 applies.

Lemma 4.5.7. The integral fot fR+\{0} (Xs— + g(s—,@))" — XI_) p(ds,dx) exists in the
usual sense, provided c; > 0 for all t € R™. In particular, the process X is monotonically
increasing then.

Proof. The monotonicity of X is obvious. We assume ¢; = 0Vt € R first. As the
mapping = — z" is monotone, also the process X" has cadlag monotonically increasing
paths. Thus X" is necessarily of finite variation (on compacts). Denoting the variation
of a function f over a time interval [t1,t9] with 0 < ¢ < t9 by var(f;t1,t2), one deducts
that var(X{,t1,t2) = X{, — X{, = D2y cocty A (XZ) = D04, o<t |A (XY)[. But obviously,
¢ .

Zt}<s_§t2 |A (XST)\ = b fR+\{0} [(Xse + g(,?—,x))r — X!_| p(ds,dz) and hence the finite
variation of X" implies the existence of the integral.

If ¢ does not vanish, we obtain X/, — X7 >3, _ . A(X]) and can then basically argue
as before. O

Lemma 4.5.8. Suppose the function g(s,z) = g(x) is deterministic and independent of s
and the extended Poisson random measure  is the jump measure of a Lévy subordinator
with Lévy measure v.Then the integral

/ / (Xs- + g()" — XI_) p(ds, dz)
0 JRT\{0}

is a.s. defined for all t € RY provided [, ., g(x) v(dz) is finite.

Proof. Recall that E(u(ds,dz)) = ds x v(dz) in the given set-up. The existence of the inte-
gral follows immediately by combining Lemma 4.5.6 and the fact that [, _, g(z)"v(dz) <

oo implies the existence of f(f fR+\{0} g(z)"u(ds,dx) for all t € RT (cf. Marcus and Rosinski
(2005, p. 113)). O

Regarding the existence of the integral with respect to the Lebesgue measure, we only
present the following criterion (a standard consequence of dominated convergence), which
is applicable to many processes of interest.

Lemma 4.5.9. Assume that there exists a (possibly random) function f : Rt — RT
with fgf(t)dt < 00 a.s. such that [rX]"'e;| < f(t) for all t € RY. Then the integral
fot TX[__lctdt exists in the Lebesque sense.The latter is in particular the case if there are
(possibly random) constants C > 0 and o > —1 such that |r X} ey < Ct*.

For positive Lévy processes, i.e. Lévy subordinators, one can immediately apply the
above results and obtain the following.

Corollary 4.5.10. Let (L;);cr+ be a Lévy subordinator with initial value Ly € R, asso-
ciated drift v and jump measure p. Then for 0 < r < 1 we have that the unique positive
process L is of finite variation and

dL} = ry LI tdt + / ((Li— 4 =)" — Lj_) p(dt, d),
R+\{0}

where the drift rva:l is predictable. Moreover, the drift is locally bounded, if and only if
Lo >0 ory=0.
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Proof. If ~ is zero, the integrability condition imposed on the drift in Theorem 4.5.4 is
trivially satisfied and in the case of a non-vanishing v we know that L; > ~t for all t € R™.
The latter gives rle’fl < ro"t"~! and so an application of Lemma 4.5.9 establishes the
existence of fg ryLy ~1dt in the Lebesgue sense. Finally, noting that Lévy subordinators are
monotonically increasing and using Lemma 4.5.7, the corollary follows immediately from
Theorem 4.5.4. The result on the local boundedness of the drift is immediate. O

4.5.2. The multivariate case

The aim of this section is to generalise the above univariate results to processes taking
values in the cone of positive semi-definite d X d matrices. For reasons becoming clear later
we only take square roots, but generalizations to general roots are straightforward and we
shall indicate them. Before giving rigorous results and proofs, we want to give intuitive
but non-rigorous arguments showing what the results should be. The reason is that for
the rigorous proof we will need the multidimensional It6 formula and the derivative of the
matrix square root, whereas the following two elementary lemmata immediately allow for
an intuitive argument implying what the result should be. Though these lemmata are
rather elementary, we decided to give complete proofs, as they seem to be unavailable in
the standard literature, but should be useful in many situations.

The first result generalizes the representation for the product of two one-dimensional
semi-martingales (confer e.g. Protter (2004, p. 68)) to matrix products of semi-martingales
and is briefly stated, without proof, in Karandikar (1991) (for the continuous case already
in Karandikar (1982a,b)).

Lemma 4.5.11. Let m,n,d € N and A and B be semi-martingales taking values in
Mg m(R) and My, ,(R), respectively. Then the matriz product AB in Mg, (R) is a semi-
martingale and

t t
AtBt:/ AtdBH—/ dA:B;_ +[A, B|M
0 0

where [A, BI]M € My,(R) is defined by

m

z_]t E ZkaBk]

k=1

If the continuous part of the quadratic covariation of A and B is zero, we have

[A, B]M = 4By + Z AA,AB;.

0<s<t

Proof. Applying the univariate result component-wise to AB we obtain for 1 < i < d,
1< <ne

m t
(A¢By)ij Z Aik 1 Brjit Z ( Aik,s—dBrjs + / Bijs—dAig,s + [Air, Bkj]t)
- 0

:</OtAS_dBS—|—/ dAB,_ +[A, B! )J
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In particular, we see immediately that all components of AB are semi-martingales being
sums of products of semi-martingales. Thus AB is a matrix-valued semi-martingale.
If the continuous quadratic covariation is zero, we have that

[4, B = Z[Az‘k,Bkj]t = Z(Aik,OBkj,O + Z AAik,sABkj,s>

k=1 k=1 0<s<t

= <A0B0+ Z AASABS> ,

0<s<t ij

since AA; = (AAy ) and likewise for B. O

1<k<d, 1<I<m

Remark 4.5.12. Obviously the operator [-,-]M plays the same role for the matriz multi-
plication of matriz-valued semi-martingales, as the quadratic variation does for ordinary
multiplication of one-dimensional semi-martingales. Therefore we call the operator [-,- M
the matrix covariation. Note that in general it can be decomposed into

[A, B)) = AgBy + [A, B} + Y AAAB,

0<s<t

where [A,B]%}c =>4 [Aik, Bijl§, i.e. into a continuous part and a pure jump part.

Our next result concerns quadratic equations of positive semi-definite matrices.

Lemma 4.5.13. Let A,B € SZ{. The equation
X?+AX+XA-B=0

has a unique positive semi-definite solution given by

X =vVA?+B- A

Proof. We start by establishing the positive semi-definiteness of vV A2 + B — A. It is clear
that A? + B > A%, Observing that the matrix square root is a matrix monotone function
(i.e. preserves the ordering on S}, see e.g. Bhatia (1997, Proposition V.1.8)), we have
VA2 + B > A, which is equivalent to the claim.

Solving the equation can actually be done using the standard trick for complex quadratic
equations:

X2 4 AX+XA-B=(X+A?2?-A2-B=0s (X +A)?*=A4%+B.

Taking any “square root” in the right hand equation would now lead to a solution X.
However, we consider only positive semi-definite solutions and thus X + A has to be in
S}, which is the case, if and only if we take the unique positive semi-definite square root.
Therefore there is one and only one solution in SZ{ which is given by X = VA2 + B—A. O

Let now a positive semi-definite process X be given by

dX; = edt + / g(t—, z)p(dt, dz)
§4\{0}



76 4. Positive Definite Matrix Processes of Finite Variation

where c¢ is an Sg-valued, predictable and locally bounded process, i an extended Poisson
random measure on RT x ST\{0} and g(s,z) is Fs x B(S]\{0}) measurable in (w,z) and
cadlag in s. Moreover, g(s, x) assumes only values in SZ{. Suppose Y := v/X is representable
as dYy = adt + ij\{O} w(t—, x)p(dt,dx) for some appropriate a; and w(t,z) being of the

same type as ¢; and g(t,x). Using a differential version of Lemma 4.5.11 we obtain

dY? = Y,_dY, + dYyYie +d[Y,YIM = Y,_dY, + dV,Yi_ + (AY;)?

=Y (atdt + / w(t—, x)p(dt, dm))
S3\{0}

+ (atdt +/ w(t—,m),u(dt,dm)) Y- +/ w? (t—, x)p(dt, dz)
ST\0} s7\{0}

+ / < Xi—w(t—,x) + w(t—, z)\/ Xi— + w2(t—,x)) w(dt, dz).
s3\0}

As one clearly needs to have dY? = dX;, the equations ¢; = /X;_a; + az/X;— and
VXi—w(t—, 2)+w(t—, )/Xi_+w?(t—, x) = g(t—, x) have to hold. Assuming the necessary
invertibility this gives a; = X; '¢;, where Xy : My(R) — My(R) is the linear operator
Z v Xi—Z + ZyXi—, and w(s—,x) = \/Xs— + g(s—,z) — v/X,_ using Lemma 4.5.13.
In the following we show that this representation for VX is indeed true. It will also turn
out that we implicitly obtained the derivative of the positive definite matrix square root,

which is given in the next Lemma. Here and in the following we regard S&H as a subset of
. . . . d(d+1)
the vector space Sg4, which we identify with R™ 2 when necessary.

Lemma 4.5.14. The positive definite square root +/- : SZ{JF — SZ{JF is continuously dif-
ferentiable and the derivative DX is given by the inverse of the linear operator Z +—

VXZ+2ZVX.

Proof. The square root is the inverse of the bijective function f : S;lH' — Sjl"ﬂ X — X2
It is easy to see that D f(X) is the linear operator Z — XZ 4+ ZX (see also Bhatia (1997,
Example X.4.2)). Using that o(Df(X)) = o(X) + o(X) C RT\{0}, we see that Df(X) is
invertible for all X € S;lH'. Thus, Rudin (1976, Theorem 9.24) shows that the square root
is continuously differentiable and the derivative is given by the claimed linear operator. [J

With the above results, we can now generalize our results on the behaviour of univariate
square roots in a straightforward manner to the multivariate case.

Theorem 4.5.15. Let (X;);cr+ be a given adapted cadlag process which takes values in
S;Jr, 1s locally bounded within S&H and can be represented as

dX; = ¢ dt + / g(t—, x)p(dt,dz) (4.5.3)
53 \{0}

where ¢ is an Sg-valued, predictable and locally bounded process, u an extended Poisson
random measure on RT x ST\{0}, and g(s,z) is Fs x B(S;\{0}) measurable in (w,z) and
cadlag in s. Moreover, g(s,x) takes only values in SZ{.



4.5. Roots of positive semi-definite processes 7

Then the integral fg fS*\{O} (\/Xs, +g(s—, x)—\/Xs,),u(ds, dx) ewists a.s. for allt € RT
d
and the unique positive definite square root process Y = v/ X is given by

Yy = v Xo, dY; = azdt +/ w(t—, z)u(dt, dx),
S;\{0}
with
a =X, ey,
where X;_ is the linear operator Z — /X;—Z + Z+/Xi— on My(R). The drift process a is
predictable and locally bounded and

w(s,z) == /Xs + g(s,2) — VX5

is Fs x B(S1\{0}) measurable in (w,z) and cadlag in s. Moreover, w(s,z) takes only
positive semi-definite values.

Proof. The representation of Y follows from Proposition 4.3.4 and Lemma 4.5.14 by the
same arguments as used for Theorem 4.5.1.

Using the vec-transformation and the Kronecker product, the linear operator X;_ is
easily seen to be symmetric (self-adjoint) and to possess a spectrum that is positive and
locally bounded away from 0, since 0(X;_) = o(v/X;—) +0(v/X;—), the function f : SJ+ —
S+, Z + min(o(Z)) is continuous and VX is locally bounded within S} . The variational
characterizations of the eigenvalues of a self-adjoint operator (cf. Horn and Johnson (1985,

Section 4.2) for a matrix formulation) imply that min (o(X;_)) = min”ﬂb#o(%)
2

Hence, | X; !z < (min (0(X;_))) " is locally bounded. Here || - ||5 denotes the norm on

M,(R) given by ||z|5 = [[vec(x)||2 = /tr(zaT), with || - |2 being the Euclidean norm on

R?%, and the associated operator norm on the linear operators over My(R). This establishes
the local boundedness of a.

That w(s, =) takes only positive semi-definite values follows from Lemma 4.5.13 and the
additional properties stated are straightforward. ]

Remark 4.5.16. In principle we could immediately extend the above result to arbitrary
r-th powers with 0 < r < 1 again. Yet, this would mean that we need to calculate D f,
where f, denotes the unique positive definite r-th power and a; would become D f,.(X;—)ct.
In general there seems to be no useful formula for Df,.. Arguing as in Lemma 4.5.14 was
possible for r = 1/n with n € N, but then Df,.(X) would be characterized as the inverse
of the linear operator Z — ZjJrk:nfl;j,keNo XIrZ Xk Although in principle this can be
applied, it appears to be infeasible for general n.

Assuming the existence of the relevant integrals, the strict positivity condition can again
be relaxed. To be able to argue as in the univariate case we need two new technical results,
the first one involving the so-called trace norm || - ||; of matrices. For A € My(R) it is
defined as ||A|ly = tr ((AA*)l/z) and it is easy to see that || Al = tr(A) for A € ST

Lemma 4.5.17. Let A,B € SZlL and 0 < r < 1. Then the function Rt — RT, € s
(A4 elg+ B)" — (A+€ely)"||4r is monotonically decreasing. In particular,

[(A+ela+ B)" = (A+ela)|ler < [[(A+ B)" = A"

for all e e RT.
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Proof. Denote for some matrix Z € S} by A(Z),A2(Z),..., a(Z) the eigenvalues of Z
sorted in ascending order.

Choose now some arbitrary €,é € R™ with ¢ > €. From Horn and Johnson (1985,
Corollary 4.3.3) we obtain A\;(A+ B) > \;(A) for i = 1,2,...,d. This implies using Lemma
4.5.2 that

d
D (A +B) +0)" = (Ni(A) + o))

i=1

((Ai(A) + e+ Xi(A+ B) = Ai(A))" = (Mi(4) +€)")

I
.M&

1

7

((Ai(A) + e+ Xi(A+ B) = Ai(A))" — (Mi(4) +8))

(VR

1

7

(Ai(A+B)+€)" = (Xi(A) +6)").

I
AM&

=1

Noting that the trace of a matrix is the sum of its eigenvalues and that A\;(Z+el;) = A\i(Z)+e
and \;(Z)" = \(Z") for all Z € S} and € > 0, we conclude tr((4 + eIy + B)") — tr((A +
elg)") <tr((A+é€él;+ B)") — tr((A + €1;)"). This immediately implies

[(A+elg+ B)" — (A+ela)"|ler < (A +élg+ B)" — (A +€la) ||
This shows the claimed monotonicity and inequality, choosing € = 0. U

Lemma 4.5.18. Let A € SZIL, e € R™ and denote by A, the linear operator My(R) —
My(R) : X — A+ el X + X/A+ ely. Then we have for every x € My(R) that ||A x5
is decreasing in e.

Here || - ||5 denotes again the norm on Mg(R) given by ||z|5 = [[vec(x)|]2 = y/tr(zzT),
with || - ||2 being the Buclidean norm on RY | and the associated operator norm on the linear
operators over My(R).

We understand [|Ag'z||5 = oo in the case A € ST\SIT above.

Proof. Note first that [|[A 7 z|; = || (VAT ely® Ig+ I3 © VA + eId)_l vec(x)||2 and that
VA+ g1+ 130/ A+ ely € S}, and in particular self-adjoint. Thus we have [|A7 z|[; =

<vec(m), (\/m QI +1;® M) -2 Vec(x)>1/2. Using that taking the inverse re-
verses the ordering on SIQ, this implies that it is sufficient to show that (VA + ely ® Iy +
I;®+v/ A+ €ly)? is increasing in € in the ordering on Sp2. But let now U € My(R) be a unitary
matrix such that U* AU is diagonal, then (U* @ U*)(vVA + el @ Ig+ ;@ VA + ely)>(URU)

is diagonal and obviously increasing in €. Observing that U ® U is again unitary and that
such transformations preserve the ordering on S;FQ concludes the proof. U

Proposition 4.5.19. Let (X;);cr+ be a given adapted cadlag process which takes values in
S&L and can be represented as

dX; = edt + / g(t—, z)p(dt, dzx)
§4\{0}
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where ¢ is an Sg-valued, predictable and locally bounded process, p an extended Poisson
random measure on RY x ST\{0} and g(s,z) is Fs x B(SJ\{0}) measurable in (w,z) and
cadlag in s. Moreover, g(s,z) takes values in ST. Let Xy_ be the linear operator My(R) —
My(R), Z — /X~ Z + Z/X;— and assume that the integrals fg Xs__lcsds (in the Lebesgue

sense) and

/t /+ <\/Xsf +9g(s—z) — /X ,) w(ds,dzx)
0 Js;\{o}

exist a.s. for allt € R,
Then the unique positive semi-definite square root process Y = /X is representable as

Yo = v/ Xo, dY; = adt +/ w(t—, z)u(dt, dx), (4.5.4)
si\{0}
where the drift
a =X, e,

is predictable and where
w(s,x) ==/ Xs+g(s,z) — /X5

is Fs x B(S1\{0}) measurable in (w,z) and cadlag in s. Moreover, w(s,z) takes only
positive semi-definite values and Y is a.s. of finite variation.

Due to the conventions of Lebesgue integration theory we always have a; = 0 if ¢ = 0
above.

Proof. We first show that ¥ = /X is representable by (4.5.4). Recall below that the
integral of an M (IR)-valued function exists if and only if the integral of the norm exists for
one and hence all norms on My(R).

For any € > 0 we define the process X, := X; + el;. Obviously X.; > eI, for all t € RT
and the process X, is of finite variation and hence locally bounded. Observing that for all
6, K > 0 theset {x € SIT : 2 > 41, ||z|| < K} is convex and compact, this implies that
X, is locally bounded within S;lur and

t t
Xet=Xo+elg+ / csds + / / g(s—,z)u(ds,dz).
0 0 Jsi\{o}

From Theorem 4.5.15 we obtain that

t
\/Xt + EId = \/X€7t = \/XO + EId + / X;Sl_CSdS (455)
0

t
+/ / (\/XS_ +elg+g(s—,z)— \/XS_ + eId) wu(ds, dx),
0 Jsi\{o0}

where X, ,_ denotes the linear operator

Md(R) — Md(R) LN X velgZ + 72/ Xs_ + €ly.
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For s € RT we clearly have that v/X,_ + ¢ — v/X,_ and X s— — X4 point-wise as € — 0.
Moreover, Lemma 4.5.18 ensures HXZ;,CSHQ < X 2es|s for all € > 0. By assumption

HX;LCSHQ is Lebesgue-integrable over [0,¢] and so majorized convergence gives that

t t
~1 ~1
/0 X s Csds — /0 X, csds as € — 0.

From Lemma 4.5.17 we see that ||\/Xs— + elq + g(s—, ) — /Xs_ + €lg|tr is decreasing in
€. So our assumptions and majorized convergence ensure that

t
lim/ / (\/Xs, +elg+g(s—,x) — /Xs_ + eId) wu(ds, dx)
0 Jsi\{o}

e—0
_ /t /+ (\/Xsf T o—a) — \/Xs,> 1u(ds, dz).
0 JS5\{0}

Combining these results we obtain, from (4.5.5) and by letting ¢ — 0,

t t
VX =vXo +/ X teods +/ / (\/XS_ +g(s—,x) — \/X8_> wu(ds, dx),
0 0 Jsi\{o}

which concludes the proof of the representation for Y.

To establish the finite variation of the process Y it suffices now to argue that both
integral processes fg X 'eyds and fot fSJ\{O} VXs— + g(s—, ) —V/Xs_pu(ds, dz) are of finite
variation. For the second this is immediately clear and for the first we only need to observe
that the existence in the Lebesgue sense implies the existence of fg |1 XL |ds for any norm
Il - |- The latter is strictly increasing (thus of finite variation) when viewed as a process
in ¢ and its total variation is an upper bound for the total variation of the first integral

calculated using the same norm || - ||. O

Remark 4.5.20. When replacing the square root with an arbitrary continuously differ-
entiable function f : S} — Sq, the above proposition remains valid if |Df(z + elq)z| <
K||Df(z)z| and

1 (@ +ely+y) = fla+ela)l| < K| f(z+y) — f(2)] (4.5.6)

for all x,y € S;{, z €Sy and € € RT, where K and K are some constants. Then f(X) is
representable by (4.5.4) with a; = Df(X¢—)er and w(t,z) = f(X¢ + g(t,z)) — f(Xy).

For general r-th powers with 0 < r < 1 condition (4.5.6) holds due to Lemma 4.5.17.
In particular, this implies that the above theorem applies immediately to the r-th power if
c; = 0 for all t € RT. Furthermore, the square oot can be replaced by the r-th power in all
the following Lemmata 4.5.23, 4.5.24, 4.5.25, 4.5.26 and 4.5.27.

Before giving criteria for the existence of the integrals assumed in the above theorem, we
establish some auxiliary results. The first one establishes that Sj—increasing functions are
always of finite variation.

Lemma 4.5.21. Let f : Rt — SZ{ be an Sj—z’ncmasz’ng function, i.e. f(a) < f(b) for all
a,b € RT with a < b. Then f is of finite variation on compacts.
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Proof. Obviously we are free to choose any norm on My(R). Let thus || - |¢, again denote
the trace norm and recall that ||A||y, = tr(A) for all A € S}. For s,t € RT, ¢ > s we obtain

1F(8) = f(s)ller = tr(f () = F(s)) = tx(f(2)) — txr(f(s)),

due to the linearity of the trace. From this we can immediately conclude that the total
variation of f over any interval [a,b] with a,b € R*, a < b calculated in the trace norm is
given by tr(f (b)) —tr(f(a)), which is finite. Hence, f is of finite variation on compacts. O

The trace norm has also been used in Barndorff-Nielsen and Pérez-Abreu (2007) and
Pérez-Abreu and Rocha-Arteaga (2005) and thus seems to be very well adapted to the
structure of matrix subordinators. The lemma could alternatively be easily established
using the theory for general cones developed in Duda (2007) and the properties of the trace
functional /norm.

Moreover, we need to consider an appropriate matrix extension of the inequality va + b—
va < b for all a,b € RT. Actually, the question whether A+ B — VA < /B for
A, B € SZ{ seems not to have been discussed in the literature yet. However, the following
norm version suffices for our purposes.

Definition 4.5.22. Let A, B € My(R) then |A| = (A*A)'Y/2 is called the modulus (absolute
value) of A.

A norm || - || on My(R) is said to be unitarily invariant, if |[UAV|| = ||A|| for all unitary
matrices U,V € My(R).

For more information see e.g. Bhatia (1997) and for unitarily invariant norms also Horn
and Johnson (1985).

Lemma 4.5.23 (Ando (1988, Corollary 2)). Let A,B € S} and || - || be any unitarily

invartant norm. Then
IVA-VB| < |VIA- B

This result has originally been obtained in Birman, Koplienko and Solomjak (1975).
We can simplify the result somewhat by using the operator norm associated to the usual
Euclidean norm on R¢.

Corollary 4.5.24 (cf. Bhatia (1997, Section X.1)). Let A, B € S and let || -||2 denote the
operator norm associated with the Euclidean norm. Then

IVA—=VBlla <[ (IA=B]) |2-
In particular, |[VA+ B —VAll2 < /|| Bz

Armed with these prerequisites we can now state criteria for the existence of the integrals
in Theorem 4.5.19.

Lemma 4.5.25. The integral f(f fS*\{o} w(s—, z)u(ds,dz) exists a.s. for allt € RT in the
d
usual sense if the integrals

t t
/ / 196, ) lau(ds, dz) o / / o(s— 2)pu(ds, dx)
0 Jsi\{o} 0 Jsi\{o}

exist a.s. for allt € RT or there is some S:lrJr—valued random variable C such that X; > C
for allt € RT.
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Due to the equivalence of all norms one can actually use any other norm instead of || - [|o.
Moreover, the second case corresponds to Theorem 4.5.15.

Proof. First of all we note that fg fS+\{O} llg(s—, x)||2p(ds, dz) exists if and only if the
d

integral fg fS*\{o} Vg(s—,x)u(ds,dx) exists. This follows immediately, since according
d
to the definition of integration with respect to Poisson random measures the integral

f(f ij\{O} Vg(s—,z)u(ds,dz) exists if and only if
¢
| IVaG=alutds.de)
0 JS;\{0}

exists for one and hence all norms | - ||, and ||v/Z||2 = /|| z[|2 for all z € S7.
Noting that Corollary 4.5.24 gives ||w(s—,x)|2 < v/|lg(s—,x)]||2, a simple majorization
argument establishes the existence of fg fS+\ (0} w(s—, z)u(ds,dz) in the first case.
d

Assume now that X; > C for all ¢t € Rt holds with some C € Sj. Then we once
again argue w-wise. The square root function is Lipschitz on any set A C SZ{JF for which
there is some Cjy € S;r+ such that C > Cp for all C € A (see, for instance, Bhatia
(1997, p. 305)). Thus there exists a constant K (possibly depending on C') such that
|vXs— +g(s— x) — vX—|| < K||g(s—,z)||. This implies the existence of the integral, as
fot fS;\{O} g(s—,x)u(ds, dz) exists due to our assumptions on the process X. O

Lemma 4.5.26. The integral fot fS+\{0} w(s—, z)u(ds,dz) exists a.s. for allt € RT in the
d
usual sense provided c; € Sj for allt € R, i.e. the process X is S;‘-increasing.

Proof. The Sj—increasingness of X is clear. Since the square root preserves the ordering on
S;l", the process v X is Sj—increasing, as well. Thus, Lemma 4.5.21 ensures that v X is of
finite variation.

Now, we first assume ¢; = 0 for all ¢ € RT. Denoting the total variation (in the trace
norm) of a function f over a time interval [t1,%s] with 0 < ¢t; < t9 by var(f;t1,t2), one

deducts that var(VX,t1,t2) = tr(v/Xp,) — tr(y/Xe,) = Y, o<ty 1A (VXS) [lir- But,
D IRNE AT N Ve oo BV o WS

t1<s<ta

obviously and hence the finite variation of v/ X implies the existence of the integral.
If ¢; does not vanish, we obtain tr(\/Xt,) — tr(\/Xe,) > 32 cocy, 1A (VX5) [t and can

argue as before. O

For the following recall that we refer to S;r—increasing Lévy processes as matrix subordi-
nators.

Lemma 4.5.27. Suppose the function g(s,x) = g(x) is deterministic and independent of s
and the extended Poisson random measure 1 is the jump measure of a matriz subordinator
with Lévy measure v. Then the integral

/t /+ <\/Xsf +g(@) — \/Xsf) p(ds, dz)
0 /S \{0}

is indeed a.s. defined for all t € RT provided fOSIIxIIzSLJ»‘EgI\{O} Vg(@)|l2v(dx) is finite.
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Again we can use any other norm instead of || - ||2.

Proof. Recall that E(u(ds,dz)) = ds x v(dx) in the given set-up. The existence of the
integral follows immediately by combining Lemma 4.5.25 and the fact that

/n l2<1 otz de) :/n <1 1v/9(x)|2v(dz) < oo

implies the existence of
/ / V(@) p(ds, dz)
s;\{0}

for all t € RT (cf. Marcus and Rosinski (2005, p. 113)). Here we note that

min ([lg(x)ll2, 1) v(dz)ds < t{ v ({z € S7 : [zl > 1}) + Vllg(@)2v(dz)
I [ / )

s7\{o} llefz<1
is finite. 0

Regarding the existence of the integral with respect to the Lesbesgue measure, we only
restate the criterion of Lemma 4.5.9 for the multivariate case.

Lemma 4.5.28. Assume that there exists a (possibly random) function f:RT — Rt with
fo t)dt < oo a.s. such that | X 'c;|| < f(t) for all t € RY. Then the integral fg X, tedt
exists in the Lebesque sense. The latter is in particular the case, if there are (possibly
random) constants C > 0 and o > —1 such that | X c;|| < Ct®.

After these general considerations we shall now turn to studying the roots of matrix
subordinators.

Corollary 4.5.29. Let (L;);er+ be a matriz subordinator with initial value Loy € S , as-

sociated drift v and jump measure p. Then the unique positive semi-definite process \/Z i
of finite variation and, provided that either Lo € STT or v € ST U {0},

dv/L; = L vyt +/

S3\{0}

(VI + 2= VL) uldt, de),

where Ly_ is the linear operator on My(R) with Z w— /Li_Z + Z+/Ly—. The drift Lt__lfy 18
predictable, and additionally locally bounded provided Lo € S;Hr or v =0.

Proof. As the square root preserves the ordering on S}, V'L is S;-increasing and thus of
finite variation by Lemma 4.5.21.
In the case Lg € S;lur the Corollary follows from Theorem 4.5.15.

Else we know from Lemma 4.5.26 that the integral fot fS+\{0} (VL= +2—/Li")pu(ds, dz)
d
exists a.s. for all ¢ € RT. Next we show that the integral fot L, 'vds exists for all t € RT.

For v = 0 this is trivial. For v € Szlur, we have that Ly > s € SF‘. Using the variational
characteristics of the eigenvalues as in the proof of Theorem 4.5.15 we get

IISIIIQH;}EO <M> = min (0(Ls_)) = 2min (a(\/Z)) > 2y/s5y/min (¢(7)).

]z
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Therefore |L;t|; < (min(U(Ls_)))f1 < (21/min(a('y)))7ls*1/2. Hence, |Llv|| <
Cs Y2 for all s € Rt with some constant ¢ € Rt and so Lemma 4.5.28 establishes
the existence of fg L, _csds for all t € RT in the Lebesgue sense. Therefore Proposition
4.5.19 concludes the proof. ]

Remark 4.5.30. If the Lévy process is supposed to have initial value in QS:{ (e.g. zero, as
is usual) and non-zero drift v € QSI, then there appears to be basically no hope to obtain a
representation of the above type.

4.6. Roots of Ornstein-Uhlenbeck processes

Now we turn to studying the behaviour of the roots of positive Ornstein-Uhlenbeck processes
as defined in Section 4.4. Recall in particular that the driving Lévy process L is assumed
to be a (matrix) subordinator.

Straightforward calculations based on Theorems 4.5.1 and 4.5.4 establish the following
result for a univariate OU process dX; = —AXy_dt + dL;.

Proposition 4.6.1. Let (Xi)cr+ be a positive univariate process of Ornstein-Uhlenbeck
type driven by a Lévy subordinator L with drift v and associated Poisson random measure
w. Then for 0 < r < 1 the unique positive r-th power Y = X" is of finite variation and has
the following representation:

dYy = (=ArX]_ + WTX[:I) dt + / (X +2)" — (X32)") p(dt, dz)
R*T\{0}

= (~MYe 4 / i (7" 42y = Vi) uldt, ),
R 0

provided that the process X is locally bounded away from zero or the integrals fg 'ergjlds
and fg fR+\{0} (Xo— + )" — XI_) p(ds, dx) exist a.s. for all t € R.

Before showing that the conditions are actually satisfied for all positive OU processes,
we show this for stationary ones, as this case is of particular interest and the proof is very
straightforward. Recall in particular that a stationary OU process can be represented as
ffoo e 2=%)d L, where the driving Lévy process has a finite logarithmic moment.

Proposition 4.6.2. Let X be a stationary positive process of OU type with driving Lévy
process L (having drift v and non-zero Lévy measure v). Then it is locally bounded away
from zero.

The same holds for any positive Ornstein-Uhlenbeck process X with Xo > 0 a.s.

Proof. Let us first consider the stationary case. If v > 0, we see from Proposition 4.4.6 that
X; > /A > 0 for all ¢, which implies that X is locally bounded away from 0. Otherwise note
first that X; > e X for all t > 0 and that the stationary distribution is self-decomposable
(cf. Sato (1999, Theorem 17.5)). As the driving Lévy process has a non-zero Lévy measure
the stationary distribution must be non-trivial and thus by Sato (1999, Example 27.8)
absolutely continuous with respect to the Lebesgue measure. Therefore we have Xg > 0
a.s. Hence, there is a.s. a sequence of stopping times (7),)nen increasing to infinity such
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that X; > 1/n for all t € [0,T,) (actually we can set T), = ln();on))’ which gives that X is
locally bounded away from the origin.
Obviously, the same arguments apply in the non-stationary case. O

Proposition 4.6.3. Let (X;);cr+ be a positive univariate process of Ornstein-Uhlenbeck
type driven by a Lévy subordinator L with drift v and associated Poisson random measure
w. Then the integrals f(f X" lds and fg fRJr\{O}((Xs, +x)" — XI_)u(ds,dz) exist for all
teRand 0 <r < 1.

Proof. To show this we introduce the auxiliary process Z; = Xg + f(f eMdL, for t € RY,
It holds that Z, = eMX, for all t € R*, the process is monotonically increasing and
dZ, = eM~ydt + fR+\{0} eMap(dt, dx).

The increasingness implies the existence of the integral

t
/ / ((ZS, + M) — Zg_) wu(ds, dx)
0 JRT\{0}
t
= / / s (Xs— + )" — XI_) p(ds, dz).
0 JRT\{0}

Since 0 < min{1,e**} < e’ < max{1,e*?*} for all s € [0,¢], this shows that the integral
fot fR+\{0} (Xs— + )" — XI_) p(ds, dz) exists for all ¢ € R.

Obviously, Z; > fg eMyds = £ (e” - 1). Assuming first A > 0, this gives

t t t —
/ ’y?”Xg:ldS _ / r,ye—)\(r—l)sZ;":lds < / 7n,yr)\l—re—)\(r—l)s <€>\S _ 1) r—1 ds
0 0 0

t r—1
_ T,,yr)\l—re—)\(r—l)t/ <6)\s _ 1) ds.
0

Noting that e** —1 > s for all s € RT, this implies the existence of f(f ’)/’I“Xg:lds for all
t € RT immediately. In the case A < 0 one calculates

t t
/ yrX"lds < r'y"])\llr/ (e7? —1)"Lds,
0 0

which likewise implies the existence of the integral for all ¢t € RT. O

Remark 4.6.4. For a driftless driving Lévy process we see from

a¥i = n¥idir [ (0 ey V) it do) (4.6.)

R+\{0}
for 0 < r < 1 that the drift part is again that of an Ornstein-Uhlenbeck process.

Moreover, observe that (4.6.1) gives a stochastic differential equation (cf. Applebaum
(2004) for information on this type of SDEs) for the r-th power, 0 < r < 1, of the OU
process. Since the derivative of y — (y'/" + x)" is given by y — (yl/r/(yl/r + x))lfr
is thus obviously bounded by one for all x € RT, the function y — (yl/r + )" is (globally)
Lipschitz. This implies that for any initial value Yy the SDE (4.6.1) has a unique solution.

and
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If v > 0 one likewise has the SDE
4y, = (—)\rY}_ Ay Y ) dt + / ((Ytl_/’" +a) - Yt_) p(dt, de)
R+\{0}

for the r-th power of the OU process. In this case one has only local Lipschitz continuity in
R for y — yry'=Y7". In such a set-up results on the existence of unique solutions are still
obtainable, but as these would require a rather lengthy discussion, we refrain from giving
any details.

From the following proposition we see that the r-th power of a positive OU process X
with v = 0 has a representation quite similar to the one for the OU process given by
X, =eMXo+ fot fR+\{O} e =)z p(ds, dx):

Proposition 4.6.5. Assume that v =0, 0 < r < 1 and Xo > 0 a.s. Then the process
Y = X" can be represented as

t
Y, = e—Arth _|_/ / <(6_>\(t_S)XS, + e—)\(t—s)x)r _ (G_A(t_S)XS,)T) ,u(ds,dac)
0 JRt\{0}
t
= e MIXP 4+ / / e Ar(t=9) (Xo- + )" = X_) p(ds, dz).
0 JRt\{0}

Proof. As in the proof of Proposition 4.6.3 we use the auxiliary process Z; = Xy +
fot fR+\{O} e*xu(ds, dz). For the process Z] we obtain from Proposition 4.5.4

dZ; = / ((ZS_ T Z;"_) u(ds, d)
R*\{0}
= / ((e)‘SXS_ + M) — (e)‘SXS_)T> w(ds, dz).

R*\{0}

Thus,
t
Zl = X+ / / ((e)‘sXs_ + M) — (e)‘sXS_)r> w(ds, dz).

0 JR+\{0}

This implies the assertion via Y; = XJ = e 27, O

Finally let us improve the representation of Proposition 4.6.5 for a stationary Ornstein-
Uhlenbeck process.

Proposition 4.6.6. Let X be a stationary process of OU type with driving Lévy subordi-
nator L (having non-zero Lévy measure) with a vanishing drift v. Then for 0 < r < 1 the
stationary process Y = X" can be represented as

t
Y, = / / ((ef)\(tfs)XS_ 4 e*’\(t*s)x)r _ (ef/\(t*S)XS_)T> p(ds, dx)
—oo JRT\{0}

t
= / / e Ar(t=s) (Xo— +2)" — XI_) p(ds, dz).
—oo JRT\{0}
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Proof. Note that as in Proposition 4.6.5 we have that
t
Y, = e MET X+ / / e M) (X +2)" — XI_) p(ds, dx)
T JRH\{0}

holds for all 7 € (—00,0]. Letting 7 go to —oco we see that e*)‘r(t*T)XZ goes to zero, since
for any stationary OU process e *(~7) X converges to zero. As, moreover, the left hand

side is independent of 7, the integral

t
[ [ e (e ay X2 s o
T JRT\{0}

exists for all 7 € (—o00,0] and is increasing for decreasing 7, the limit of the integrals for
T — —oo exists. This implies the result immediately. U

Having analysed the univariate positive Ornstein-Uhlenbeck processes in depth, let us
now turn to multivariate positive definite ones and see which results can be extended. Here
we state all results again only for the square root, but extensions to more general powers are
immediate. The general result on the representation of the square root follows immediately
from the results of Section 5.2.

Proposition 4.6.7. Let (X;);cr+ be an Sj{—valued process of Ornstein-Uhlenbeck type
driven by a matriz subordinator L with drift ~v € S; and associated Poisson random mea-
sure . Then the unique positive square root Y = /X is of finite variation and has the
following representation:

si\{o} (
(/72 + o~ ¥io) utat, o),

provided that the process X s locally bounded within S;'F or the integrals

=Y, (AY2 + Y2 A* +7)dt + /
sy\{0}

t t
/ X (AX,_ + Xo_ A" +4)ds and / / (VX + o= VX" ) u(ds, dx)
0 0 Jsi\{o}

exist a.s. for allt € R. Here, X;_ is the linear operator Z — /X Z + Z~/X;_ and Y;_
the map Z — Y;_Z + ZY,;_

For stationary OU processes one can again establish local boundedness, provided the
driving Lévy process is non-degenerate.

Proposition 4.6.8. Let X be a stationary positive semi-definite OU process and assume
that the driving Lévy process L has drift v € S;‘+ or Lévy measure v such that V(S$+) > 0.
Then the process X 1is locally bounded within SZ{JF.

The same holds for any positive definite OU process with initial value Xg € S;lur a.s.
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Proof. In the stationary case Theorem 4.4.9 implies Xg € S;lur a.s. From (4.4.6) we thus
always obtain that X; > eA*Xped™ € S&H for all t € R. As min (0 (eAtheA*t)) is
continuous in ¢ and strictly positive, min o (eAtheA*t) is locally bounded away from 0; in
particular, T}, := inf{t € R" : eAt Xped™ < %Id} defines a sequence of stopping times that
a.s. increases to infinity. But this implies X; > %Id for all t € [0,T,). Together with the
local boundedness of X and the fact that sets of the form {z € S} : z > ely, ||z| < K}
with ¢, K > 0 are convex and compact, this establishes the local boundedness of X within
Syt O

In general we cannot obtain the existence of the relevant integrals for all positive definite
OU processes, but the following proposition covers many cases of interest.

Proposition 4.6.9. Let X be a positive definite OU process driven by a matrixz subordinator
L with drift v and Lévy measure v.Then the integral

t
/ X, (AX + Xo_ A" +7)ds
0

exists a.s. for all t € R provided v € SZ{JF orv =0, Xo =0 and L is a compound
Poisson process with v(S;\S}+) = 0. Furthermore, the integral fg fsj\{o}(m -
\/X—S_),u(ds,dm) exist a.s. for all t € R, provided L is compound Poisson (with drift) or
fOSII:BIIle \/WV(dx) s finite.

Proof. Let us first consider the second integral. Then fOSIImIIgsl Vz|l2v(dz) < oo is triv-
ially satisfied for any compound Poisson process and so Lemma 4.5.27 gives the result.

If y =0, Xg =0 and L is a compound Poisson process, X; = 0 for all ¢ € [0,T) where T
denotes the first jump time of L. So the integral

t
/ X, (AXo + X_ A" +7)ds
0

exists a.s. for all t € [0,7T). The condition v(ST\ST") = 0 ensures that the first jump
AL is a.s. strictly positive definite and hence Xp € S;'F a.s. Using basically the same

arguments as in Proposition 4.6.8 this shows that the integral fg X;l (AXS_ +X,_A* —i—'y) ds
exists also a.s. for all ¢ € [T, 00), which concludes the proof of this case.
Assume now that v € SZ{JF. We have

t t

X; > / eA(tfs)weA*(tfs)ds > / min (O‘ <eA(tfs)76A*(tfs)>) I ds.
0 0

But eA(t=9)yeA"(t=5) ¢ §TF for all t,s € RT and so for any M € R* continuity and

compactness ensures the existence of a constant kp; > 0 such that

min (O‘ (eA(t_S)yeA*(t_S)>) > ks

for all ¢t,s € [0, M]. Hence, X; > kpst for all t € [0, M]. Using the same matrix analytical

arguments as in the proof of Corollary 4.5.29, this implies ||X; (|3 < wﬁt_lﬂ for all

t € [0,M]. Moreover, as X is locally bounded there is a.s. a constant Kj; such that
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| X¢lls < Kp for all ¢ € [0,M]. (Here we have fixed w € 2, but recall that we can
argue path-wise.) Since [; ElAl Kyt 0z g-1/245 is finite for all ¢ € [0, M], where A is

2V ks
the hnear operator My(R) — Md(R) Z — AZ + ZA*, majorized convergence gives that
fo Y(AX,_ 4+ X,_A* 4+ ) ds exists a.s. for all t € [0,M]. As M € R* was arbitrary,
this concludes the proof. O

However, one can again show that the square root of a positive definite OU process X
with v = 0 has a representation similar to the one for the OU process given by X; =

et XoeA't 4 fg fgi\{o} eAt=9) e A" (1=9) 1 (ds, dix):

Proposition 4.6.10. Assume that v =0 and Xo > 0 a.s. Then the process Y = /X can
be represented as

y AtheA t

/ / < Alt=s) (X, + x)eA"(t=s) — \/eA(t—S)XS_eA*(t—S)> p(ds,dx).

S \{0}

Proof. Let (Z,),cr+ be the auxiliary process given by Z,, = = A=) X, eA"(-1) where t € RT

is fixed. Then Z, = eA*Xpe "t + [ fs+\{o} eAt=9)3eA"(t=9) y(ds, dz) is S} -increasing. Using
d

Theorem 4.5.19 and Lemma 4.5.26 this implies that

VZ, = VeAtXpeAt +/ / (\/ZS_ + eAlt=s) gpeA*(t—s) — \/ZS_> w(ds, dz).
0 Jsi\{o}

Since X; = Z; and Z,_ = A=) X, A" (t=5) thig immediately concludes the proof. ]

Finally let us improve the above representation for a stationary positive definite Ornstein-
Uhlenbeck process.

Proposition 4.6.11. Let X be a stationary process of OU type with driving matriz subor-
dinator L with a vanishing drift v. Then the stationary process Y = v/ X can be represented

as
t
Y = / / <\/eA<t—s> (Ko + 2)e3) — \/eA(t—S)XS_eA*(t—S)> i(dz, ds).
—00 S:{\{O}

Proof. Follows from Proposition 4.6.10 using the same arguments as in the proof of Propo-
sition 4.6.6. O
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5. A Multivariate Generalization of the
Ornstein-Uhlenbeck Stochastic Volatility
Model

5.1. Introduction

A wide range of different univariate continuous-time stochastic volatility models has been
developed in the financial literature aiming at capturing the most distinct features of the
price process of a single financial asset. The adequacy of such models is essential for appli-
cations such as risk management and derivative pricing for which closed form expressions
of the integrated variance process are desirable.

In a multivariate context modelling becomes even more challenging. Next to capturing
the individual dynamics the model also needs to reproduce the comovements and spill-over
effects across different assets. In particular, knowing the correlation structure is crucial for
financial decision-making, such as portfolio risk management, asset allocation or the pricing
of multi-asset options. In addition to those requirements, there also arise some technical
issues in the multivariate setting. One is given by the necessity of a positive semi-definite
covariance matrix. For stochastic volatility models this implies that the instantaneous
covariance should be specified as a positive semi-definite process. Moreover, if the dimension
of the return vector increases the number of parameters in the model should not explode.
Hence, a parsimonious but at the same time accurate and flexible specification is needed.

Given these challenges the theoretical literature on multivariate stochastic volatility mod-
els has developed over the last few years, where the main focus was on discrete-time models
as an alternative to the multivariate GARCH models, see e.g. Chib, Nardari and Shephard
(2006) and Harvey, Ruiz and Shephard (1994). In contrast to the discrete time models,
however, the continuous-time specification allows to infer the implied dynamics and prop-
erties of the estimated model at various frequencies differing from the one used in the
estimation. This is important, inter alia, for forecasting the covariance over short term
intervals, where the estimates can be based on lower frequent data. Moreover, the con-
tinuous time specification is very important from the asset pricing perspective. Despite
these advantages, however, we are aware of only a few papers considering continuous time
multivariate stochastic volatility models. In particular, Hubalek and Nicolato (2005) and
Lindberg (2005) adopt a factor approach in which the volatility factors are independent
and follow univariate positive non-Gaussian Ornstein-Uhlenbeck type (OU type hereafter)
processes. But the flexibility of these models is accompanied by the difficulty to achieve
identification, which is complicating the empirical application of these models. In Gourier-
oux (2006) the stochastic volatility is not driven by univariate factors, but the full covariance
matrix is specified as the sum of outer products of Gaussian vector OU processes, which
is referred to as a Wishart autoregressive process. Although this model provides closed
form expressions for many applications, it also lacks a closed form representation for the
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integrated covariance process.

In this chapter we therefore introduce a new continuous-time multivariate stochastic
volatility model that is shown to meet the above mentioned requirements while providing
a closed form and very simple structure for the integrated covariance process. We assume
the general d-dimensional stochastic volatility model to be given by

dY; = (i + SiB)dt + 3,/2dW;, Yo =0, (5.1.1)

where Y denotes the d-dimensional logarithmic stock price process, u1, 3 € R are the instan-
taneous drift and risk premium parameters, respectively, (W});cg+ denotes a d-dimensional
standard Brownian motion and (¥;);cr+ is an adapted, stationary and square-integrable
stochastic volatility process with values in the positive semi-definite matrices Sj{ being in-
dependent of (W});cr+. Throughout the remainder of this chapter we refer to this model
when we write “stochastic volatility model”. Observe that this is a more restrictive use
of the term “stochastic volatility (model)” than in all other parts of this thesis. The
same general model has also been stated in e.g. Barndorff-Nielsen and Shephard (2001b),
Barndorff-Nielsen, Nicolato and Shephard (2002) and Lindberg (2005). In the following
the stochastic volatility process (3;);er+ is usually given by a Lévy-driven positive semi-
definite OU type process which was introduced in Chapter 4 and which is a multivariate
extension of the positive non-Gaussian OU type process used in the context of univariate
stochastic volatility models in Barndorff-Nielsen and Shephard (2001b, 2002). We therefore
refer to this model as the “multivariate Ornstein-Uhlenbeck stochastic volatility model” in
the sequel. Whereas the existing models mentioned above are factor models of some kind,
the stochastic volatility process of our model is directly specified as a process in the positive
semi-definite matrices.

It turns out that our model possesses many attractive features which are mainly a result
of our stochastic volatility specification. First, let us note that similar to Barndorff-Nielsen
and Shephard (2001b) our general multivariate specification as given in equation (5.1.1)
implies that returns are scaled mixtures of multivariate normals with the scaling given by
the integrated covariance matrix, so that the observed (semi-)heavy-tailedness can be repro-
duced. In addition, specifying the stochastic volatility by Lévy-driven positive semi-definite
OU type processes provides a flexible dependence structure for the volatility, which can be
made even more flexible by considering superpositions of these processes. Furthermore, we
show that the vectorized outer product of the returns (the “squared returns” in a multivari-
ate setting) of the multivariate OU type stochastic volatility model follows an ARMA(1,1)
process. Furthermore, the first and second order moments of this variable are available in
closed form — a result that facilitates the estimation of our model.

The remainder of the chapter is structured as follows. The next section establishes
our notation. As our model builds on the positive semi-definite matrix process of OU type,
Section 5.3 presents some important properties of these processes recalling and considerably
extending the results of Section 4.4. The multivariate OU type stochastic volatility model
is introduced in Section 5.4 and its properties are analysed in detail. Section 5.5 presents
an empirical illustration and Section 5.6 finally concludes.

5.2. Notation

Throughout this chapter we write RT for the positive real numbers including zero, R+
when zero is excluded and we denote the set of real m x n matrices by M, ,(R). If m =n
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we simply write M, (R) and denote the group of invertible n x n matrices by GL,(R), the
linear subspace of symmetric matrices by S,,, the (closed) positive semi-definite cone by
S;" and the open (in S,,) positive definite cone by S} *. I, stands for the n x n identity
matrix, o(A) for the spectrum (the set of all eigenvalues) of a matrix A € M,,(R) and p(A)
for its spectral radius. The natural ordering on the symmetric n X n matrices is denoted
by <, i.e. for A,B € S, we have that A < B, if and only if B— A € S;/. The tensor
(Kronecker) product of two matrices A, B is written as A® B. vec denotes the well-known
vectorisation operator that maps the n X n matrices to R" by stacking the columns of the
matrices below one another. For more information regarding the tensor product and vec
operator we refer to Horn and Johnson (1991, Chapter 4). Likewise vech : Sy — RUd+1)/2
denotes the “vector-half” operator that stacks the columns of the lower triangular part of
a symmetric matrix below another. Finally, AT is the transpose of a matrix A € M,(R).
For a matrix A we denote by A;; the element in the i-th row and j-th column and this
notation is extended to processes in a natural way.

Regarding all random variables and processes we assume that they are defined on a given
appropriate filtered probability space (Q, F, P, (F;)) satisfying the usual hypotheses. For
random functions and measures we usually do not state the dependence on w € €2 explicitly.

Norms of vectors or matrices are denoted by || - ||. If the norm is not specified, then it is
irrelevant which particular norm is used.

Furthermore, we employ an intuitive notation with respect to the (stochastic) integra-
tion with matrix-valued integrators referring to any of the standard texts (e.g. Protter
(2004) or Oksendal (1998) regarding Brownian motion) for a comprehensive treatment
of the theory of stochastic integration. Let (L);cr+ in M, ,(R) be a semi-martingale
and (Ag)er+ in My n(R), (Bi)er+ in M, (R) be adapted integrable (w.r.t. L) pro-
cesses. Then we denote by f(f AsdLgBs the matrix Cy in M, s(R) which has ij-th el-
ement Cijp = > 0 1> fg Ak sBljsdLii 5. Equivalently such an integral can be un-
derstood in the sense of Métivier and Pellaumail (1980b), resp. Métivier (1982), by
identifying it with the integral fg A dLg with A; being for each fixed t the linear op-

erator M, (R) — My (R), X — A, XB,. Moreover, we always denote by fab with
a € RU{—o0},b € R the integral over the half-open interval (a,b] for notational con-
venience. If b = co the integral is understood to be over (a,b).

For a set A the indicator function is denoted by I4 and the function log™ is defined as
max(log(z),0).

5.3. Positive semi-definite matrix processes of
Ornstein-Uhlenbeck type

In this section we briefly review the positive semi-definite OU type processes introduced
in Chapter 4 where detailed proofs have been given. Additionally we present some new
results for this class of processes which are particularly relevant in the context of our OU
type stochastic volatility model, viz. properties of the stationary distribution and the
marginal dynamics of the individual components.

5.3.1. Definition and probabilistic properties

In the following we first provide a definition of the positive semi-definite OU type processes
and characterize their stationary distribution.
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The construction of these processes is based on a special type of matrix-valued Lévy
processes studied in detail in Barndorff-Nielsen and Pérez-Abreu (2007). For the relevant
background on Lévy processes we refer to any of the standard references, for instance, Sato

(1999).

Definition 5.3.1. An Sg-valued Lévy process L = (Lt)icr+ 15 said to be a matrix subordi-
nator, if Ly — Ls € S;‘ for all s,t € R with t > s.

Matrix subordinators are a generalization of the concept of univariate Lévy subordinators
to the matrix case, in particular, they are simply the same as Lévy subordinators for
d = 1. As in the univariate case there are a lot of very different concrete examples of
matrix subordinators. Barndorff-Nielsen and Pérez-Abreu (2007), for example, discuss
matrix subordinators which are generalizations of stable, tempered stable and Gamma
subordinators. These are examples having infinite activity. Of course, compound Poisson,
i.e. finite activity, matrix subordinators can easily be constructed using any probability
distribution on Sj{ (see e.g. Gupta and Nagar (2000) for some examples) for the jumps.
In this context it should be noted that the outer product X X7 of any vector random
variable X is positive semi-definite. Specifying the diagonal elements of the matrix process
as (possibly dependent) univariate subordinators forming together a d-dimensional Lévy
process and setting the off-diagonal elements to zero, leads to another simple example of a
matrix subordinator (referred to as a diagonal matrix subordinator).

Importantly, it can easily be shown that the paths of a matrix subordinator are Sji'—
increasing and of finite variation. Moreover, the trace tr(L) is a one-dimensional (Lévy)
subordinator.

Based on matrix subordinators the existence of OU type processes assuming values in the
positive semi-definite matrices is ensured by the following theorem, where the Lévy process
L is extended to a Lévy process (Lt)icr starting in the infinite past in the usual way.

Theorem 5.3.2 (Theorem 4.4.5 of Chapter 4). Let L be a matriz subordinator with
E(log™ | L1])) < oo and A € My(R) such that o(A) C (—00,0) + iR. Then the stochas-
tic differential equation of OU type

A% = (A% + % AT)dt + dL,

has a unique stationary solution

t
Et:/ Al=3) g, AT (t=5)

—00

or, in vectorial representation,
t
vec (%) :/ e(ld@A‘l’A@Id)(t*s)dveC(Ls)‘
—00

Moreover, ¥ € S;L for allt e R.

Remark 5.3.3. [t is shown in Appendiz A that the linear operator A : Sy — Sy given by
X = AX + X AT with A € My(R) uniquely identifies A. Actually, to identify A it is already
sufficient to know the values of AE;; fori=1,...,d where E; are the d X d matrices with
only zero entries except for one entry of one at the i-th diagonal element.
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Moreover, the above mentioned appendiz establishes that all linear operators A which
satisfy exp(At)(Sq) =S} (x) for allt € R are necessarily of the form X — AX + X AT for
some A € My(R). The property (x) is important for the well-definedness of positive semi-
definite OU type processes. As already noted in Chapter 4 it seems to be rather problematic
to characterize linear operators which satisfy exp(At)(Sq) C S;‘ (x). Obviously the equality
also immediately implies that the distribution of the OU type process ¥ is not concentrated
on any proper linear subspace of Sq when the distribution of the driving Lévy process Ly is
not concentrated on any proper linear subspace.

Recall from Barndorff-Nielsen and Pérez-Abreu (2007) that any matrix subordinator
(L¢)ter can be represented as

t
L= ’YLt-i-/ / zp(ds,dx) (5.3.1)
0 Jsi\{o}

where vy, € SZ{ is a deterministic drift and p(ds, dx) an extended Poisson random measure
on Rt x S;‘ (regarding the definitions of random measures and the integration theory
with respect to them we refer to Jacod and Shiryaev (2003, Section II.1)). Note also,
that the integral exists without compensating. Moreover, the expectation of u factorises,
ie. E(u(ds,dx)) = Leb(ds)vy(dz), Leb denoting the Lebesgue measure and vy, the Lévy
measure of L. The above equation (5.3.1) can be restated in a differential form as

dL; = ypdt + / zp(dt,dz). (5.3.2)
57 \{0}

The obvious extension of this to a Lévy process (L;);er having been started in the infinite

past gives another representation of the above stationary OU process.

Proposition 5.3.4 (Theorem 4.4.6 of Chapter 4). The positive semi-definite Ornstein-
Uhlenbeck process X given in Theorem 5.5.2 can equivalently be represented as
t

t
Et:/ / BA(tS)CCGAT(tS)M(dS,dx)—}—/ eA(th),yLeAT(tfs)dS
—o0 JST\{0}

—00

t
= / / eA(t*S)weAT(t*S)u(ds, dr) — Ay
—oo JST\{0}

where A~ is the inverse of the linear operator A : Mg(R) — My(R), X — AX + XAT
which can be represented as vec ! o ((I; ® A) + (A ® I))~! o vec.

Next we provide a characterization of the stationary distribution of the matrix OU pro-
cess. To this end observe that tr(X7Y) (with X,Y € My(R) and tr denoting the usual
trace functional) defines a scalar product on My(R) (respectively, S4). Moreover, note that
the vec operator links the scalar product on My(R) (S4) with the scalar product on R* via
tr(XTY) = vec(X)Tvec(Y) and that the norm on My(R) induced by this scalar product is
the Froebenius norm.

This, in particular, implies that the driving matrix subordinator L at time t € R™ has
characteristic function (cf. also Barndorff-Nielsen and Pérez-Abreu (2007))

wr,(Z) = exp(tdm(Z)), Z €8Sy, where (5.3.3)
Vi(Z) = itr(yLZ) + / (e X2 _ 1)y (dX). (5.3.4)
s3\{0}
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Proposition 5.3.5 (Proposition 4.4.7 of Chapter 4). The stationary distribution of the
positive semi-definite Ornstein-Uhlenbeck process ¥ is infinitely divisible with characteristic

Sfunction
exp </OO vy, <eATSZeAS) ds> (5.3.5)
0

— exp<itr(722) + / (er(X2) _ 1)ug(dX)>, Z € Sq,
s7\{0}

fis:(Z)

where
T =-ATl (5.3.6)

with A defined as in Proposition 5.3.4 and
v (F) = / / IE(eAsxeATS)VL(dx)ds (5.3.7)
0 Jsi\{o}

for all Borel sets E in ST\{0}.
Assume that the driving Lévy process is square-integrable. Then the second order moment
structure is given by

E(S) =y — A" yvr(dy) = —A" E(Ly) (5.3.8)
§3\{0}
var(vec(Xy)) = / 6(A®Id+ld®A)tvar(vec(L1))e(AT®Id+Id®AT)tdt
0
= — A Wvar(vec(Ly)) (5.3.9)
cov(vee(Sppp), vee(Ey)) = eASlatla®Dhiar (vee (), (5.3.10)

where t €R and h € R and A: Mp(R) - MpR), X — (A I;+1;® A)X + X(AT ®
I+ 1;® AT). The linear operator A can be represented as

vec Lo (Ip @ (AR Ig+ I3 @A)+ (AR I+ I3 ® A) @ I2)) o vec.
Remark 5.3.6. (i) Equation (5.3.9) can alternatively be restated as
—var(vec(L1)) = (A® Iy + I; @ A)var(vec(X;)) 4 var(vec(X)) (AT @ I + I; @ AT).

(ii) We used the vec operator above, as this clarifies the order of the elements of the
(co)variance matriz. One might wonder why one does not use the “vector half” opera-
tor vech that stacks the columns of the lower diagonal part (including the diagonal) of a
symmetric matriz below one another. Although this would avoid the redundancies in the
covariance matrices var(vec(Ly)) and var(vec(X;)) caused by the symmetry of L1 and Xy,
it seems to be rather disadvantageous when seeking explicit expressions, since, to the best of
our knowledge, there are far less results from linear algebra available for the vech operator
than for the vec-operator. Hence, we will use the vec operator throughout most of this paper
and merely note that one can, of course, switch to the vech operator by simply picking the
relevant components.

However, when it comes to the existence of a density or estimation it is sometimes easier

d(d+1) ]
or necessary to resort to the vech operator, vech : Sg — R™ 2 . Defining Ayech := vech o
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A ovech™!, where A is understood as linear operator on Sq, we have that dvech(X;) =
A ecnvech(Xy) 4+ dvech(Ly) and that the stationary solution is given by

t
vech (%) :/ eAveen(t=5) dyech (Ly).

—00

In principle, it is now straightforward how to adjust all other results to the vech-notation.

Observe, moreover, that if one denotes the d? x @ duplication matriz by D and the

@ x d? elimination matriz by E (see Liitkepohl (2005, Appendiz A.12), for instance)
then Aveeh = E(A® I;+ 1;® A)D and eAveert = E (eAt ® eAt) D.

In general the finiteness of the moments of the stationary distribution of the OU type
process is completely characterized by the driving Lévy process.

Proposition 5.3.7. Let (X;)ier be a stationary OU type process in S;l" with driving matriz
subordinator L which has Lévy measure vy, and be r € RT™. Then E(||Xo]]") < oo, if and
only if E(||L1]|") < oo or equivalently fgd+ le]>1 ||| v (dx) < oo.

Proof. Follows by a straightforward adaptation of the proof of Proposition 2.3.30 in Chapter
2 to the matrix case. O

Noteworthy, the finiteness of some moment of the Lévy process also ensures that the
stationary OU type process exhibits a very nice dependence structure. Let us thus introduce
the notions of strong and §-mixing:

Definition 5.3.8 (cf. Davydov (1973)). A continuous time stationary stochastic process
X = {Xi}ier is called strongly (or a-) mixing, if

oy == sup {|[P(ANB) = P(A)P(B)| : A€ F°.,B € F{*} =0

as | — oo, where F° = o ({X; }1<0) and F° = o ({X;}4>1) (o(-) denoting the generated
o-algebra).
It is said to be - mixing (or completely regular), if

B == E (sup {|P(B|F°) — P(B)|: B€ F{°}) — 0 as | — oo.

Note that oy < f; and thus any [-mixing process is strongly mixing (see e.g. Doukhan
(1994)), which implies that many results regarding statistics can be applied.

Proposition 5.3.9. Let ¥ be an OU type process in S;. Then X is a temporally homoge-
neous strong Markov process.

If ¥ is stationary and the driving Lévy process L with Lévy measure vy, satisfies addi-
tionally

/ lz||" v (dx) < oo (5.3.11)
Sillzl>1

for some r > 0, then the stationary OU type process ¥ is B-mixing with mixing coefficients
B = O(e=) for some a > 0. In particular, ¥ is strongly (or o-)mizing with exponential
rate and ergodic.

Proof. Follows from Protter (2004, Theorem V.32) and Masuda (2004, Theorem 4.3). O
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Moreover, it is possible to derive conditions under which the stationary OU type process
Y. is almost surely strictly positive definite.

Theorem 5.3.10 (Theorem 4.4.9 of Chapter 4). If v, € Sy T or v (S;T) > 0, then the
stationary distribution Ps of X is concentrated on S;lur, i.e. PE(S(J{'F) =1.

The stationary distributions of multivariate Ornstein-Uhlenbeck type processes are oper-
ator self-decomposable. The operator self-decomposable distributions (cf. Jurek and Mason
(1993) for a comprehensive treatment) form an important subclass of the infinitely divisible
distributions and the definition adopted to our matrix case reads as follows:

Definition 5.3.11. Let Q : Sy — Sy be a linear operator. A probability distribution p on
Sq is called operator self-decomposable with respect to the operator @, if there exists a
probability distribution v; on Sy such that p = (e9'u) * vy for all t € RT, where x denotes
the usual convolution of probability measures.

Remark 5.3.12. (i) v; is for all t € RY infinitely divisible (Jurek and Mason (1995,
Theorem 3.3.5).

(ii) Rephrasing the definition on the level of random variables we call an Sg-valued random
variable X operator self-decomposable with respect to a linear operator Q : Sq — Sq, if there

exists a random variable Y; independent of X such that X law Qtx +Y; forallt € RT.

For our Ornstein-Uhlenbeck type processes in the positive semi-definite matrices we have
immediately the following result.

Proposition 5.3.13. The stationary distribution of the positive semi-definite OU type
process i is operator self-decomposable with respect to the operator A : Sq — Sy, X +—

AX + X AT.

This observation allows us to use the well-established theory on operator self-decom-
posable distributions to study further properties of our processes. In particular, we can show
that the stationary distribution always has a density (with respect to the Lebesgue measure)
whenever the Lévy measure of the driving Lévy process has a non-degenerate support.
Note that by the Lebesgue measure Ag, on Sq we mean the image of the Lebesgue measure
Agacarn/z on RUHD/2 under vech : S5 — RUHD/2 je. N, (B) = Agaws1y2(vech(B))
for all Borel sets B C S4. (This definition has also been used in Barndorff-Nielsen and
Pérez-Abreu (2007).)

Theorem 5.3.14. Assume that the support of the Lévy measure v, # 0 of the driving
matriz subordinator L is contained in a linear subspace V. C Sy, that the smallest A-
invariant linear subspace of Sy containing V' is Sy itself and that vr,(W) = 0 for every
proper linear subspace W C V.

Then the stationary distribution of the Ornstein-Uhlenbeck type process 3. is absolutely
continuous with respect to the Lebesgue measure on Sy. Moreover, the stationary distribution
Ps; of ¥ is concentrated on S}, i.e. Po(STT) = 1.

Proof. This follows by a straightforward adaptation of Jurek and Mason (1993, Proposition
3.8.6) or Yamazato (1983) to the Sy-case and the fact that Ag,(S}\S}*) = 0 shown in the
next lemma. O
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Observe that actually this result holds for OU type processes in S, in general and not only
for positive semi-definite ones and that the density can be characterised as the unique weak
solution to a certain integro-differential equation (see Jurek and Mason (1993, Theorem

3.8.10)).
Lemma 5.3.15. The Lebesgue measure on Sy satisfies As,(S;\S;*) = 0.

Proof. 1t is clear that SJ\S}* C {X € Sy : det(X) = 0}. The determinant is a polynomial
in the entries of X € Sy. Hence, there exists a d(d+1)/2-variate polynomial P : RXd+1)/2 _,
R such that det(X) = P(vech(X)) and P is not identically zero. As a polynomial P is a
real analytic function and the set of zeros of real analytical functions not identically zero
has Lebesgue measure zero (Jurek and Mason (1993, Lemma 3.8.4)), we have

As,({X € Sg: det(X) = 0}) = Agacar)2(vech({X € Sq: det(X) =0}))
= )\Rd(d+1)/2({$ S RUGHD)/2 P(x)=0})=0.

O

The following is an immediate consequence of Theorem 5.3.14 which will be sufficient in
most cases encountered in practice.

Corollary 5.3.16. Assume that for every proper linear subspace V' of Sq the Lévy measure
vy, of the driving matriz subordinator satisfies v, (V) =0 and that vy, # 0.

Then the stationary distribution of the Ornstein-Uhlenbeck type process Y is absolutely
continuous with respect to the Lebesque measure. Moreover, the stationary distribution Ps
of ¥ is concentrated on S}, i.e. Po(StT) =1.

A particular class of d x d matrix subordinators is given by the discrete part of the
quadratic variation of a d-dimensional Lévy process. Let thus L be a Lévy process in R,
Then the discrete part of the quadratic variation is given by

(L, L]} == > ALJ(AL)"
0<s<t

and it is easy to see that ([L, L]?);cr+ is a matrix subordinator in Sy with the Lévy measure
given by vj o (B) = Jpa Ip(zaT)v;(dz) = v;({z : xa’ € B}) where v; denotes the Lévy
measure of L. Note that Vi Q] is obviously concentrated on the positive semi-definite
rank one matrices and thus highly degenerate. Yet, under mild regularity conditions the
stationary distribution of a positive semi-definite OU type process ¥ driven by [li, f)]a is
absolutely continuous.

Proposition 5.3.17. Let L be a Lévy process in R with Lévy measure vi # 0 and assume
that v ({z : 27 Zz = 0}) = 0 for all Z € S4\{0}.

Then the stationary distribution of the Ornstein-Uhlenbeck type process 3 driven by
[L, L]° is absolutely continuous with respect to the Lebesgque measure. Moreover, the sta-
tionary distribution Py of X is concentrated on S}, i.e. Ps(SyT) = 1.

Proof. Recall that Sy with the scalar product X,Y — tr(XTY) is a Hilbert space and
denote for a set H C Sy its orthogonal complement (with respect to this scalar product)
by H*.
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Let now H be a proper linear subspace of Sg and Z € H+\{0}. Then H C {Z}*. Hence,
iz ip(H) < V[LL]D({Z}J‘) =vi({z e RY: 22T € {Z})) = v;({z € RY : tr(22 2) =
' Zx = 0}) = 0 by assumption.

Since VL i # 0 is obviously true, the proposition is implied by Corollary 5.3.16. O

For applications the following corollary is usually sufficient:

Corollary 5.3.18. Let L be a Lévy process in R with Lévy measure vi # 0 and assume
that v; is absolutely continuous (with respect to the Lebesgue measure on RY).

Then the stationary distribution of the Ornstein-Uhlenbeck type process ¥ driven by
[f/,f/]a is absolutely continuous with respect to the Lebesgque measure. Moreover, the sta-
tionary distribution Ps; of ¥ is concentrated on S}, i.e. Po(STT) = 1.

Proof. Let Z € Sg\{0}. Then the function R? — R, x = (z1,22,...,24)7 — 27 Zz is a
quadratic polynomial (in d variables) and thus a real analytic function not identically zero.
The zeros of a real analytic function not identically zero form a set of Lebesgue measure zero
(see Jurek and Mason (1993, Lemma 3.8.4), for instance). Hence, v; ({z : 27 Zx = 0}) =0
for all Z € S4\{0} and thus Proposition 5.3.17 concludes the proof. O

Furthermore, note that the result concerning the existence of an infinitely often differ-
entiable density with all derivatives bounded given in Proposition 2.3.31 of Chapter 2 is
also immediately applicable to our positive semi-definite OU type processes when using the
vech notation.

It is also possible to construct positive semi-definite OU type processes with a prescribed
marginal stationary distribution. The result is a version of Barndorff-Nielsen, Jensen and
Serensen (1998, Lemma 5.1) adapted to the matrix case considering the matrix subordinator
case especially. “Differentiability” in the following means total differentiability (sometimes
also referred to as Frechet differentiability) and “derivative” refers to the total derivative.
Moreover, we need in the following that a probability distribution g concentrated on S&L is
infinitely divisible if and only if its characteristic function f is of the form

(&) = exp (itr(wuf) —i—/ <eitr(x§) — 1) V“(dX)> , £ €8y, (5.3.12)
Sa
where v, € SZ{ and v, is a Lévy measure on S; satisfying Vu(Sd\SZlL) = 0 and also

X||vu(dX) < oo. This follows from Skorohod (1991, p. 156) combined with argu-
f|\X||<1 [ Xl ( » P g
ments analogous to the ones in Sato (1999, Remark 24.9).

Theorem 5.3.19. Let A : S; — Sy be a linear operator such that there is an A € My(R)
with 0(A) C (—o0,0)+iR satisfying AX = AX+XAT for all X € Sy. Furthermore, let y1 be
an operator self-decomposable (with respect to A ) distribution on S;L with associated v, and

vy, such that (5.3.12) holds and let x(§) = log <fgd+ eitr(xf)p(dx)> , £ €Sq, be its cumulant

transform (logarithm of the characteristic function fi). Assume that —A~y, — 'yMAT € Sz{,
that k(&) is differentiable for all & # 0 with derivative Dk(§) and that

KL € { —Dr(E)(ATE+EA)  for & € Sq\{0}
L 0 for£=0
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is continuous at zero. Then fif : & — exp (kp(§)) is the characteristic function of an
infinitely divisible distribution pr on S}.

Let L be a matrixz subordinator with characteristic function fif, at time one. Then the
positive semi-definite Ornstein-Uhlenbeck type process d¥; = AXdt + dL; driven by L has
stationary distribution p.

Proof. Since the characteristic functions of infinitely divisible distributions have no zeros
(Sato (1999, Lemma 7.5)), & is well-defined. The definition of operator self-decomposability
implies together with Remark 5.3.12 (i) that exp(x(&))/exp <I€ <eATt§eAt)) is for all t €
R* the characteristic function of an infinitely divisible distribution. Hence the function
§— (exp(ﬁ(f))/exp </€ <eAtheAt)))1/t is for all t € R the characteristic function of an
infinitely divisible distribution. Since obviously

K(E) — Kk (eATtgeAt>
t

— —Dr(&)(ATE+€A) ast — 0

for all £ € Sy, we have that <exp(/<;(§))/exp (H <eATt§eAt>>>1/t — exp(rr(€)) point-wise
for all £ € Sy as t — 0. The continuity of x; at zero shows that ji; is a characteristic
function. [ir, belongs to an infinitely divisible distribution on Sy, because infinite divisibility
is preserved under weak convergence (Sato (1999, Lemma 7.8)).

Let (Lt)ter now be a Lévy process with characteristic function iz, at time one and assume
that d¥; = AYdt + dL, is started at time zero with ¥y being independent of (L;)ier and
having distribution p. Thus ¥y = eAtpe’t 4 fot eAt=9)qLeA" (%) and we have from
Rajput and Rosinski (1989) (see also Sato (2006), Jurek and Mason (1993, Lemma 3.6.4)
or the review in Section 2.2.2 of Chapter 2) that

E(exp(itr(X:£))) = <eATt§eAt) exp </Ot KL <eATS§eAS) ds>
=0 (eATtgeAt> exp (/t —Dk <eATs§eAs) <AT6ATs§eAs X eAngeAsA> ds)
0
= (e et exp (m(€) — k(e MeeM) ) = ().

Hence, ¥ is stationary with stationary distribution p. By Sato and Yamazato (1984, Theo-
rem 4.2) it follows that F(log™ ||L¢||) < co. As the stationary distribution y is concentrated
on SZ{, w1, has to be an infinitely divisible distribution on S; and hence the Lévy process
L a matrix subordinator. This can be seen in three steps as follows:

(i) Assume that the Lévy measure v, was not concentrated on S, i.e. v (Sq\S;) > 0.
Then, using the results of Appendix A, which imply for all s € Rt that edSze?s € Sj{
if and only if x € SZIL, and (5.3.7) (which holds also in this general case, see e.g. Section

2.2.2), we have that [g_ Igd\gg(eAsweATs)uL(dx) > 0 for all s € R* and hence v,(S,\S}) =
I Js, ISd\SI(eASweATS)yL(dx)dS > 0, a contradiction.
(ii) We have for any t* € R™* by (5.3.7) and (5.3.12) that

/Ot* /S+ <H€AS£U6ATSH A 1) vp(dx) < /S (lz|| A Dvs(dz) < oco.
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Choosing t* such that [|eA*zeA” 5| > ||z /2 for all s € [0,t*] and z € Sy implies that

/Ot* /Sd+ (et ze™ ) A1) v (da) z/ot* /Sg((\|x||/2)/\1) v1(dz)

_ 2t*/ lzl|v (dz).
Sy.llzl<2

Hence, [+ el <1 ||z||vL (dz) < oo and therefore L is of finite variation.
d >’ =
(iii) Combining (i) and (ii) implies that fiz, is of the form (5.3.12) with v € S4. Yet,
(5.3.6) implies that v, = —Av, — 7, A" and thus 77, € S} by assumption. O

Remark 5.3.20. (a) Dk(&) is for each £ € Sy a linear operator from Sy to R. Since Sy is
a Hilbert space, the Riesz-Frechet theorem ensures that there exists a function lA?,.@ 1 Sq— Sy
such that Dk(€)X = tr(D,(€)X) for all X € Sq which gives an alternative representation
of k1, above.

(b) The condition — A, — v, AT € S:lr may appear superfluous at a first sight, since it
obviously is always satisfied for d = 1. However, in general dimensions it need not hold.

A <__11//130 —_143) and 4 — (_22/3 —22/3>

For example, for

we have that

21 1

o(A) = {—2—0 + @\/3649} ~ {—0.043, -2.06}, o(v.) = {8/3,4/3},
T 169 1

but o(—Ay, —7,A") = e + g\/ 130 p ~ {7.56, —.045}.

If the condition is not satisfied, all assertions of the theorem remain valid except that then

wr s not concentrated on Sj{ and that L is a finite variation Lévy process in Sg with all

jumps in ST but a drift in S;\S .

Having introduced the positive semi-definite OU processes and given some of its proba-
bilistic properties, we now focus on its integrated version and marginal dynamics.

5.3.2. The integrated process

From a financial point of view the integrated process is of major importance, as it corre-
sponds to the integrated volatility, which is a main variable of interest in financial appli-
cations. Thus, a simple representation as the one for the positive semi-definite OU type
processes below is desirable.

Proposition 5.3.21 (Proposition 4.4.10 of Chapter 4). Let ¥ be a positive semi-definite
OU process with initial value g € SZ{ and driven by the Lévy process L. Then the integrated
OU process X7 is given by
t
= / Sdt = AN (S — o — Ly)
0

fort € RT, where A is the linear operator defined in Proposition 5.3.5.
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5.3.3. Marginal dynamics

Deriving the marginal dynamics, i.e. the behaviour of the individual components ¥;; =
(Xijit);ep+ of a positive semi-definite OU type process X, facilitates the comparison with
the univariate OU type processes. To this end, we assume that A is real diagonalizable and

o(A) ={A1,...,Aq}. Let U € GL4(R) be such that

M O - 0

vart=| 0 % — D. (5.3.13)
P ()
0 - 0 N

Denoting (UT)~! = (U™1)T by U7, it follows that
t
Et — U—l </ eD(t—S)UdLsUTeDT(t—S)> U—T

t
- Ut ( / eD<ts>d(ULSUT)eDT<”>> vt (5.3.14)

—00

Defining L, =ULUT for t € R we have that L is again a Lévy process in My(R), or more
specifically it is even a matrix subordinator. Moreover, one obtains that

t ~ t ~
< / eD(t—s)dLseDT(t—s>) = / Wit qr,. for i, 5 =1,...,d,
—00 ij —00

which obviously shows that the individual components of

t ~ ~
Us,UT = / D=9 g DT (t=5) —. 5,

—00

are stationary one-dimensional Ornstein-Uhlenbeck type processes with associated stochas-
tic differential equations
dzm = ()\z + )\j)Eij7tdt + dLijﬂg. (5.3.15)

Note further that E,, for 1 <4 < d is necessarily a subordinator and f]n has to be a positive
OU type process. These assertions do, however, fail in general for Eij and iij with ¢ #£ j.

Together with (5.3.14) the above considerations show that the individual components
Y;j of ¥ are superpositions of (at most d?) univariate OU type processes. However, unlike
in the univariate superposition model, see Barndorff-Nielsen and Shephard (2001b), the
individual OU-processes superimposed are in general not independent. Actually, they can
only be independent when the Lévy measure of L is concentrated on the diagonal matrices.

With the obvious modifications the above results hold also true for general diagonalizable
A € My(R). Then X7 has to be replaced by the Hermitian of a matrix X € My(C) and 3
is an OU type processes in the positive semi-definite complex matrices. Note that f]n still
have to be real (even positive) and Ly a real matrix subordinator. Furthermore, (5.3.15)
becomes

A0 = (N + X)) dt + dLij,.
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This result adds important insight regarding the behaviour of the autocovariance func-
tions of the volatility of the individual assets. In particular, in order to obtain a more
realistic decay (compared to using a single univariate OU type process in a univariate
model) of these functions it is no longer necessary to consider superpositions of different
OU type processes. So, although it is also possible to build superpositions of positive semi-
definite OU type processes (see Section 5.4.6), we expect them to be less important for
financial applications as in the univariate case where it has been shown that sufficiently
realistic patterns of the autocorrelation functions can only be obtained by superpositions
of OU type processes. As such, the multivariate specification obviously introduces more
flexibility.

5.4. The multivariate Ornstein-Uhlenbeck stochastic volatility
model

Based on the above results for the positive semi-definite OU type process we can now
introduce our multivariate stochastic volatility model. As already stated in the introductory
section of this chapter, the general d-dimensional stochastic volatility stock price model is
given by

dY; = (i + Sif)dt + 3,2 Wy, Yo =0, (5.4.1)

where Y denotes the d-dimensional logarithmic stock price process, i, 3 € R? are the drift
and so-called risk premium parameters, respectively, (W;);cr+ denotes a d-dimensional
standard Brownian motion and (3;);cg+ is an adapted, stationary and square integrable
stochastic process with values in S&L and independent of (W});cg+. As common in the
finance literature, (X¢);cr+ represents the stochastic volatility or instantaneous covariance
process.

In this chapter instead we mainly focus on a specification in which the volatility process
is given by a Lévy-driven positive semi-definite OU type process where the driving Lévy
process (L¢);cr+ and the Brownian Motion of the price process are independent. We refer to
this model as the “multivariate Ornstein-Uhlenbeck stochastic volatility model”. However,
whenever possible we state our results for the general model given in (5.4.1) and only
assume that X is an adapted, stationary and square-integrable process. Note that for the
multivariate OU type stochastic volatility model the formulae turn out to be very explicit.

Following Barndorff-Nielsen and Shephard (2001b) we presume Yy = 0, which is no real
constraint as it just corresponds to a normalization of the prices at time zero. In the OU
type stochastic volatility model we extend the driving Lévy process to one defined on the
whole real line and write

t
Y = / eAt=9) g, AT (t=9), (5.4.2)

—00

Note that this corresponds to starting the OU type process at time zero with 3y having
the stationary distribution and being independent of (L;);cp+-

The subsequent returns over time intervals of length A € RTT are denoted by Y =
(Y,)nen. In many financial applications this time interval, i.e. [(n — 1)A, nA] with n € N,
will represent a trading day, for example. So, the logarithmic price increments are defined
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by
nA nA 1/2
Yn = YpA — Yv(n_l)A = / (M + Etﬁ)dt +/ Et th, n € N.
(n—1)A (n—1)A
As already stated in Barndorff-Nielsen and Shephard (2001b) it is easy to see that
Y, |E, ~ Ng(pA+3%,5,3,) (5.4.3)
where

nA
3, = / Sidt =1, — zg;H)A
(n—1)A
is the integrated volatility over the unit time interval and Ny(m, s) denotes the d-dimension-
al normal distribution with mean m and covariance matrix s.
Note that the multivariate OU type stochastic volatility model can easily be extended to
account for the leverage effect by simply specifying

AY; = (1 + SuB)dt + S 2dW, + dLy,
with ) being a linear operator from Sy to R?. This is a straightforward generalization
of the univariate OU type models with leverage effect. However, as the derivation of the
properties of the OU type models is markedly complicated by the inclusion of a leverage
effect — even in the univariate case — we solely focus here on the model without leverage
effect.

5.4.1. Second order structure

In this section we study the second order moments of the multivariate stochastic volatility
model. In doing so we consider the general multivariate model whenever possible, but the
most explicit results are obtained for the OU type stochastic volatility model. This analysis
provides a basis for estimation and forecasting in our model.

Henceforth we make the following assumption:

Assumption 5.1. The stationary stochastic volatility process (X¢)icr+ has a finite second
moment.

Recall that in the OU-case this means that the driving Lévy process has to be square-
integrable.

Before moving on to the second order properties of our model, we first introduce some
notation regarding the autocovariance function.

Definition 5.4.1. Let (X¢)ier (with T being either Ny or R™) be a second order stationary
process with values in RY. Then the autocovariance function acovy : T U (=T) +— My(R)
of X is given by acovx(h) = cov(Xy, Xo) = E(XpXT) — E(Xo)E(Xo)T for h >0 and by
acovy (h) = acovx(—h)T for h < 0.

If (Xi)ter is a second order stationary process with values in Mg(R) (or Sgq) then we set
ACOVY 1= aCOVyec(X)-

As the twice integrated autocovariance function of the stationary volatility process ¥ will
be of particular importance, we define

rH(t) = /Ot acovs(u)du and rtT(t):= /Ot T (u)du. (5.4.4)
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Theorem 5.4.2. For the general stochastic volatility model with (3;);cr+ being stationary
and square-integrable it holds that:

E(X) = tE(X) (5.4.5)
var(vec(X)) = (@) ()T (5.4.6)
B(Y) = (u+E(So)d)t (5.4.7)
var(Y;) = E(Zo)t+ (67 @ Iy)var(vec(X)) (8 @ Iy). (5.4.8)

Furthermore, the increments of the integrated volatility (X,,)nen are stationary and square-
integrable. We have:

E(X,) = AE(Xy) (5.4.9)
var(vec(2,)) = rtT(A) +rTT(A)T (5.4.10)
acovs(h) = rTT(hA+A) —2rTH(hA) +rTT(hA — A), heN. (5.4.11)

Likewise we have that the discretely observed log-price increments (Y, )nen are stationary
and square-integrable. It holds that:

B(Y.) = (u+ E(S0)f)A (5.4.12)
var(Y,) = FE(Z0)A + (67 @ Iy)var(vec(ZX)) (8 @ I) (5.4.13)
acovy(h) = (BT ® Iy)acovs(h)(6® I;), h € N. (5.4.14)

Let 3 now be a positive semi-definite OU type process with driving matriz subordinator
L then

E(Xy) = —-A'E(Ly) (5.4.15)

r ) = (M—Q (em—fdg) —;z%_lt> var(vec(Zo))
- (%_2 <e“{t - Idg) ~ 427_1t>)A_1var(vec(L1)) (5.4.16)

acov(h) = e”>0 Ve (Ip — ) var(vee(Sy))

2
= —e7Ah) g2 <Id2 - eﬂA) A Wvar(vec(Ly)), h €N, (5.4.17)

where A and A are defined in Proposition 5.3.5 and &f == A® I;+ I3 ® A. Observe that
o/ and A commute (as linear operators over Mg (R)).

Proof. It is immediate from the definitions that the stationarity of (X;);cg+ implies the
stationarity of (3, )neny and (Y, )nen. So it remains to verify the above stated formulae.

Equations (5.4.5) and (5.4.9) follow immediately from the integral representation ;" =
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f(f Yidt and (5.4.6) can be obtained by using a straightforward Fubini argument:
¢ t
var(vec(X})) = E </ VeC(ES)ds/ (VeC(Eu))Tdu>
0 0

—-E (/Ot Vec(ES)ds> E </Ot(vec(2u))Tdu>

= /0 /0 (E(VeC(ES)VeC(Eu)T)—E(VeC(ES))E(VeC(Eu)T)) duds

t ot t ps
= / / acovy (s — u)duds = / / acovy (s — u)duds
0 Jo 0 Jo

t gt
+/ / acovs(u — s)Tduds = v (t) + r+(1)T.
0 Js

As 3, is equal to ¥§ in distribution this implies (5.4.10) immediately.

Equation (5.4.7) is an immediate consequence of Y; = fot(,u + X,0)ds + fg Ei/deS and
E (fg E;ﬂdWS) = 0. This also establishes (5.4.12).

Regarding (5.4.8) elementary arguments imply

t t t
var(Y;) = var (/ (n+ Xs0)ds —|—/ E;/QdWs> = var (/ Esﬁd5>
0 0 0
t t t
+var </ E;/QdWs,,) + cov </ Esﬁds,/ E;ﬂdWs)
0 0 0
t t T
+cov (/ Esﬂds,/ 2;/2dWS> .
0 0

The standard It6 isometry implies

t
var (/ E;/ZdWS> = E(X]) =tE(X0).
0

For all matrices A € M,, »(R), B € M, ,(R) and C € M, 4(R) with arbitrary m,n,p,q €
N it holds that vec(ABC) = (CT ® A)vec(B) (see Horn and Johnson (1991, Lemma 4.3.1)).

Thus
var ( /0 t Esﬁds> = var ( /0 t Vec(Esﬁ)ds> = var ( /0 t(ﬁT ® Id)vec(ES)ds>

= (67 @ Lp)var(vee(Z)))(B © La).

Moreover, the independence of (X¢);cp+ and (Wi);cr+ gives

t t t t
cov </ Esﬂds,/ 2;/2dWS> = E</ Esﬂds/ dWEE;ﬂ)
0 0 0 0
t t
= E</ Y, 0dsE (/ dwIxl/?
0 0
t
- E</ zsﬁds-()):o.
0

(Es)se[o,t}>>
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Combining the above formulae gives (5.4.8) which in turn implies (5.4.13).
Formula (5.4.11): For h € N we have:

(h+1)A A
acovs(h) = E /A vec(Es)ds/ vee(Zy) T du
h 0

—E(/Avec( )d5> </0Avec( )Tdu>

(h+1)A
= / / (vee(Zs)vee(Sy)T) — E (vee(E5)) E (vee(Sy)T)) duds
hA

(h+1)A
= / / acovy (s — u)duds
hA

= 7T (hA + A) — 27T (hA) +rTH(RA — A).

Formula (5.4.14): Arguments analogous to the ones given for (5.4.13) imply

(ht1)A A
acovy (h) = cov </h Etﬁdt,/o Etﬂdt> = (87 @ Ig)acovs (h)(8 © I4)

A

which is (5.4.14).

Turning to the positive semi-definite OU type stochastic volatility model (5.4.15) has
already been given in (5.3.8). For the twice integrated covariance 7 (¢) formula (5.3.10)
and elementary integration shows (5.4.16):

rtt) = /Ot e var(vec(Xg))ds = o/ " (e‘dt - Id2> var(vec(Xg))

rr) = ot /Ot (e“%s - Idz) var(vec(Xg))ds
= <;2%_2 <e‘m — Idz) — d_lt) var(vec(Xg)).

Together with (5.3.9) this shows (5.4.16).
Regarding equation (5.4.17) a combination of (5.4.11) and (5.4.16) implies:

acovs(h) = <£{—2 <e=Q¢(Ah+A) _ e AR 6%(Ah—A)>
—o/ "V (Ah+ A — 2Ah + Ah — A)) var(vec(X))
= o 27BN (eZﬂA —2e7A 4 Idz) var(vec (X))
2
@ A=) g7 =2 (Id2 - e‘dA) var(vec(Xg)).

This shows the first equality in (5.4.17) and the second follows immediately by (5.3.9).
Finally observe that

FAX = (A®I)+ (4 A)’X
(AR I + (142 A) X (AT ® 1) + (I ® AT)) = A X

for all X € Mp(R) and thus A and &/ commute. O
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Remark 5.4.3. (a) The above formulae imply that for 3 = 0 the log-price increments
(Yrn)nen form an uncorrelated sequence and are thus white noise (in the second order sense).

(b) Note that for a second order stationary causal m-dimensional ARMA(1,1) process
(Xt)iez given by Xy — Xy = Zy + OZ,_1 with ©,0 € M, (R) and (Z;)icz being m-
dimensional white noise with covariance matriz Xz the following autocovariance function
can be obtained using the general formulae of Brockwell and Davis (1991, p. 420) (see also
Wei (1990, Section 14.5.5)):

acovy(0) = Yz + (In — B) " H®+0)S4(® +0)7
acovx(l) = (®+0)Xy + &I, — B) " H®+0)24(® +0)T
acovy(h) = ®"lacovy(l), h>1

where B : M, (R) — M, (R), X +— ®X®T. Since we consider a stationary causal ARMA
process, p(®) < 1. Hence, as vec(BX) = (P @ ®)vec(X), it is obvious that p(B) < 1 and
thus I,, — B is invertible.

Comparing equation (5.4.17) with the general autocovariance function of an ARMA(1,1)
process, immediately reveals that in the positive semi-definite OU type stochastic volatility
model the process (vec(X,))nen is an ARMA(1,1) process with autoregressive parameter
e

Moreover, since we assume o(A) C (—o0,0)+iR, we have from Horn and Johnson (1991,
Theorem 4.4.5) that o(<7) C (—00,0) + iR and thus all elements of o(e” ) are less than
one in modulus, which implies that this ARMA(1,1) process is causal.

The ARMA(1,1) structure of ¥ might seem to provide a natural starting point for making
inference on the OU type stochastic volatility model. However, usually X is unobservable
and so inference can only be based on the observed returns Y. But the second order
structure of the returns obviously does not allow for an in-depth analysis of the latent
stochastic volatility model. Yet, the squared log-price increments YY7 := (Yan; Jnen are
not only observable, but also exhibit a useful second order structure, which is no surprise,
since their sum converges in probability to the integrated volatility when letting the time
increment A go to zero.

Theorem 5.4.4. In the general stochastic volatility model with u = B = 0 the second
order structure of the squared log price process is given by

EYVY") = var(Yy) + E(V)E(Y,") = E(Zo)t (5.4.18)
var(vec(V;Y,")) = (Ip + Q+PQ) (r**(t) + (r**(1))")
+(Ip +P)(E(Zy) ® E(X0)) t? (5.4.19)
and the one of the squared log return increments (Y, Y1) en is given by
E(Y, YD) = var(Y,) + E(Y,)E(YL) = E(20)A (5.4.20)
var(vec(Y, Y1) = (Ip+Q+PQ) (rtt(a) + r++(A)T)
+(Ip +P)(E(Zy) ® BE(X)) A2 (5.4.21)
acovyyr(h) = acovs(h) for heN (5.4.22)
where
P: Mg (R) — Mgp(R), (5.4.23)

(PX)i,(p—l)d—i—q - Xi,(q—l)d—f—p for all i = {17 2,... 7d2}7 b,q= {17 2,... d}7
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Q : Md2 (R) — MdQ (R), (5424)
(QX)(kfl)dH,(pJ)dJrq = X(kfl)der,(lfl)dJrq for all k,l,p,q={1,2,...d}

are linear operators. Obviously P~ =P, Q™' = Q and P is representable as X — XP
with P € My (R) being a permutation matriz. Moreover, Q(vec(X)vec(2)T) = X @ Z for
all X, Z € Sg.

Component-wise we have for the variance

Ccov (Yi,an,n7 Yk,nYl,n) = Var(VeC(Yan))(jfl)d+i,(171)d+k (5425)
t z
= / / (cov(Xij,2, Bkiu) + cov(Eiju, Xk ) dudz
0 JO
t z
+ / / (E(Ejl,zzik,u) + E(Eﬂ,uzmz) + E(Emzzil,u) + E(Ejk,uzihz)) dudz
0 JO

In the OU stochastic volatility model the process (vec(Y,, Y1) en is thus a causal AR-
MA(1,1) process with autoregressive parameter e”A,

Proof. The first equation in (5.4.18) is standard and the second then follows immediately
from (5.4.7) and (5.4.8). This in turn implies (5.4.20).

Observe that (5.4.19) implies immediately (5.4.21), since Y, Y. and YAY! are equal in
law. Turning to the proof of (5.4.19) we have from Lemma 4.5.11 in Chapter 4 that

t t t s

vy, = / »2aw, / dwIsl/? = / ( / E}/Qqu> dwIyl/?
0 0 0 0

M

t s t t
+/ »12qw, (/ quTz}/?> + [/ 2;/2dWs,/ dWSTz;/Q]
0 0 0 0 t

t s t s
:/ </ z}/deu> dwfzi/%r/ »12qw, </ dW;fz}/?) +3 (5.4.26)
0 0 0 0

referring to Lemma 4.5.11 in Chapter 4 for the definition of the matrix covariation [-, ]

and observing that we do not have to take left limits as integrals with respect to Brownian
motion are necessarily continuous.
This stochastic integral representation implies that

var(vee(%;¥;7)) = var(vec(S; ) + var (vec ( / t ( [ zg/zdwu> dwgz;m))

0
+ var <Vec (/Ot »2aw, (/O quTE}/Z>>>
+ Dcov <vec(2j),vec < /O t ( /O ) 2}/%%) aw?r 2§/2>> (5.4.27)
+ Ycov <vec(2j),vec </Ot »12aw, </0 quTE}/Z>>>
+ Ycov <Vec </Ot (/O E}/Qqu> dWEE;ﬂ) , vec (/Ot »124w, </O dW{EW)))

setting 2 : Mp — Mp, X — X + X7
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In the following we will now calculate the individual summands above in order to obtain
an explicit expression for the variance of Y;Y,”. To this end we first of all note that

t s t s
E (/ (/ 2}/2qu> dWSTE;ﬂ) —E (/ »124w, (/ quTE}/2>> =0.
0 0 0 0

Moreover, we already know from (5.4.6) that
var(vec(3;)) = rT () + ()T

Next we use the independence of (3;);cr+ and (W;),cr+ to obtain

t s T
E <vec(zt+) </ (/ E}/Zqu> dwjz;ﬂ) )
0 0
t s T
=F (vec(Ej)E </ (/ qu/Qqu> deEi/Q (ES)SE[O,t]> )
0 0

= E (vee(3) - 0) = 0. (5.4.28)

t s
cov <vec(2j),vec </ </ 2}/2qu> dWSsz?)) =0
0 0
t s
cov <V€C(E?—),VGC </ E;/QdWS </ deZ}l/Q))) =0.
0 0

In order to calculate the remaining covariances we have to study the individual entries. In

the following let k,l,m,n € {1,2,---d}, g := (k—1)d+ 1,9 := (m — 1)d + n and we write

1/2 1/2
moreover X,/ for (35" %)i-

t s t s T
E <vec </ (/ E}/Qqu> dWSTz;ﬂ) vec (/ (/ 2}/2qu> dWSTz;ﬂ) )
0 0 0 0
g,h

t s d d t s d d
=EB / / Z Z E;fszllq/idquudwpﬁ / / Z Z 2(11{3 Szi{,QUdedea,s
0 ’ ) 0 0 ’ )

Thus

and likewise

0 p=1¢=1 a=1 b=1
(*) t d s d / / s d /
* 1/2 «1/2 1/2 «1/2
- / Z b / Z Z:ak,sElq,udVV‘LU / Z Ea/nL,sznb7ude,u ds
0 a=1 0 g=1 0 p=1

ak,slb,u~am,s “nbu

E (21/2 nl/251/2 172 ) duds

1/2 «1/2-1/2 1/2
E (S S stz Sl ) duds

t s
/ E((E2exl/?)(nl2g 2}/2)) duds
0 (k=1)d+1,(m—1)d+n

/0 E (X ® Eu)(k—l)d—f—l,(m—l)d—i—n duds.
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The (%) above indicates that we have used the Itd isometry and the fact that stochastic
integrals with respect to two independent Brownian motions are uncorrelated.
Thus we have established that

t s t s
var <Vec </ (/ Eiﬂqu) dWZE;ﬂ)) = / / E (¥, ® %,) duds
0 0 0 JO

and calculations analogous to the above ones give

t s t s
var <Vec (/ »12qw, (/ quTE}/?>>> :/ / E (2, ® %) duds.
0 0 0 Jo

Using again the It isometry twice and the uncorrelatedness of integrals with respect to
independent Brownian motions we have with g := (k —1)d+ 1, h:= (m — 1)d + n:

t s t s
cov <V€C </ </ E}/Qqu> dWSTZ%ﬂ) ,vec </ Ei/QdWS (/ quTquﬂ)))
0 0 0 0 aih
t s t s T
= E [ vec </ (/ 2}/2qu> dW§2§/2> vec </ 124w, </ quTE}ﬂ))
0 0 0 0
g,h

o[ [ Sy misizavan,, [ [FSS sisl v,

p=1gq=1 a=1 b=1

d

= / 2B / Zziéi Wi | SO i ) ds
b=1

=1
[ [ s (s, )
- [ [ e (s,
=1b
/ / < 21/2 ® 21/2 21/2 ® 21/2)> duds
(k—1)d+1,(n—1)d+m

t
:/o /0 (PE (X5 @ 3u)) (k- 1)1, (m—1)d4n duds.

Thus

t s t s
cov (Vec </ </ E}/deu> deEi/2> ,vec </ Ei/QdWS </ deE}/?)))
0 \Jo 0 0
t s
= P/ / E (X, ®%,)duds.
0 Jo

Observing that

(P(A® B))(k Dd+,(m—1)d+n — mibnk = Aimben = (P(B ® A))(k—l)d+l,(m—1)d+n’
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ie. (P(A® B))T =P(B® A), for all A = (a;;), B = (bij) € Sa, we finally obtain

t s t s T
(COV <Vec </ </ E}/Zqu> dWSTE;/Q> , vec (/ »124w, </ deEiﬂ))))
0 0 0 0
t s T t s
= <P/ / E(3:; @ Ly) duds> = P/ / E (X, ® Xs) duds.
0 J0O 0 JO

Inserting all the obtained results into (5.4.27) leads to

var (vec (VY1) = vt (t) + T (t)" (5.4.29)
+ (Ip+P) <//EE ®Xy) duds+//E (3, ®Xs) duds>

Component-wise this gives (5.4.25). As we have that for any X = (z;), 2 = (z;5) € Sy

(Q(VeC(X)VeC(Z)T)) (k—1)d+1,(m—1)d+n — (VeC(X)VeC(Z)T)(k—l)d-i—m,(l—l)d—i—n

= TmkYnl = TkmYin = (X ® Y)(k:fl)dJrl,(mfl)dJrn,

it is immediate that Q(vec(X)vec(Y)?) = X ®@Y for all X,Y € S;. Using this property we
get from (5.4.29):

var (vec (YtY; rr ) + ettt
4 (Ip +P) (/ / (5 © D) — E(S0) ® E(X)) duds
/ / E (S, ® %) — E(S0) ® E(S0)) duds>
Y2 (Ip + P)/0 /O E(S0) © E(So)duds
=) +r )T+
(Q+PQ) (/ / (vee(Zs) (vee(Sy)) ") — E(vec(So)) E(vec(So))") duds
/ / (vee(Zy) (vee(Ss)) ") — BE(vec(2o)) E(vec(S0))T) duds)
+ Iz +P)(E(Z0) ® E(X0))t?
=)+ 0T+ (Q+PQ) (/0 /OS (acovy (s — u) + acovy(u — s)) duds>

+ (Ip +P)(E(Zy) @ E(X0)) t?

Together with (5.4.4) this finally shows (5.4.19).
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It remains to show (5.4.22). Applying (5.4.26) we have for h € N:

([ s ([ ) )

acovyyr (h) = cov (vec (Yn+1Y7, 1), vec (Y1YT)

(h+1)A
= cov | vec / El/QdWS< dVVTEl/2

(h+1)A
21/2dW dwIxl/?

) vec
) vec
(h+1)A
/ 2aw, ( dWTzl/2 ) vec 21>
h
) vec
) vec

h+1)A

+ cov (Vec </ 124w ( dWTzl/2 < E}/Qqu) deEW))
0

+ cov | vec

A

<h+1>A s
+ cov | vec / 21/2dW dwIyl/? El/2dWs (/ dW§2;/2)

hA 0

< 2}/2qu) dWZEi”))
0

(h+1)A
+ cov | vec El/QdW ) dWISl/? ) vec(Z))

(
(
(4
(

4+ cov | vec 2h+1 vec (/ Ei/QdWS (/ quTE}/z)))
0 0
A s

+cov | vec (Xp41), vec / (/ Ei/Qqu) AWTS2 ) | 4 cov (vee (Bnir) , vee (1))
0 0

The independence of the increments of Brownian motion over distinct time intervals imply
that the first, second, fourth and fifth covariance terms above vanish. Likewise conditioning
on (3;);cr+ and using the independence of (X¢);cr+ and (Wi),cr+ (ie. arguing basically
as in (5.4.28)) show that the third, sixth, seventh and eighth covariance term are actually
zero. Thus only the last term remains which gives

acovyyr (h) = cov (vec (Xp41),vec (1)) = acovy(h).

Combining this with the ARMA(1,1) property of the process (vec(X,)),cy We see that
in the OU type stochastic volatility model the process (vec(Y,Y.)),en has a causal
ARMA(1,1) structure with autoregressive coefficient 2. O

Note that the ARMA(1,1) structure of vec(YY7T), of course, means that YY7 itself
is an ARMA(1,1) process. Its autoregressive coefficient is given by the linear operator
Sqg — S4, X — eAB X AR,

For the positive semi-definite OU type stochastic volatility model the closed form expres-
sions for the first and second moments can be obtained by applying Theorem 5.4.4 and by
using the expression for the autocovariance, integrated autocovariance and for the mean as
given in Theorem 5.4.2.

Moreover, recall that a d-dimensional sequence (€,)nen is said to be generated by a
weak GARCH(p,q) process, if the best linear predictor of €, with respect to €,_1, €2,

.,en_leg_l,en_geg_%... is zero and the best linear predictor of eneg with respect to
€n—1s€n—2s -y En_1€L 1, €n_2€l o ... 1is a (strong) GARCH(p, q) process. In the univariate
case this definition goes back to Drost and Nijman (1993) and in the multivariate case it
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has been given in Hafner (2007). As it is easy to see that cov(vec(Y,YI),Y,,) = 0 for
n,m € N and n # m (actually this holds also true for n = m as shown in the proof of
Proposition 5.4.8), combining the last theorem with Brockwell and Davis (1991, Example
11.4.1) gives the following result.

Proposition 5.4.5. In the OU-type multivariate stochastic volatility model with = 6 =0
the log-return sequence (Y, )nen is generated by a weak GARCH(1,1) process.

In order to obtain consistency results and central limit theorems for the estimation of the
multivariate OU type model based on the moments of Y and YY7, we need to show that
the discretely observed stationary log-returns Y form a strongly mixing and, thus, ergodic
sequence. For p = § = 0 strong mixing in the univariate OU type stochastic volatility
model has been obtained in Sgrensen (2000) and Genon-Catalot, Jeantheau and Larédo
(2000). For details on mixing we refer again to Doukhan (1994) and regarding ergodicity to
Ash and Gardner (1975) or Krengel (1985). In our set-up the most important implication
of ergodicity is that the usual empirical moments converge almost surely (and in L!) to the
true moments (provided they are finite) as the number of observations goes to infinity.

Proposition 5.4.6. (i) Assume that in the general stochastic volatility model the station-
ary and square integrable process ¥ is strongly mizing with the mixing coefficients being
(i (X))ken. Then the process Y is strongly mizing with mizing coefficients ap(Y) < ax(X)
for all k € N. ThusY is ergodic.

(ii) In the positive semi-definite OU type stochastic volatility model the process Y is
always strongly mizing with mizing coefficients (o )ren decaying at least at an exponential
rate. ThusY is ergodic.

Proof. Part (i) follows from an immediate adaptation of the proof of Sgrensen (2000, Lemma
6.3) to the multivariate case and the case p, 5 # 0. (éi) results from combining (i) with
Proposition 5.3.9. O

Based on these results and the closed form expression for the second moments a simple
moment matching estimator within the framework of the generalized method of moment
(GMM) estimation of the model can be implemented, which is consistent and asymptotically
normal. However, this involves the determination of an optimal number of lags to be
included, as well as the specification of an optimal weighting scheme of the different lags.
Moreover, the estimation procedure does not allow to filter the current volatility states. To
overcome these problems we derive a state-space representation for the joint series of the
returns and squared returns, which allows us to use the Kalman recursions for estimation
and filtering.

5.4.2. State-space representation

The aim of this section is to establish a state-space representation for the joint process
(Y, Y, YD), en. Throughout we assume 3 = 0. As before, we first analyse the general
stochastic volatility model and then focus on the OU type specification.

Recall that
nA

Y, =Ap +/ »12qw,
(n—1)A
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which immediately implies

nA nA
Y, YD = AT + / »124w, dwIsl/?

(n—1)A (n—1)A
nA nA
+A SY2aw,u” + Ap / dwIsl/?, (5.4.30)
(n—1)A (n—1)A

Setting

Up = (“”) (5.4.31)

U2.n
nA
Uy = / »12dw, (5.4.32)
(n—1)A
nA nA nA
Upy = / »12qw, dWIs/? 4 A 24w, u”
(n—1)A (n—1)A (n—1)A
nA
+Au / dwIsl? %, (5.4.33)
(n—1)A

it follows that

Y, = Au+ui, (5.4.34)
Y.YD = A%upt + %, +ug,. (5.4.35)

The martingale property in the following theorem is, of course, understood w.r.t. the filtra-
tion (F;) which we assume to be given. Recall that all processes (in particular, Ly, ¥y, Wy, Y7,
Y, X,) are adapted with respect to this filtration. Moreover, (W — W})s>¢ is independent
of (Xs)ser+ as well as of F; for all t € RT. For technical reasons this is, however, not fully
sufficient. Thus, we henceforth assume:

Assumption 5.2. (W, — W;)s> is independent of o(Ft, (Xs)ser+) for all t € RY (o(:)
denoting the generated o-algebra,).

Remark 5.4.7. In the OU type stochastic volatility model this assumption is satisfied if
the o-algebras Fy, o((Ls — Li)s>t) and o((Ws—W;)s>t) are independent for allt € RY and
not only pairwise independent.

Clearly the last condition will usually be satisfied. In particular, it is satisfied when
the pair (L, W) of the driving Lévy process and Wiener process forms a Lévy process in
S5 x R%.

Recall further that a sequence (X, )nen is said to be a martingale difference sequence
with respect to a filtration G = (G, )nen if it is adapted to G and E(X,|G,—1) = 0. It is
straightforward to see that a martingale difference sequence is uncorrelated provided the
second moments are finite.

Proposition 5.4.8. The sequence (up)nen is a (second order) stationary zero-mean mar-
tingale difference sequence w.r.t. the filtration (Gn)nen := (Fna)nen and thus in particular
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white noise. It holds that

var(ui,) = E(3,)=EX))A (5.4.36)
var(vee(uzy)) = A*(E(Zn) ® (up') + (up") @ B(Zn) + 4" @ E(Zn) @ p
+1® B(Sn) ® p") + (L + P) (B(Zn) @ E(n))
+(Q+ PQ)Var(Vec(Zn)) (5.4.37)
= AY(E(Z0) ® () + (up”) @ E(Zo) + p @ E(X0) ©
+r® B(S0) @ pl) + A (I + P) (E(S0) @ E(X))
+HQ+PQ) (rH(A) + (rTH(A)T)
cov(uin, vec(ugy)) = A(E(E,)® w4+t @ E(%,))
= A (E(Xo)@pu” + " @ E(X)) (5.4.38)

Proof. The stationarity follows immediately from the stationarity of the processes involved
in the definition. For the martingale difference sequence property observe

nA
E(uin|Gn-1) = E (E </( " SY2dW,| o (gn—h(zs)se[(nl)A,nA])) ‘ Qn—1>
n—1
— E(0|Gn_1) = 0, (5.4.39)

since obviously o (Gn—1, (Xs)se[(n-1)a,na]) € & (Gn-1, (Xs)ser+) and thus the Brownian in-
crements (Ws —W,_1)A)se[(n—1)A,na] are independent of the o-algebra we are conditioning
upon, and likewise

gn_1> = 0. (5.4.40)

nA
E(UQ,n‘gn—l) =F (/ Esds+0+0_2n
(n—1)A

Taking unconditional expectations above gives that u, has mean zero. The It6 isometry
immediately implies (5.4.36).
Turning to (5.4.38) we observe that

cov (Ui, vec(ug,y)) (5.4.41)

nA nA nA T
—E / S12dWvec / »12aw, dwI'yl/?
(n—1)A (n—1)A (n—1)A

nA nA T
+E / 2dWevee | A / 22w u”
(n—1)A (n—1)A

nA nA T
+E / S2dWovee | Ap / dwIsl/?
(n—1)A (n—1)A

nA
-E / 12dWvee (B,)7 |
(n—1)A

Conditioning upon (3;) se[(n-1)A,nAs 1t 18 once again easy to see that the last expectation
n (5.4.41) vanishes. Set now for a moment X = (z;)1<i<q : f(n HA ;/2dWs. Then X is
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conditionally upon (Xj) s€[(n—1)Ana] @ d-dimensional normal random variable and assume
for a moment that the components of X|(3;) se[(n-1)A,na] are moreover independent. For
any i,k,l,€ {1,2,...,d} we have that (XVGC(XXT)T)i,(k—UdH
zero expectation conditional upon (Xs)se[(n—1)ana] due to the conditional independence
and Gaussianity. Hence E(Xvec(XXT)T|(3,)se(n-1)ana)) = 0. If the components of
X|(2s)se|(n—1)Aana] are not independent, then due the conditional Gaussianity there is a
matrix C' € My(R) such that CX|(2s)sc((n—1)a,na] has independent components. Therefore

= x;xpx; thus clearly has

E(Xvec(XXT)T|(So)se((n-1)An4])
= C'E(CXvec(CX (CX))T|(Z0)sejn-nana)(CToC Ty =Ccto(c T c™™).

Thus also the first term in (5.4.41) above vanishes.
Let us now calculate the remaining expectations:

nA nA T
E / S2dWvec (A / E;ﬂdWSuT)
(n—1)A (n—1)A
nA nA T
= AE / »124w, <(M®Id) / E;/des>
(n—1)A (n—1)A

nA nA T
= AE / »12qw, ( / E;/ZdWs> (u' ® 1)
(n—1)A (n—1)A

EE)@Wel)=A1®E (X))@ 0l)=Au @ E(%,) and

nA T
S L24W vec (Au / dw?r 2;/2>
n HA (n—1)A
nA T
AE / 124w, | (Ig © p)vec / dwIxl/?
(n—1)A (n—1)A

nA nA T
AE / »124w, / »124w, (Ig @ u")
(n—1)A (n—1)A

—AEE)) (laop")=A(EE)@pu’),

Combining these formulae with (5.4.41) and (5.4.9) establishes (5.4.38).
It remains to show (5.4.37). Let & be defined as in the proof of Proposition 5.4.4

nA nA
var(vec(ug,)) = var (VGC (/ »12qw, dWsti/2>> + var (vec (%,,))
( (n=1)A

n—1)A

nA nA

+ var (VGC (A/ Ei/QdWSMT>> + var (VGC (A,u/ dWSTEi/2>>
(n—1)A (n—1)A
nA nA nA

+ Dcov | vec / »2aw, AWI2 ) vec | A / S2aw T
(n—1)A (n—1)A (n—1)A
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nA nA nA
+ Ycov <vec (/ »12dw, deE;ﬂ) , vec <A,u/ dWS:TE;ﬂ))
(n—1)A (n—1)A (n—1)A
nA nA
— Ycov | vec / »124w, AWIS? ) vec ()
(n—1)A (n—1)A
nA nA
+ YDcov | vec A/ 2w u” dwIsl/?
(n—1)A (n HA
nA
— Ycov | vec A/ 21/2dW,u ,vec (
(n—1)A
— YDcov <Vec (A,u/ dWZE;ﬂ) , vec ( ) (5.4.42)
(n—1)A

The only term we already know above is var(vec(X,,)) = 7 (A) +rT+(A)T. Therefore we
will now calculate the remaining covariances. As we assumed @ =0 in Theorem 5.4.4, we
can use (5.4.21) and obtain

nA nA

var (VGC (/ »124w, dWsTEi/2>> =(Ip + Q+PQ)var(vec(X%,))
(n—1)A (n—1)A

+ (I +P)(E(X,) @ E(X,)).

Using the It isometry once again gives:

nA nA
var (vec <A/ E;/ZdWS,uT>> = A’var ((,u ® Iz)vec (/ E;/QdWs>>
(n—1)A (n—1)A

= A (n® L) E(S) (0" ® In) = A (n @ Ia)(1 @ E(Z)) (0" ® I)
= AQ(NMT) ® E(En)

and

nA nA
var (vec (A,u/ dWZE;ﬁ)) = A%var ((Id ® p)vec (/ dWsTEiﬂ))
(n=1)A (n—1)A
= A (I3 @ ) E(E) Iy @ p) = A’E(S,) © (pu”).

Defining X as in the discussion of the first summand in (5.4.41) and applying the result
obtained there we get

nA nA nA
cov <Vec (/ »124w, dWSTE£/2> ,vec <A/ EiﬂdWs,uT))
(n—1)A (n—1)A (n—1)A

= AE(vec(XXT)((n @ I) X)) = AE(vee(X X XY (u' @ I;) =0

and likewise

nA nA nA
cov <Vec ( / »12qw, dw?r 2;/2> ,vec <Au / dw?r 2;”)) =0.
(n—1)A (n—1)A (n—1)A
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Furthermore, the standard conditioning argument and the independence of (X;);cr+ and
(Wi)ier+ imply

nA nA
cov <vec ( / »124w, aw?r 2§/2> , vec (zn)>
(n—1)A (n—1)A

nA
BTy RN | T
(n—1)A (n—1)A

nA
— vec ( / »12dw, dWSsz?)) E(vec(Z,))"
(n—1)A (n—=1)A

E(vec(2,)(vec(Z,))T) — E(vec(X,))E(vee(2,))T = var(vec(3,)).

Next we observe that

nA nA
cov (vec (A/ E;/ZdWsMT> , Vec <A,U/ dWstgﬂ))
(n—1)A (n=1)A

= A%(u ® I)var (/NA Ei/QdWLq) (Is® p')
(n—1)A
= A (p @ ) E(E,) Iy @ p') = A%pe B(S,) @ p,
since
(h® 1) E(XEn)(Ia® ”T))(i—l)d+j,(k—1)d+z = Wi (Bjpn)
= (n® B(Z,) @ u") (i—1)d-+j,(k—1)d+

for all 4,7, k,1l € {1,2,...,d}.
Finally using again the conditioning and independence it is immediate that

nA
cov <V€C (A/ Ei/deS,uT> , vec (En)> =0 and
(n—1)A
nA
cov | vec Au/ AWIS? ) vec () | = 0.
(n—1)A

Inserting all these results into (5.4.42) gives

var(vec(ug)) = (Igz + Q + PQ)var(vec(X,,)) + (12 + P)E(X,) @ E(X,)
+ A <E(2n) @ (up") + (") @ BE(Zn) + p @ B(En) @ p + (p @ B(E,) ® MT)T>

+ var(vec(X,)) — var(vec(X,,)) — var(vec(2, )T
= (Q + PQ)var(vec(Xy)) + (12 + P)E(Z,) @ E(Zn)
+ A% (B(Sn) @ (p”) + (pp") @ B(Sn) + p® B(S) @ p' + p' @ B(Sn) © pr)

which is (5.4.37). O
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Remark 5.4.9. For the commutation matriz Kg as defined in Magnus and Neudecker
(1979), for instance, it can be shown that Kg(X ® Z) = P(X ® Z) for all X,Z € Sy.
Thus, the operator P can be replaced by the commutation matriz Kg in Theorem 5.4.4 and
Proposition 5.4.8. Note, however, that for X € Mg (R) multiplication by Ky is in general
not the same as applying P.

Although the noise u, is independent of X,,, we are still confronted with the problem
that inference is infeasible, as the latent process X, still appears in the equations for our
observables (5.4.34) and (5.4.35). Clearly, it would be desirable for the process (3, )nen to
be also representable as a linear process, preferably with a noise sequence that is uncorre-
lated with (uy,)nen, because then the equations (5.4.34) and (5.4.35) could be extended to
a state-space model (for a detailed treatment see e.g. Brockwell and Davis (1991, Chapter
12)) and all the tools developed for these models would be available.

In the following we show that at least for the OU type stochastic volatility model such a
state-space representation is indeed available.

To this end, define

nA nA
nl,n = / eA(nA*S)dLseAT(nA*S)’ 772’” = / dLs — LnA — L(nfl)A
(n—1)A (n—1)A

and 7, := (1,5, 72,n). Then for all n € N it is obvious that
T
YA = eAAE(n—l)AeA A +Min and L,a = L(n—l)A + M2.n-

Before showing that this leads to a helpful state-space representation we first study the
properties of the noise sequence (1, )nen.

Proposition 5.4.10. The sequence of random variables (N, )nen s i.i.d. and uncorrelated
with (un)nen. Moreover, it has finite second moments and

E(nn) =A™ <E(L1) _ eAAE(Ll)eATA)

= E(X0) — e E(S0)et 2 (5.4.43)
E(nan) = AE(L1) = —AAE(X)) (5.4.44)
var(vec(n ) = —A™" <Var(vec(L1)) - edAvar(vec(Ll))e“{TA)
= var(vec(X)) — e”“/‘{Avar(Vec(Eo))e“{TA (5.4.45)
var(vec(nz,n)) = Avar(vec(L1)) = —AAvar(vec(Xy)) (5.4.46)
cov (vec(m ), vec(nan)) = —a/ (Var(vec(Ll)) - e%Avar(vec(Ll)))
=Y A(Ip — e”P)var(vec(Xp)). (5.4.47)

Proof. The i.i.d. property immediately follows from the i.i.d. property of the increments of
a Lévy process over disjoint intervals of common length. To see that (7, )nen and (u,)nen
are uncorrelated, it suffices to note that

E(up|(Ls)ser+) = 0 for all n € N

and (1, )nen is measurable with respect to the o-algebra generated by (Lg)gcpr+-
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The second equalities in all the above formulae are immediate consequences of Proposition
5.3.5 and the commutativity of A and o/ (see Theorem 5.4.2). Let us thus proof the first
equalities now. Regarding (5.4.43) we have

nA
E(ni,) = / eAnA=9) B[, )eAT(RA=8) g — _ A -1 (E(Ll) - eAAE(Ll)eATA>
(n—1)A
and (5.4.44) follows analogously. Turning to (5.4.45) we obtain
nA
var(vec(n;)) = var / e (A=) dvec(Ly)
(n—=1)A

nA
— / eﬂ(nA_S)Var(VeC(Ll))eﬂT(nA_s)
(n—1)A

= -A! <Var(vec(L1)) — e‘dAvar(vec(Ll))e‘dTA>

and (5.4.46) is again shown along the same lines. Finally, (5.4.47) follows from

nA nA
cov(vec(ni ), vec(n2,)) = cov </ e%("As)dvec(Ls),/ dvec(LS)>
(

n—1)A (n—DA

nA
= / e MA=3)var(vec(Ly ))ds
(n—1)A

= _— 1 <var(vec(L1)) — e%Avar(vec(Ll))> .

Proposition 5.3.21 implies
_ v - _ AL
3, = EnA - E(nfl)A =A (EnA - E(n—l)A — Lpa + L(n—l)A)
for all n € N. Recalling the definition of 7,, one thus obtains

T
AS, = 8 nae’ S = Siona e — 2

Combining this with the representation (5.4.34) and (5.4.35) of the observable log price
Y,, and its “square” YnYE and setting o, = A3, and oz, = X, yields the desired
state-space representation:

Y, =Apu+up, (5.4.48)
Y, Yy = A" + A g+ ug . (5.4.49)
where
T
Q1p = GAAOéQ,n—leA A a2n—1+ M —2n (5.4.50)

T
agy = e Pag, et A F g, (5.4.51)
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vec(am))

vec(ag,p)

Y, Ap Or, @) On, o(m) ( U1y >
_ o Maa d.d _ : 5.4.52
<vec(YnY§)> (AZ(M@M)) ( A O o) T \vee(uan) ( )

where

or in pure vector notation with o, := <

OM (R) BAA & GAA — IdQ Vec(m n — 12 n)
oy = a2 Q1 + ’ ’ ) 5.4.53
" <0Md2 ® Mtweett )T vee(n1 ) (5:4.53)

Observe that Ops, ,(r) denotes the zero matrix in My g2 (R).

As regards the noise terms we have that (u,)nen and (9, )nen are uncorrelated. Fur-
thermore (7, )nen is an i.i.d. sequence and (uy)nen a martingale difference sequence. This
state-space representation can be used to conduct model inference. Moreover, the volatility
states can be inferred straightforwardly using the Kalman filter.

5.4.3. Realised quadratic variation

As in Barndorff-Nielsen and Shephard (2003) we will now show that we can determine
the second-order structure of the realised quadratic variation as well as a state space rep-
resentation for it. Note that a detailed asymptotic distribution theory for the realised
quadratic variation and its generalizations has been provided in Barndorff-Nielsen and
Shephard (2004), Barndorff-Nielsen, Graversen, Jacod and Shephard (2006) and Barndorft-
Nielsen, Graversen, Jacod, Podolskij and Shephard (2006). In the following we start again
with the general stochastic volatility model and focus on the OU type model later on.

Let us thus assume that we do not only observe the price increments Y, over increments of
length A, but also for each n € N the price increments Y ,, := Y((n71)+%{)A—Y((n71)+%)A
with j = 1,..., M over subintervals of length A/M for some M € N (for example, A might

be one day and A/M ten minutes). Moreover, we aggregate the M € N consecutive
(M)

squared increments over a period of length A to realised variation [Y]; ’ and set Yin=
Ezr(n—l)+%})A — E?(n—lﬂ—%)A withn €N, j=1,..., M. Precisely, we have for n € N:
M
Yy =Yoa = Yona = Yin (5.4.54)
j=1
M
Y =3 Y. Y], (5.4.55)
j=1
M
Sn =S =S A =D Zime (5.4.56)
j=1

Note that in law Y ; , and X, ,, are just the same as Y,, and X,, calculated not over intervals

of length A but over intervals of length A/M, whereas the realised variation [Y],(lM) is

distinct from the squared increments over intervals of length A.
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Theorem 5.4.11. Consider the general stochastic volatility model with p = 3 = 0. Then

the sequence ([Y]&M))%N is (second order) stationary and

E([Y)M[2,) = 2, (5.4.57)
E <[Y]§LM)> = B(Z,) = AE(S0) (5.4.58)
var <V€C <[Y]£LM)>> = var(vec(X,)) + M(Q + QP) <r++ <%> + <7“++ <%>>T>

21+ PY(B(S) © B(0) (5:4.59)

= (A) + (AT

masam (v (3)( (3))

2

T %(Icp +P)(E(X0) ® E(X0))

acov yy (h) = acovs (h) (5.4.60)
=TT (hA + A) — 2rTF(hA) + 77T (hA — A), h € N.

In the Ornstein-Uhlenbeck case the realised quadratic variation (vec([Y]glM)))neN is thus
a causal ARMA(1,1) process with autoregressive parameter e?A,

Proof. Formulae (5.4.57) and (5.4.58) are immediate as is the stated (second order) sta-
tionarity.
Using the operator Z as defined before we have:

var <Vec ([ )M )))

M
:Z r(vec( ]1Y +Z Z Dcov (vec( jlY )Vec(YkJYg,l))
j=1 j=1k=j+1
M M
= Mvar(vec(YLlYfl)) +Z Z Dcov(vec(X; 1), vec(Xg 1))
j=1k=j+1

= Mvar(vec(YLlYfl)) + var(vec(X;)) — Mvar(vec(X1,1))
= var(vee(E1)) + M(Q + QP) (1t (A/M) + (7 (a/a0) ")
B+ PYE(E) @ B(E)

=" (A) + (T (A)T + M(Q+ QP) (rTH(A/M) + (T (A/M))T)
2

n %(IdQ +P)(E(%0) ® E(X0))

and

acovy|m) (h) = cov <V€C <[Y]§1AQ> »vee ([Y] gM)))
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e

cov (Vec(Yj7h+1Y;‘fh+1), Vec(YkJYg,l))

M=
1= 1=

cov (vec(Xj p+1), vec(XB1))

Il
—_
?r
,_.

(Eh+1), vec(X1)) = acovy(h).

I
o .
Q
<
—~
<
@
o

In the OU case the structure of the autocovariance function now implies immediately that
the realised quadratic variation follows an ARMA(1,1) process with AR parameter e, O

Moreover, we can also generalize the state space representation of the last section by
simple addition.

Assuming again given the general stochastic volatility model with 6 = 0 we define for
neNandj=1,2,... M

u\M)
u = G (5.4.61)
u2,n
(n—l—i)A
WM = / Y slzgw, (5.4.62)
- ((n—1)+LH)A
n+-L)A n+-L)A n+ - A
ufh = /( M)_ 2;/2dWS/( ) dWT21/2+A/ i) S 2qw, 1T
e ((n—1)+LH)A (n—1)+L1)A ((n-1)+54)A
(m+7)A Ty 1/2
+Apu /  awlIsl?2ow;, (5.4.63)
(nfl)Jr%)A
M
ug{\:) = ugj"]{)n (5.4.64)
jfl
u = ZUQM. (5.4.65)
Then the sequence (ugﬂr/{)) N = (ugﬂ;[%,ug\jw N is in law equal to the sequence
™ ) ne I ) ne

(Un)nen with A replaced by A/M. It is straightforward to see that

=Ap+ u(M) (5.4.66)
A2
[Y];M V= S’ B+ sy (5.4.67)
and (ugM))neN = (u%{\:),ug\;))neN is a (second order) stationary zero-mean martingale

difference sequence with respect to the filtration G, := F,a, n € N. Moreover,

var(ut) = B(S,) = AE(S,) (5.4.68)
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3
= D (B0 @ (") + (") © B(S)

+ 1" @ E(S0) @ p+ p® E(Sg) @ uh)
+ 8L+ P (B(S0) © B(S))

var(vec(ug\:) )) = Mvar(vec(uz 1))

+M(Q+PQ) (rTHA/M) + (T (A/M)T) (5.4.69)
COV(U&{ZI),VGC(u;{\:))) = % (B(=n) @p’ +p" @ B(E,))
= %2 (E(Zo) @ p” + pu" @ B(Z)) . (5.4.70)

In the Ornstein-Uhlenbeck type stochastic volatility model we can use equations (5.4.50)
and (5.4.51) to obtain a recursion for (AX,,¥,A). Hence, we obtain the following state
space representation

Y, = Ap+ ) (5.4.71)
A2
(YD = Sru® +onn + ush! (5.4.72)
where
T
arn =ePag, 16t B — a0t 01— o (5.4.73)
Qo = M ag et D 4. (5.4.74)
Alternatively in pure vector notation with «, := (Vec(al’")>:
vec(aa )

Y, Ap > Orr, o(®) Ong, o(R) uly!
— + d,d* d,d oy + n 5.4.75
<vec<[Y1£M’>> (52000 < T Oy veeuiy) ST

where

Or Ry € 1A ®edd — Ly vec(Nn — No.n)
= d2 7 n
[07%% < AA BAA (77} + ec(']’}lm) . (5476)

Furthermore, recall that the sequence (7, )nen = (11,0, 72,0 )nen is 1.1.d. and note that it is

(M

uncorrelated with (uy; ))nGN- The further second order properties are given by equations
(5.4.43) to (5.4.47).

5.4.4. ldentifiability

In this section we discuss conditions ensuring that the second order structure of YY7
uniquely identifies A, E(L;) and var(vec(L;)) in the OU type stochastic volatility model
with ¢ = § = 0. Note that the identification can already be obtained by using only
E(Y1YT),acovyyr (1) and acovyyr(2). Intuitively, one may think that one can improve
upon our results below by using also var(vec(Y1Y7 )). However, we have not been able do
this so far due to the rather complicated expression for var(vec(Y1Y7)).
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In the following we consider vech(X) and vech(YY”) rather than vec(X) and vec(YY?),
because otherwise we would necessarily be dealing with singular covariance matrices as the
symmetric d X d matrices are a proper subspace of My(R).

Thus we need to use the set-up of Remark 5.3.6 (ii) which we are recalling now. Defining
A eeh := vech o A o vech™ with A : Sy — Sy, X — AX + X AT it is easy to see that

dvech(X;) = Ayechvech(X;)dt + dvech Ly, (5.4.77)

with the stationary solution being given by vech(X;) = ffoo eAveen(t=5) dyech L. Observe,
moreover, that, if D denotes the d* x d(d + 1)/2 duplication matrix and E the d(d +
1)/2 x d? elimination matrix by E (see Liitkepohl (2005), for instance), then A e =
E(A®I;+ I;® A)D and ehAveent = | (eAt ® eAt) D. Furthermore, in Appendix A it is
shown that the linear operator A on Sy uniquely identifies A. Actually, to identify A it
is already sufficient to know the values of AFE;; for ¢ = 1,...,d where E;; are the d x d
matrices with zero entries except for one entry of one at the i-th diagonal element. Thus,
there is a one-to-one correspondence between A and A eqp.

Note that basically all formulae obtained so far in this chapter can be rewritten using
vech instead of vec in a straightforward manner. For example, the second order structure
of X can also be expressed using vech:

var(vech(%g)) = —A_ L var(vech(L1)) (5.4.78)
where Ayvech © My(as1)/2(R) = Myar1)2(R), X — Aven X + XAl 4,
ACOVyech(x) (h) = aCOvvech(YYT)(h) (5479)

Ve

— Avean AN A2 (100 — e ) var(vech(S)), b € N,

Proposition 5.4.12. Assume that the OU type stochastic volatility model with p= =10
and A € R™ are given and that the possible A € My(R) and matriz subordinators L are
restricted such that:

(i) o(A) C (—00,0) +iR.
(ii) eAveen® yniquely identifies Aech -

(iii) var(vech(Xg)) = —A_ L var(vech(Ly)) € G Lga41)/2(R).

vec

Then A,E(Ly) and var(vech(L1)) are uniquely identified by E(Y1Y?),acovyyr(1) and
acovyyr(2).

Proof. By construction o(Ayeen) C 0(A) = 0(A)+0(A) and thus (i) ensures that the matrix
A2 (Taga+1y/2 — eAvechA)z is invertible. Using also (iii) this gives that acovyeyyr)(1)
is invertible and that eAveen® — ACOVyech (YY) (2) (ACOVyecn(yy) (1)) 7. Using (ii) Avecn is
therefore identified from acovyecn(yy)(1) and acovyec(yy)(2). Hence, Ajeqn and A can be
treated as known and so

— eAVechA) —2 A2

var(vech(Ly)) = —Avech (Ta(at1)/2 vech@COVyec (YY) (1)

and E(L1) = —AA'E(Y1YT) conclude. O
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The Assumption (ii) from above is crucial for the identifiability of the OU type stochastic
volatility model. It requests that exp(AyenA) has a unique real logarithm. Other statistical
papers where it was necessary to assume the existence of a unique real logarithm of a matrix
in order to obtain identifiability are Kessler and Rahbek (2004) and Bladt and Sgrensen
(2005), for instance.

The following results deal with criteria ensuring the existence of a unique real logarithm
of exp(Avech ).

Lemma 5.4.13. Assume that A is required to satisfy o(AyechA) C (—00,0) + i(—m, 7).
Then efveer® uniquely identifies Ayech -

Proof. This follows immediately from Horn and Johnson (1991, Section 6.4). U

Lemma 5.4.14. Assume that A is required to satisfy o(Aven) € (—00,0) and that all

Jordan blocks belonging to the same eigenvalue of Ayech have to be of a different size. Then
eBAveen® yniquely identifies Ayeen for all A € RTT.

Proof. Combine Culver (1966, Theorem 2), o(eAveen®) = ¢7(Avecn)® and the fact that the
matrix exponential preserves the Jordan block structure (Horn and Johnson (1991, Theorem
6.2.25)). O

The last lemma is comparable to the identifiability restrictions of Kessler and Rahbek
(2004) and Bladt and Sgrensen (2005). However, it appears to be preferable to have a
condition involving only restrictions on A, such that A en does not have to be computed
first. To this end we give the following purely linear algebraic lemma which we state for real
diagonalizable matrices. Its generalization to diagonalizable matrices is straightforward.
Below we denote by SK; the d x d skew-symmetric matrices (i.e. the matrices X € My(R)
with X7 = —X).

Lemma 5.4.15. Let A € My(R) be real diagonalizable with (not necessarily distinct) eigen-
values A1, Aa, ..., Ag.

Then the linear operator A : My(R) — My(R), X — AX + X AT satisfies A(Sy) C Sy
and A(SKy) C SKy4. Moreover, A has d(d + 1)/2 linearly independent eigenvectors in Sy
with associated eigenvalues {N\i +X; : @ =1,...,d; j = 1,...,i} and d(d — 1)/2 linearly
independent eigenvectors in SKy with associated eigenvalues {\; +X; : i =1,...,d; j =
1,...,i — 1}, which are also linearly independent of the eigenvectors in Sy. Hence, every
eigenvalue has an eigenvector in Sg U SKy.

Proof. That A preserves (skew-)symmetry is trivial. Assume that U € GL4(R) is such that
U-'AU =: D is diagonal. Then

AX+XAT=vU (DU'XU T+ U XUTDT)UT
and My(R) — My(R), X — U~'XU-T is an invertible linear map on My(R) preserving

both Sy and SKy and having inverse My(R) — My(R), X +— UXUT. This implies that we
can without loss of generality take A to be diagonal, i.e.

A O -0

a=| 0 *
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Let {E;j}ij=1..a be the standard basis of My(R), i.e. E;; is a matrix having only zero
entries except for one entry of one in the i-th row and j-th column. We then have A FE;; = 2);
fori=1,...,d and A(EZJ —{—Eﬂ) = (>\1+)\])(E2]+E]z) fori=1,...,dand j=1,...,i—1.
These are d(d + 1)/2 linearly independent eigenvectors in S;. Likewise A(E;; — Ej;) =
(ANi+X)(Bij—Ej) fori=1,...,dand j =1,...,i—1 gives d(d—1)/2 linearly independent
eigenvectors in SK.

Since A has d? eigenvalues, the fact that Sy N SK; = {0} and both are linear subspaces
of My(R) implies that every eigenvalue has an eigenvector in Sy U SK. U

Lemma 5.4.16. Assume that A is required to be real diagonalizable with eigenvalues
Ay ..., Ag and that the set {\; +\j:i=1,...,d,j=1,...,i} has to consist of d(d+1)/2
pairwise distinct elements. Then e®ves® uniquely identifies Ayeen for all A € RTT,

Proof. Aea, corresponds to the restriction of A : My(R) — My(R), X — AX + X AT to
Sq. Hence, Lemma 5.4.15 implies that the d(d + 1)/2 real eigenvalues of A, are pairwise
distinct. Thus Culver (1966, Theorem 2) gives that eAvesn® uniquely identifies Aeq for all
AeRTT. O

Thus, if Lemma 5.4.16 holds, Assumption (i7) for the identifiability of our model is fulfilled.

5.4.5. The covariance structure of subordinators

A topic related to identifiability is the characterization of the second order structure of
matrix subordinators, i.e. which positive semi-definite d? x d? matrices appear as covari-
ance matrices of d x d matrix subordinators. Until now we have not been able to find a
useful characterization of the covariance matrices of matrix subordinators in general. Thus
we discuss only an important tractable subclass which we shall also use in our empirical
examples later on.

Let Ly, Lo, ..., Lg be d univariate Lévy subordinators forming together a d-dimensional
Lévy process. Then the process

Ly O 0

I 0 Lo
0
0 0 Ly

is a matrix subordinator with non-zero elements only on the diagonal. Such matrix sub-
ordinators are referred to as diagonal matriz subordinators in the following. Obviously, all
information about L, in particular the second order structure, is already contained in the
diagonal ((L1,¢, Loy, - - - ,Ld,t)T)teW. It should be noted that (L1, Loy, .- -, Lat)” )tew is
increasing in the usual order of the cone (RT)? and thus the d-dimensional Lévy process
((Ll,t, Log,... ,Ld,t)T) ter+ 18 another generalization of a subordinator. In the following we
call a d-dimensional Lévy processes with all components being univariate subordinators a
multivariate subordinator.

For the analysis of the second order structure of multivariate subordinators (and thus of
diagonal matrix subordinators) we need the following notions from linear algebra referring
to Berman (1988), Berman and Shaked-Monderer (2003) or Xu (2004) and the references
therein for further details.
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Definition 5.4.17. A matriz A € My(R) is called completely positive if there exist a k € N
and a B € My (R) with all entries being non-negative such that A = BBT.

A matriz A € My(R) is called doubly non-negative if A is positive semi-definite and all
entries are non-negative.

Proposition 5.4.18. (a) If L is a d-dimensional multivariate subordinator with finite
second moments, var(Ly) is completely positive.

(b) If C € My(R) is completely positive, there exists a d-dimensional multivariate subor-
dinator L such that C' = var(Ly).

(c) For C € My(R) there exists a d-dimensional multivariate subordinator L such that
var(Ly) = C if and only if C is completely positive.

(d) Provided d < 4, there exists a d-dimensional multivariate subordinator L such that
var(L1) = C if and only if C € My(R) is doubly non-negative.

Proof. Regarding Part (a) observe that var(Li) = [pq 2z vr(dz) (cf. Sato (1999, p. 163))
and that the Lévy measure vy, of L is necessarily concentrated on (R*)?. Thus approxi-
mating |, (R+)d xxT vy (dx) by a sequence of integrals of simple functions (f,)nen of the form
falz) =K xi,annIAiyn(x) with appropriate x;,, € (RT)? and A;, C (R*)? converging
to x — zaT gives that var(L1) is the limit of a sequence of completely positive matrices
using Berman and Shaked-Monderer (2003, Proposition 2.2). Since the set of completely
positive matrices is closed (cf. Berman and Shaked-Monderer (2003, Theorem 2.2)), this
implies that var(L;) is completely positive.

For Part (b) let kK € Nand B € My ;(R) with only non-negative entries be such that C' =
BBT. Let further (Lit)ser+ with i =1,2,...,k be k independent univariate subordinators
with finite second moments and Var(il) — I, where L; = (Lig,Lag, ... ,Lk,t)T fort € RT.
Then L := (BL;);ep+ is a d-dimensional multivariate subordinator with var(L;) = BBT =
C.

Combing (a) and (b) gives (c) and, finally, (d) follows by from (c), because for d < 4
a matrix is doubly non-negative if and only if it is completely positive (cf. Maxfield and
Minc (1962) or Berman and Shaked-Monderer (2003, Theorem 2.4)). O

Part (d) provides a very nice complete characterization of the covariance matrices of
multivariate subordinators for d < 4. However, it does not extend to higher dimensions,
since for dimensions five and greater there exist examples of doubly non-negative matrices
which are not completely positive (see e.g. Berman (1988)). In general dimensions it should
thus be noted that there are easy to check sufficient conditions for complete positivity, but
the necessary and sufficient conditions known until now are more involved (cf. Xu (2004)).

To conclude this discussion of the second order properties of multivariate subordinators,
we strengthen Part (b) of the last theorem by considering also the expected value.

Proposition 5.4.19. Let C € My(R) be completely positive and p € R? have only strictly
positive entries. Then there exists a d-dimensional multivariate subordinator L such that
E(Ly) = p and var(Ly) = C.

Proof. W.lo.g. assume C # 0. (In the case C' = 0 simply take L as the deterministic Lévy
process with drift p.) Let & € N and B € Mg(R) with only non-negative entries be such
that C = BBT. Denote by e € R¥ the vector (1,1,...,1)” and set

o . 1% B )\_3
A‘ﬁ?&?.,d{we)i} and 7=
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where the well-definedness of the minimum follows from C' # 0. Defining now v, = u —
0.5ABe the choice of X\ ensures that 7, has only strictly positive entries.

Let further (L;4);er+ with i = 1,2,...,k be k independent univariate compound Poisson
processes with rate r and the jump distribution being the exponential distribution with
parameter A. Define a k-dimensional Lévy process L by L; = (Ll,t,Lg,t,...,Lk,t)T for
t € RT. Then elementary calculations imply E(L1) = 0.5\e and var(L;) = Ij.

Hence, defining L by L; = v1,t + BL; for t € RT concludes the proof. O

5.4.6. Superpositions of Ornstein-Uhlenbeck type processes

In this section we modify our multivariate OU stochastic volatility model by using a super-
position of independent positive semi-definite OU type processes for the volatility process.
As in the univariate case this makes the model more flexible without loosing much of its
tractability.

Let K be a natural number, (L™M)ier, (L )R, . .., (LE))cr be independent matrix
subordinators which are jointly independent of the Brownian motion (W});cg+ of our gen-
eral stochastic volatility model and let AM, A®@) . AK) ¢ My(R) be matrices with all
eigenvalues in (—oo, 0)+¢R. Then we define K independent stationary positive semi-definite

i i i T . .
OU type processes by Egl) = ffoo A )(t_s)dng)eA( " (t=9) with = 1,2,..., K and the sta-
tionary stochastic volatility process ¥; = Zfi 1 Egi). Due to the independence it is clear
that the expected value, variance, autocovariance function and integrated volatility of ¥,
are simply the sum over the respective quantities of the individual processes Egz). Thus
closed form formulae for these quantities follow immediately from the results of Section 5.3.

Moreover, also the results on the second order structure of the increments of the integrated
volatility generalize.

Proposition 5.4.20. Define r(*(t) = fot acovs (u)du, rO+F(t) = fg rOF (u)du, A -
Ma(R) — My(R), X — ADX + XADT | o7 = (AD R I;) + (1,0 AD) and AD : Mp(R) —
Mg (R), X — d(i)X—l—X@/(i)T fori=1,2,..., K. Then we have for the stochastic volatility
model with a superposition of positive semi-definite OU processes as volatility process:

K

B(S) = = 3 _(AD) 1 B(LY)
=1
K

var(vec(Xg)) = — Z(A(i))_lvar(vec(Lgi)))

=1
r++(t) = g ((d(z‘))—z (emf(i)t _ Id2> _ (d(i))—%) Var(vec(zg)))

K
- Z ((d(i))72 <6d(1)t - Id2> - (W(i))71t> (A(i))flvar(vec(Lgl)))
1=1
= ' 4 AN 2 .
acovs () = 30?002 (1 — %) var(vee(2f)))
i=1

K
=_ Z e )A(h_l)(btzf(l))_2 <Idz — e )A) (.A(’))_lvar(vec(Lg ))), h € N.
i=1
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Thus we obtain very explicit formulae whenever they are also available in the simple
multivariate OU type stochastic volatility model. However, the integrated volatilities 3 and
the logarithmic price increments YY7 are no longer multivariate ARMA(1,1) processes.

But it is easy to see that the state space representations presented in Sections 5.4.2 and
5.4.3 generalize to the case of superpositions. We illustrate this for the realised quadratic
variation. We have

Y, = A+l (5.4.80)
2
(I = o + 3 + ush! (5.4.81)
AQ * & i M
= S+ B0+ ush! (5.4.82)
=1

This immediately gives rise to a state space representation of

<Yn, Y] >) : (A<1>2,(}>, » ) ) , (A(2>2§3>, zfg) o (A(K 5>(008 z:ffi’)

using equations (5.4.50) and (5.4.51) to obtain independent recursions for (A(i)Z%), ES)A).

As in the univariate case (cf. Barndorff-Nielsen (2001b), Barndorff-Nielsen and Shep-
hard (2001b)), one can also model long-range dependence by superimposing infinitely (but
countably) many appropriate positive semi-definite OU type processes. This follows from
a straightforward generalization of the arguments in Barndorff-Nielsen (1998b, Section 4).

5.5. Empirical illustration

In this section we provide a small empirical application of the multivariate OU type stochas-
tic volatility model using two bivariate data sets in order to illustrate the features of the
model developed further.

5.5.1. Data

Our empirical illustration is based on daily prices of four major US stocks, viz. Applied
Materials Inc. (AMAT), Amgen Inc. (AMGN), Pfizer Inc. (PFE) and Wal-Mart Stores
Inc. (WMT). The sample covers the period from January 2nd, 1985 to December 29th,
2006. Note that splits and dividends are incorporated into the prices. Moreover, the con-
tinuously compounded returns are mean-adjusted. Figure 5.1 presents the time evolvement
of the corresponding return series exhibiting the usual empirical characteristics. Moreover,
apparently the stocks tend to move similarly.

5.5.2. Estimation methods

The estimation of continuous-time stochastic volatility models is complicated by the un-
availability of the likelihood function. However, based on the theoretical results derived
in the foregoing Section 5.4, the multivariate OU type stochastic volatility model can be
estimated either by using the second order dependence structure of the squared returns or
by exploiting its state-space representation.
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Figure 5.1.: Daily returns. Time series plots of the daily returns (January 2nd, 1985 until
December 29th, 2006) of the four stocks under consideration.

5.5.2.1. Estimation via the second order dependence structure

Based on the ergodicity of the discretely sampled returns in our model a simple estimator
can be obtained by matching a set of empirical moments with their model implied coun-
terparts given in Theorem 5.4.4. Using the identification results natural candidates are
vech(E (YYT), ACOVyeen(yyT) (1) and acovyeeyyr)(2). However to gain efficiency we in-
clude lags of the autocovariance function of different order such that our objective function
is finally given by

SSR(L) = ||/m — T o - | 5.

(L) = ||m — E (vech(YY™))|| . + Z aj — aCOVyeeh (yy ) (1) . (5.5.1)
lel

with £ denoting the selected lags of the autocovariance function and m and a; for [ € L the

empirical mean and autocovariance function of vech(YY7T), respectively. Although several
matrix norms can be considered we use here the Frobenius norm, i.e.

d d
ICI=>> e =tx(CCT),

i=1 j=1

such that the objective function (5.5.1) leads to a non-linear least squares problem.
As noted in Barndorff-Nielsen and Shephard (2001b, Section 5.3), who apply this proce-
dure for the estimation of a univariate OU type stochastic volatility model, the estimator
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is independent of the assumption of a particular OU type process. More precisely, based
on the results discussed in Section 5.4.4, we know that this estimator generally identifies
the mean and the variance of the Lévy process L driving the OU type process (referred
to as the background-driving Lévy process or BDLP, for short, in the following), as well
as the matrix A. So, rather than assuming a specific parametric model for the BDLP,
we optimize over the first and second moments of Li. Often the parameters of a specific
BDLP can be identified solely from the mean and the variance of the BDLP. In this case,
the autocovariance fit also identifies these parameters.

Although this estimator is computationally very fast it lacks from the perspective of
optimal weighting, especially the autocovariance terms have usually a higher variance as
the empirical mean of the time series, which is not incorporated in the estimation by
minimizing the objective function (5.5.1). We account for these effects by applying the
GMM estimation proposed by Hansen (1982) using the previous estimates based on (5.5.1)
as starting values. For our weighting matrix we use a HAC estimator of the long run
covariance matrix with Parzen kernel and a lag of 25, which is continuously updated.

Although a large number of moment conditions would improve the asymptotic effi-
ciency of the estimator it lacks from the fact that the weighting matrix is estimated
with less precision. Given this trade-off in a finite sample set-up our moment condi-
tions are given by the mean and the autocovariances of the time series vech(YY7”) at
lags (1,3,5,7,9, 15,20, 30,40, 60, 80, 100).

5.5.2.2. Estimation via the state-space representation

Based on the state-space representation for the squared returns (see Section 5.4.2) the
Kalman recursions can be used to obtain the quasi-likelihood function of the model. This
estimation approach has also been considered in Barndorff-Nielsen and Shephard (2001b)
for the univariate OU type stochastic volatility model. In that paper they also show that the
Kalman filter is suboptimal but provides consistent and asymptotically normal estimators.
The state-space representation also illustrates once more that the multivariate model can
again be estimated without the need of a prespecified parametric BDLP. So, estimates
of the mean and variance of the BDLP as well as of the elements of the matrix A can
straightforwardly be obtained by the Kalman filter. Moreover, in contrast to the above
GMM approach, the latent volatility process can be inferred.

5.5.3. Estimation results

In the following we estimate the multivariate OU type stochastic volatility model as given
in equations (5.4.1) and (5.4.2), where we follow Barndorff-Nielsen and Shephard (2001b)
by assuming that 4 = § = 0, i.e. the means of the returns are set to zero. Recall in
this context that we use mean-adjusted returns and note that for 4 # 0 and § = 0 one
can still use our state space representation of Section 5.4.2. Moreover, we assume that the
off-diagonal elements of the matrix subordinator are zero, i.e. we restrict the BDLP to be
a diagonal matrix subordinator as introduced in Section 5.4.5. The vector of the diagonal
elements (L1, Lo, ..., Lq)" of L is to be denoted by diag(L). The d elements of diag(L)
may not exhibit negative correlations due to Proposition 5.4.18 which is incorporated as a
restriction into our estimation procedure. Hence, in the model estimated the correlation
between the variances of the different assets is determined by both the correlation structure
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of diag(L) as well as by the entries of A. Although this specification seems rather restrictive
it turns out that even this model can quite adequately describe the joint dynamics.

In the following we mainly present the estimation results obtained by the GMM method.
From the results obtained using the Kalman filter we only show the estimates of the latent
stochastic volatility process.

Before presenting the estimation results of the multivariate OU type stochastic volatility
model, we first consider its univariate counterpart. This allows for a more detailed analysis
of the multivariate model. We therefore start with a discussion of the univariate estimation
results.

The upper two panels in Table 5.1 present the univariate estimation results for the four
assets. The first panel gives the parameter estimates of the univariate models with one
OU type process as the stochastic volatility process, whereas the middle panel shows the
estimates of a univariate model with a superposition of two OU type processes where the
parameters of each individual OU type process are given in a separate line and where w; is
the weight of the individual OU type processes in the superposition. As we can see for the
models with a single OU type process the magnitudes are comparable to the ones obtained
in the existing literature, see e.g. Barndorff-Nielsen and Shephard (2001b, 2002).

Figure 5.2 depicts the empirical and estimated autocovariance functions. In particular,
the upper four panels show the estimated model-implied autocovariance functions of the
squared daily returns along with the empirical one (given by dots) for AMAT, AMGN,
PFE and WMT, respectively. In particular, the solid line refers to the daily autocovariance
function implied by the estimated univariate model and the dotted lines depict the auto-
covariance function implied by the superposition model with two processes superimposed.
Obviously the superposition model provides a better fit than the simple model. More pre-
cisely, in contrast to the simple models its autocovariance function decreases faster for short
lags (up to the 10th or 20th lag, depending on the asset) and slower for longer lags, because
it is the weighted sum of two exponentials decreasing at different rates. These results are
in line with the findings of Barndorff-Nielsen and Shephard (2001b, 2002), who encourage
the use of superposition models in the univariate case.

We now turn to the estimation of the bivariate OU type stochastic volatility model for
the two systems (AMAT, AMGN) and (PFE, WMT) where we ensure identifiability using
Lemma 5.4.13 noting that A = 1 equals one day. Table 5.1 presents the bivariate GMM
estimation results in its last panel. Obviously, the parameter estimates are somewhat
similar (in magnitude) to those of the univariate models. Note in this connection that
the eigenvalues of A are —0.0148 £+ 0.1036¢ for (AMAT, AMGN) and —0.0482, —0.0107 for
(PFE,WMT).

The estimated autocovariance functions of the daily squared returns are also depicted in
the upper four panels of Figure 5.2 (dashed lines). The bottom panels show the empirical
and estimated autocovariance function of the cross product of the returns of the two stocks
used in the respective bivariate models. Two effects of our multivariate model stand out.
The results for the first system (AMAT and AMGN), see left panels, illustrate that our
model does not necessarily impose monotonically decreasing autocovariance functions. This
behaviour is mainly due to the exponentially damped sinusoidal behaviour of the matrix
exponential induced by eigenvalues with non-vanishing complex part. The results for the
second system (PFE and WMT), see right panels, nicely illustrate the property derived
in Section 5.3.3 that the multivariate model is able to mimic the behaviour of univariate
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Table 5.1.: Estimation Results

asset w; A FE(diag (L)) var (diag (L1))
% AMAT -0.0109 0.3301 2.0453
5 AMGN -0.0118 0.2843 1.8324
E PFE -0.0158 0.1658 0.7718
= WMT -0.0066 0.0564 0.4999
AMAT 0.9222 -0.0837 0.9101 5.9075
o 0.0773 -0.0060 0.4685 4.2608
2 AMGN 0.8324 -0.0719 0.5452 6.2873
Z 0.1676 -0.0008 0.0243 0.6591
% PFE 0.6231 -0.0998 0.4499 2.9555
& 0.3768 -0.0061 0.0717 0.5223
” WMT 0.9961 -0.0059 0.0265 0.4561
0.0039 -0.1806 16.2901 29.2314
—0.0527  0.1320 0.7838 2.5501 0.7026
2 AMAT & AMGN ( —0.0921  0.0230 > <0.0002 ) < 2.3626 4.4340 >
E
3

PFE & WMT (—0.0396 0.0183) <0.2864> <1.9126 0.7241)

0.0135 —0.0193 0.0719 0.8522 0.7240

In the upper two panels the estimates for a univariate model with one (univariate) and a superposition of two Ornstein-
Uhlenbeck type processes as the stochastic volatility process are shown. The lower panel shows the estimation results for
the bivariate data sets.

The first column states the company of the stock(s) considered, the second the weight of the OU type processes superimposed
(only relevant for the superposition of univariate OU type processes), the third the estimate of the matrix A and the third
and fourth the expectation and variance of the driving Lévy process L at time one. In the bivariate case the lower left
element of var(diag(L1)) gives the covariance and the upper right the corresponding correlation.
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Autocovariances. Estimated and empirical (black dots) daily autocovariance

functions of the squared returns (upper four panels) and of the cross products
of the returns of the two bivariate systems (bottom panels). The left panels
show the result of the first system (AMAT, AMGN) and the right panels those
of the second system (PFE, WMT). The autocovariance functions based on
the different models are characterized by different line styles: the continuous
line refers to the fit of the univariate model, the dotted line corresponds to the
univariate superposition model with two OU type processes, and the dashed

line corresponds to the autocovariances based on the bivariate system.
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Figure 5.3.: Filtered integrated variances. Note that EZ(A,B) denotes the filtered cor-
relation instead of the filtered covariance between asset A and B.
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superpositions. Especially the autocovariance function of PFE in the bivariate model is
remarkably close to the autocovariance function of the univariate superposition model.

Note that these properties of our model already emerge empirically within our rather
simple specification of the matrix subordinator, viz. a diagonal subordinator. But we
conjecture that the flexibility of our model can even be further improved by considering
more sophisticated specifications of the background-driving Lévy process or by allowing for
superpositions.

As the knowledge of the latent stochastic volatility process (X,,)nen is important for many
financial applications, we also present here the model-implied volatility states (2n)neN
that can straightforwardly be obtained using the Kalman filter. Figure 5.3 depicts the
filtered volatility and correlation states of the two bivariate models. Obviously, in both
systems the volatilities tend to move together. Moreover, the correlations, especially the
one between AMAT and AMGN, show a relatively constant mean. Note that the volatilities
and correlation of AMAT and AMGN are themselves quite volatile.

5.6. Conclusion

Given the relevance of a joint modelling of the dynamics of multiple assets for portfolio
and risk management decisions, we have generalized the non-Gaussian OU type stochastic
volatility model proposed by Barndorff-Nielsen and Shephard (2001b) to the multivariate
case. It turns out that our model possesses many attractive features which are mainly a
result of our stochastic volatility specification.

Specifying the stochastic volatility by Lévy-driven positive semi-definite OU type pro-
cesses provides a flexible dependence structure for the volatility. In particular, we show that
the increments of the integrated covariance and the outer product of the returns (“squared
returns”) of a stochastic volatility model based on a single positive semi-definite OU type
process follow ARMA(1,1) processes. Furthermore, closed form expressions are given for
the first and second moments of these variables. These results facilitate the implementation
of financial decisions, such as the choice of e.g. a minimum-variance portfolio or other types
of risk assessment, and the estimation of our model. Moreover, we derived a state-space
representation for the joint process of the returns and the outer product of the returns,
which provides an additional approach for the estimation of the model as well as for the
estimation and forecasting of the volatility states using the Kalman recursions.

Since our model is defined in terms of a matrix subordinator its particular specification
may depend on the application at hand. In the empirical part of this chapter we focused
on models with a simple diagonal matrix subordinator, which already exhibit some nice
properties, see Section 5.5.3. However, studying the empirical relevance of alternative
classes of matrix subordinators deserves more attention in future research.

Further improvements in the estimation of the model may be obtained by incorporating
the high-frequency based and thus more informative realized covariation measure using the
results of Section 5.4.3. We are currently working on this extension.
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6. Multivariate Continuous Time Lévy-driven
GARCH Processes

6.1. Introduction

Since the introduction of the ARCH process in Engle (1982) and the extension to GARCH
by Bollerslev (1986), these processes have been widely used to successfully model discretely
observed time series. In particular, they have often been used in financial econometrics to
model the returns of stocks, currencies and other assets, since they are capable of reproduc-
ing several of the “stylized facts” of financial data, viz. stochastic volatility (=variance),
volatility clusters, tail-heaviness and dependence without autocorrelation. In order to be
able to treat irregularly spaced data and to use continuous time financial theory, already
Nelson (1990) started to study diffusions which appear as the limit of rescaled GARCH
processes. Thereafter, such diffusion limits have been further studied by various authors
(see Corradi (2000) and references therein). However, many of the desirable features of
GARCH are lost in these limits. Thus, Kliippelberg et al. (2004) introduced a continuous
time analogue of GARCH processes — the COGARCH(1,1) process — by using a Lévy pro-
cess and generalizing the GARCH recursions. This process inherits many of the appealing
features from the GARCH process.

As can be seen from Kliippelberg et al. (2004, Equation 3.8), the COGARCH(1,1) process
can be defined as the solution of

th == 1/Ut,st (611)
dvy = —B(vi_ — c)dt + avy_d[L, L)} (6.1.2)

using the discrete quadratic variation [L, L]° of a univariate Lévy process L, parameters
a, B,¢ > 0 and initial values Gog = 0,v9 > 0. The process G is referred to as the COGA-
RCH(1,1) process and v as the COGARCH(1,1) volatility process. To be in line with what
follows we have defined v to be cadlag instead of caglad and changed the parametrization
compared to Kliippelberg et al. (2004). In a financial context G is understood to resemble
a log-price and v its stochastic volatility.

By now the COGARCH process has been investigated in several papers. Klippelberg,
Lindner and Maller (2006) studied the COGARCH(1,1) process further in comparison to
the popular stochastic volatility model of Barndorff-Nielsen and Shephard (2001b) and
Fasen et al. (2006) presented a detailed analysis of the extremal behaviour. Moreover,
Brockwell et al. (2006) introduced univariate COGARCH processes of arbitrary orders (p, q)
with ¢ > p by using insight from the theory of CARMA processes. Different estimation
procedures for the COGARCH(1,1) process were discussed and successfully applied to data
in Haug, Kliippelberg, Lindner and Zapp (2007), Miiller (2006) and Maller et al. (2006).
The latter paper also constructed sequences of discrete time GARCH(1,1) processes on a
finite time interval converging to the COGARCH(1,1) process in the Skorokhod metric in
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probability. A similar but weaker result is to be found in Kallsen and Vesenmayer (2006)
who also obtained the infinitesimal generator of (G, v). Furthermore, the volatility process
in the COGARCH(1,1) model is a particular example of a generalized Ornstein-Uhlenbeck
process (cf. Lindner and Maller (2005) and references therein). The asymptotics of the
sample autocovariance functions of such processes are discussed in Fasen (2007) with a
special emphasis on the COGARCH case.

In this paper we introduce a multivariate version of the COGARCH(1,1) process, to be
dubbed “MUCOGARCH(1,1)”, and analyse its properties (Markov properties, existence of
moments, stationarity and second order structure) in detail. In analogy to Brockwell et al.
(2006) we use a d-dimensional Lévy process and define the volatility process using a “self-
exciting” autoregressive structure of order one and the discrete quadratic variation of the
Lévy process. Clearly multivariate models are needed in order to model and understand
the joint behaviour of several time series (e.g. the prices of assets) which exhibit non-
trivial interdependencies. But in a financial context they are also necessary to obtain a
reasonable basis for portfolio optimization or the pricing of multi-asset options. So far
only few multivariate stochastic volatility models have been discussed in the literature.
Lindberg (2005) and Hubalek and Nicolato (2005) introduced different factor models where
the volatility is driven by factors which are univariate positive Ornstein-Uhlenbeck (OU)
type processes as used in the works of Barndorff-Nielsen and Shephard. In Chapter 4 we
introduced positive semi-definite OU type processes which were used in Chapter 5 to define
a multivariate extension of the popular model of Barndorff-Nielsen and Shephard (2001b).

In the discrete time GARCH world the general multivariate model (known as vec-model)
seems to have been first stated in Bollerslev, Engle and Wooldridge (1988). The first
comprehensive study of multivariate GARCH models is Engle and Kroner (1995) where the
so-called BEKK model was introduced which provides an easy parametrization ensuring
positive semi-definiteness of the variance process. Until now various variants of multivariate
GARCH processes have been proposed, analysed and fitted to data. For a comprehensive
review paper we refer to Bauwens, Laurent and Rombouts (2006).

Generally the analysis of multivariate GARCH models is considerably more involved than
the univariate case due to the non-linearity of the variance equation and the “noise” being
concentrated on the rank one-matrices, for example, explicit results for the moments are
only obtainable under certain restrictions. Similar problems are appearing in our analysis
of the MUCOGARCH processes which will be defined via a stochastic differential equation
(SDE) which is only defined on the positive semi-definite matrices and has only locally Lip-
schitz coefficients. However, we are able to show that the MUCOGARCH process inherits
many nice features from the univariate COGARCH processes. Yet, to do this we often need
to establish technical results first and the formulae obtained are more complicated.

The remainder of this paper is structured as follows. First we summarize important
notation to be used throughout this paper below.

In Section 6.2 we review discrete time multivariate GARCH processes, multivariate Lévy
processes and positive semi-definite processes of Ornstein-Uhlenbeck processes, because
they are intrinsically related to the MUCOGARCH process to be defined.

Thereafter we introduce and study the MUCOGARCH(1,1) process in Section 6.3 starting
with the definition and establishing well-definedness in Part 6.3.1. In the next part of
this section we turn to presenting a univariate COGARCH(1,1) process that bounds the
volatility process in a norm intrinsically related to the autoregressive parameter and use this



6.1. Introduction 143

bound to give sufficient conditions for the finiteness of moments. This is followed by showing
that the volatility process alone and the MUCOGARCH process together with its volatility
are strong Markov processes. Moreover, we establish conditions for the existence of a
stationary distribution of the volatility in Subsection 6.3.3. In the last part we calculate the
second order structure of the volatility process explicitly under certain assumptions on the
moments of the driving Lévy process and establish (asymptotic) second order stationarity.

In the following brief Section 6.4 we turn our focus on the increments of the MUCO-
GARCH process itself showing that it has stationary increments provided the volatility is
stationary. Thereafter we calculate the second order moment structure of the increments
(i.e. the returns in a financial context) observed on a regularly spaced discrete grid. Here
we obtain in particular that the returns have zero autocorrelation but their “squares” have
non-vanishing autocorrelation.

In Section 6.5 we study several illustrative examples and show simulations of them.

Finally, we present in the last section an idea how to define MUCOGARCH processes of
general orders higher than (1,1). As it is based on multivariate CARMA processes, this is
preceded by a brief review of those processes.

In the appendix of this chapter we present results on stochastic differential equations
which are only defined on an open subset of R% and which have only locally Lipschitz coef-
ficients. After establishing existence and uniqueness of solutions we turn to their Markovian
properties where we also recall the necessary notions from the theory of Markov processes
needed. Additionally, several other auxiliary results needed are to be found in the appendix.

6.1.1. Notation

We denote the set of real m x n matrices by M, ,(R). If m = n, we simply write M, (R) and
denote the group of invertible n x n matrices by GL,(R), the linear subspace of symmetric
matrices by S, the (closed) positive semi-definite cone by S} and the open positive definite
cone by S;-. I, stands for the n xn identity matrix. The natural ordering on the symmetric
n X n matrices shall be denoted by <, i.e. for A, B € M, (R) we have that A < B if and only
if B— A € S;}. The tensor (Kronecker) product of two matrices A, B is written as A ® B.
vec denotes the well-known vectorisation operator that maps the n x n matrices to R" by
stacking the columns of the matrices below another. For more information regarding the
tensor product and vec operator we refer to Horn and Johnson (1991, Chapter 4). Likewise
vech : Sy — RUHD/2 denotes the “vector-half” operator that stacks the columns of the
lower triangular part of a symmetric matrix including the diagonal below another. The
spectrum of a matrix is denoted by o(-) and the spectral radius by p(-). Finally, A* is the
transpose (adjoint) of a matrix A € M, »(R).

For a matrix A we denote by A;; the element in the i-th row and j-th column and this
notation is extended to processes in a natural way.

For some set B the indicator function is denoted by Ip(-) and operations on sets are
defined element-wise as usual, for instance, if A, B C C we have A+ B={a+b:a€ A, b€
B} and R(A) = {R(a) : a € A} where R denotes the real part of a complex number.

Norms of vectors or matrices are denoted by || - ||. If the norm is not specified, then it is
irrelevant which particular norm is used.

Throughout we assume that all random variables and processes are defined on a given
filtered probability space (2, P, F,(Fi)ter) with 7 = N in the discrete time case and
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7 = R7T in the continuous one. Moreover, in the continuous setting we assume the usual
conditions to hold.

Furthermore, we employ an intuitive notation with respect to the (stochastic) integration
with matrix-valued integrators referring to any of the standard texts (e.g. Protter (2004))
for a comprehensive treatment of the theory of stochastic integration. Let (A;);er+ in
My n(R), (Bi)ier+ in M, s(R) be cadlag and adapted processes and (Ly)secr+ in My, ,(R)
be a semi-martingale. Then we denote by f(f As_dL¢Bs_ the matrix C; in M,, s(R) which
has ij-th element Cijr = > 1 1> 14 fot Aik,s—Bijs—dLps. Equivalently such an integral
can be understood in the sense of Métivier and Pellaumail (1980b), resp. Métivier (1982),
by identifying it with the integral fg A, _dLs; with A, being for each fixed t the linear
operator M, (R) — My, ((R), X — A;XB;. Moreover, we always denote by ff with
a € RU{—o00},b € R the integral over the half-open interval (a, b] for notational convenience.
If b = oo the integral is understood to be over (a,b). If (X;);cr+ is a semi-martingale in
R™ and (Y%);cg+ one in R™ then the quadratic variation ([X,Y];);cp+ is defined as the
finite variation process in M,, ,(R) with components [X,Y];;; = [X;,Yj]; for t € RT and
1=1,....m,5=1,...,n.

6.2. A review of related processes

In this section we briefly review some processes which are related to the multivariate contin-
uous time GARCH (MUCOGARCH) process to be introduced in this chapter. The insights

gained from these processes will be of use for the definition of the MUCOGARCH processes
in particular.

6.2.1. Discrete time multivariate GARCH

The well-known one dimensional GARCH(p, ¢) model with p,q € N is defined via an i.i.d.
sequence (€,)nez and the equations

X, = onen (6.2.1)

P q
Uy = Qo+ Z (XZ‘ngi + Z BjVn—; (6.2.2)
i=1 j=1
where the parameters satisfy aq,...,ap,51,...,8, > 0.

When one moves from a scalar X to a multidimensional X, the variance process v becomes
a covariance matrix process V. The most general d-dimensional discrete time GARCH(p, q)
model based on an i.i.d. sequence (¢,)necz in RY thus is the following:

X, = V2, (6.2.3)
p q

Vi, = C+ZAan—iX:L—i+ZBjVn—j' (6.2.4)
i=1 j=1

Here an /% denotes the unique square root defined by functional calculus. Moreover, A; and
Bj are linear operators that map the positive semi-definite d x d matrices into themselves

and C € SZ{.
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This model is implicit in most multivariate GARCH models studied so far. In particular,
it is obviously equivalent to the vec-model (Engle and Kroner (1995)) which is given by:

X, = V2, (6.2.5)

VeC(Vn) = VGC(C) + Z AiveC(Xn—iX:;_i) + Z BjVGC(Vn_j). (6.2.6)

A; and f?j are now d? x d? matrices mapping the vectorized positive semi-definite matrices
into themselves.

Establishing conditions for the existence of stationary multivariate GARCH(p, q) pro-
cesses is considerably more involved than in the univariate case (see e.g. Bougerol and
Picard (1992)), since one cannot utilize the theory of linear random recurrence equations.
We refrain from giving details and refer the interested reader to Boussama (1998 or 2006).

Moreover, the restrictions on the linear operators A; and Bj necessary to ensure positive
semi-definiteness led to the introduction of the so-called BEKK model (see again Engle and
Kroner (1995)), which automatically ensures positive semi-definiteness:

X, = VY2, (6.2.7)
p ~ ~ a5 ~
Vo = CH+) > AnXaiXp A+ > BirVar B, (6:2:8)
i=1 k=1 j=1r=1

with l;,s; € Ng for ¢ = 1,2,...,p, j = 1,2,...,q and where Ai7k,Bj7r are now arbitrary
elements of My(R).

The BEKK model corresponds to the vec model with A; = Z%zl Ai,k ® Ai,k and Bj =
Zi’: 1 Bjr ® Bj, with ® denoting the tensor (Kronecker) product. Conversely, all vec-
models with zzli(SzlL) = Sj{ and Bj(Sj{) = S;L fori=1,...,p,7 =1,...,q can be represented
as BEKK models with /; = s; = 1 and in dimension two all vec-models have BEKK
representations (see Appendix B for details). Thus, it is not too restrictive to look only at
BEKK models with [; = s; = 1 as we shall do in the following.

6.2.2. Multivariate Lévy processes

Later on we shall use both Lévy processes in R¢ and in the symmetric matrices Sq. Thus
we briefly recall the relevant basic facts on them now. For a comprehensive treatment of
Lévy processes confer Applebaum (2004), Protter (2004) or Sato (1999), for instance.

We consider a Lévy process L = (L;)cr+ (Where Lo = 0 a.s.) in R? determined by its
characteristic function in the Lévy-Khintchine form E [e!®1t)] = exp{tyy (u)} for t € R*
with

U10) = i) - 5w + [ (€0~ 1 idw D)oy (o)) velds), we RY (629)

R4

where v, € RY, 7, € S} and v/, is a measure on R? that satisfies v7,({0}) = 0 and [ga(||z[|*A
1) vr(dz) < co. The measure vy, is referred to as the Lévy measure of L. Moreover, (-, -)
denotes the usual Euclidean scalar product on R? and || - || the associated norm.
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We always assume L to be cadlag. It is a well-known fact that to every cadlag Lévy
process L on R? one can associate a random measure z, on Rt x R?\ {0} describing the
jumps of L. For any measurable set B C Rt x R%\ {0},

ur(B) =t{s>0: (s,Ls— Ls_) € B}.

The jump measure py, is an extended Poisson random measure (see Jacod and Shiryaev
(2003, Section I1.1) for a definition and the relevant integration theory) on RT x R%\ {0}
with intensity measure E(ur(ds,dz)) = dsvr(dz). By the Lévy-Ité6 decomposition we can
rewrite L almost surely as

Ly =~pt+ B + / x pr(ds,dx) + lif(r]l / xfir(ds,dx) (6.2.10)
3

[|z[I>1,s€[0,t] e<|lz]|<1, s€[0,1]

for all t € RY. Here jiy(ds,dr) = pr(ds,dz) — dsv(dz) is the compensated jump measure
and (By);cg+ is a driftless Brownian motion in R? with var(B;) = 77. Furthermore, the
terms in (6.2.10) are independent and the convergence in the last term is a.s. and locally
uniform in t > 0.

In the sequel we will sometimes work with a two-sided Lévy process L = (L¢)¢er, con-
structed by taking two independent copies (L1 ¢)icr+, (L2,¢)icr+ Of a one-sided Lévy process

and setting
Ly = {Ll’t %f =9 (6.2.11)
—Ly 4 if t<O.
Assuming that v satisfies additionally
[ el i) < e, (62.12)
ll=l[>1

L has finite mean and covariance matrix given by

E(Ly)=~+ /” - zv(dx), (6.2.13)
var(Ly) = 71 + /:U:U* v (dz). (6.2.14)
R4

Of particular importance in the following will be Lévy processes with paths of finite
variation. A Lévy process L is of finite variation, if 7, = 0 and f||$”<1 |lz||vr(dx) < oo.
Then the Lévy process can be represented as -

t
Lt::YLt-i-// wpr(ds, dr)
0 Jrd

with 4, = v — f||:1:||<1 avr(dx). We have for the characteristic function E [ei<u’Lt>] =
exp{tyr(u)}, ¢ >0, that

Y (u) = i3, u) + / (e — 1) vy (de), ueR% (6.2.15)

R4
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An important Lévy process of finite variation in S; associated to any Lévy process L in
R? is the quadratic variation

t
[L,L); =71t + / / va*pr(ds,dr) = 7ot + Y (AL (AL,
0 JRd

0<s<t

The only stochastic part is the discrete part

(L, L] ::/0 /Rd:c:c*,uL(ds,dx): > (AL (ALY,

0<s<t

which we henceforth call “discrete quadratic variation”. As for any = € R? one has that
zx* € ST, it is easy to see that these processes are examples of matrix subordinators. Matrix
subordinators are Lévy processes in the symmetric d x d matrices (which can be identified
with Réd+1)/ 2) whose paths remain in SZlL at all times. This class of Lévy processes has
been studied in detail by Barndorff-Nielsen and Pérez-Abreu (2007). For the characteristic
function observe that tr(X*Y) (with X,Y € My(R) and tr denoting the usual trace func-
tional) defines a scalar product on My(R) (respectively, S;) and note that the vec operator
links the scalar product on My(R) (respectively, S;) with the Euclidean scalar product on
R% via tr(X*Y) = vec(X)*vec(Y) = (vec(Y),vec(X)) and that the norm on My(R) in-
duced by this scalar product is the Froebenius norm. Thus a matrix subordinator L has
characteristic function (cf. also Barndorff-Nielsen and Pérez-Abreu (2007))

E(eitr(LrZ)> = exp(tYr(Z)), Z €Sy, where (6.2.16)

Vi (Z) = dtr(ypZ) + /+(eitf<XZ> — 1)y (dX) (6.2.17)
Sd
with drift vz, € S; and Lévy measure vy,

Matrix subordinators are necessarily of finite variation and the paths are increasing with
respect to the natural ordering “>” on Sy (i.e. A > B, if and only if A— B € S;). Observe
that the Lévy measure is concentrated on Sji' and thus all jumps are positive semi-definite.
From this it is clear that matrix subordinators are a generalization of the univariate concept
of Lévy subordinators.

Straightforward calculations show that the characteristic function of the discrete quadra-
tic variation of a d-dimensional Lévy process L is given by

E <eitr(([L’L]?)*Z)> = exp (t¢[L7L]a(Z)) , 4 €Sy, where (6.2.18)
Ve (Z) = /Rd(em(m*z) — Vg (dx). (6.2.19)

In particular the Lévy measure of the discrete quadratic variation is given by
vir,p (B) = /Rd Ip(za™)vr(dx) (6.2.20)

for all Borel sets B C Sy. It is obvious that the Lévy measure of [L,L]° is concentrated
on the rank one matrices, thus all jumps of [L, L]° are rank one positive semi-definite
matrices. Yet, the degeneracy of the Lévy measure does not necessarily imply degeneracy
of the distribution of [L, L]} at any fixed time ¢ € R, since elementary linear algebra
implies that any matrix S} can be written as Zle z;zf with k € N,k < d and z; € R%\{0}
such that zjz; = 0 for ¢ # j.
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6.2.3. Positive semi-definite processes of Ornstein-Uhlenbeck type

Before turning to a continuous time GARCH setting, let us briefly recall processes of
Ornstein-Uhlenbeck type assuming values in the positive semi-definite matrices which have
been introduced in Chapter 4. For more details and a statistical analysis of a stochastic
volatility model involving these processes see Chapter 5. As it turns out later on, the in-
sight gained in this section will be very helpful when defining and analysing the multivariate
COGARCH process.

In the univariate case modelling the variance (v¢);cg+ by Ornstein-Uhlenbeck processes
has become very popular in recent years (see in particular the works of Barndorff-Nielsen
and Shephard). There one assumes given a real Lévy process (L;);cgr+, a parameter A € R
and considers the SDE

dvy = —Av_dt + dL. (6.2.21)

The solution can be shown to be
t
vy = e Mg + / e AL, (6.2.22)
0

Provided that A > 0,v9 > 0 and the Lévy process L is a subordinator (a.s. non-decreasing
Lévy process), the unique (cadlag adapted) solution v is positive and thus can be taken as
a variance process. After extending the Lévy process to (L;)wer, living on the whole real
line, by (6.2.11) one can show that (6.2.21) has a unique stationary solution given by

t
v = / e_A(t_S)dLs,

—00

if the Lévy process has a finite logarithmic moment, i.e. E(log™ (L)) < co.
Let (L;)ier now be a Lévy process with values in My(R), A : My(R) — My(R) a linear
operator and consider the SDE

AV, = AV,_dt + dL,. (6.2.23)

As in the univariate case one can show that the unique strong solution is given by

t
‘/t _ eAtV'O +/ eA(tfs)dLS.
0

Provided E(log™ ||L1]) < oo and o(A) € (—00,0) + iR, there exists a unique stationary
solution given by .
V, = / eAt=9)qr..
—00
Provided that the driving Lévy process L is a matrix subordinator and exp(A(S])) C
SZIL, the process V' assumes values in the symmetric positive semi-definite matrices only
(assuming that the starting value Vj € Sz{, of course).

The main question now is, which possible linear operators A one can actually take to
obtain both a unique stationary solution and positive definiteness. One possible choice is to
take an A representable as X — AX + X A* for some A € My(R). Note the close relation
of this kind of operators to Kronecker sums (see Horn and Johnson (1991, Ch. 4)) and that
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Appendix A shows that all linear operators A on Sy satisfying eAt(Sj{) = S:lr are necessarily
of this form. In this set-up (6.2.23) becomes

dVy = (AVi— + Vi A%)dt + dL (6.2.24)
and observing that e®? has the representation X — e XeA™ we see that the solution is
¢
V = eAVpet + / A=) g A" (t=9) (6.2.25)
0

compare also Horn and Johnson (1991, p. 440) for a related deterministic differential
equation. Obviously, V; € SZ{ if Vp € S;lL.

Using the vec transformation and Horn and Johnson (1991, Theorem 4.4.5) we see that
o(A) =0(A) 4+ o(A). Thus

Theorem 6.2.1 (Chapter 4, Theorem 4.4.5). Let (L;)ier be a matriz subordinator with
E(log™ | L1]) < oo and A € My(R) such that o(A) C (—o0,0) + iR. Then the SDE of
Ornstein- Uhlenbeck type

dVy = (AVi— + Vi A")dt + dLy

has a unique stationary solution

t *

v, — / (A=) g, A" (=5

—0o0
or in vectorial representation

t

vec(V;) = / eUDATABD(1=9) gyec(L,).
—0o0

Moreover, V; € SZ{ for allt € R.

We conclude the discussion of positive semi-definite OU type processes by observing
that even if the driving matrix subordinator is the discrete quadratic variation [L, L]°
of a Lévy process L in R? and the Lévy measure of the driving process is thus highly
degenerated (concentrated on the rank one positive semi-definite matrices), one can easily
have a nice stationary distribution. For instance, Corollary 5.3.18 in Chapter 5 shows that
the stationary distribution has a density whenever the Lévy measure of L is absolutely
continuous with respect to the Lebesgue measure on R%.

6.3. The multivariate COGARCH(1,1) process

6.3.1. Definition and elementary properties

In order to define a continuous time multivariate GARCH(1,1) process the main idea is to
replace the noise € of a multivariate GARCH(1,1) process by the jumps of a multivariate
Lévy process L and the autoregressive structure of the covariance matrix process by a
multivariate continuous time autoregressive structure (OU structure). So the idea is again
basically the same as in Brockwell et al. (2006) for the univariate case.
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In the simplest BEKK GARCH(1,1) model the volatility process is given by
Sy =C + ASY? e, 1€ | 2Y2 A% 4+ BY,_ B (6.3.1)

with C € ST, A, B € My(R) and (€,)nen, being an i.i.d. sequence in R%.
This shows that the dynamics of (X,)nen, are those of a multivariate AR process, which
is “self-exciting” in the sense that we have an AR structure with the noise given by

1/2 * 1/2
Y Een—_1€6 1% > .
< n—1%n n—1“n—1 neN

Replacing (like in the univariate COGARCH(p, q) case) the AR structure with a CAR (OU
type) one, using T@de[L, L? V;fQ as “noise” where L is a d-dimensional Lévy process and
using the same linear operators as for positive semi-definite processes of Ornstein-Uhlenbeck
type, leads now to a multivariate continuous time GARCH(1,1) process G (referred to as
MUCOGARCH(1,1) process in the following) with associated volatility process V' given by:

Definition 6.3.1 (MUCOGARCH(1,1)). Let L be a d-dimensional Lévy process and A, B €
My(R), C €S}. Then the process G = (Gy)iep+ solving

aG, = V;Y?dL, (6.3.2)
V, = C+Y; (6.3.3)
dY, = (BY,_ + Y, B*)dt + AV;2d[L, L)2V;"/* A" (6.3.4)

with initial values Gy in R and Yy in S is called @ MUCOGARCH(1,1) process.
The process Y = (Yi);cr+ with paths in S} is referred to as a MUCOGARCH(1,1)
volatility process.

As except in the very last section we are only dealing with MUCOGARCH processes of
order (1,1), we often omit the orders (1,1) in the following and write only “MUCOGARCH”
instead of “MUCOGARCH(1,1)”.

For the MUCOGARCH process to be well-defined it is necessary that there exists a
unique solution to the above system of stochastic differential equations and that Y; € S;r
for all t € RT. That this is indeed the case is shown in the following theorems.

We can also directly give a stochastic differential equation for the covariance matrix
process V:

AV, = (B(Vi. — C) + (Vi — C)B*)dt + AV, ?d[L, LPV,\/* A*. (6.3.5)

Obviously this SDE has a “mean reverting structure”, viz. V is returning to the level C
at a rate determined by B. However, since all jumps are positive semi-definite, as we shall
see, C' is not a “mean” level but a lower bound.

Equivalently we can use the following representation using the vec-operator:

dGy = VPPdL, Vi=C+Y,
dvec(Y;) = (B®I+1® B)vee(Y )dt + (A® A)(V,Y? @ VY dvee([L, L]?)
dvec(Vy) = (B®I+1® B)(vec(Vi—) — vec(C))dt
+(A @A)V @ V) dvee([L, L]Y).
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Remark 6.3.2. (a) The introduction of the process Y may seem to be superfluous. How-
ever, for the following results and calculations it is often advantageous to work with Y rather
than with V.

(b) Likewise one might wonder why we do not use vech instead of vec, as this was an
isomorphism between Sq and RUHD/2 - However, there are much more useful results for
the vec-operator available from linear algebra than for the vech operator. In particular, the
interplay between the vec operator and the Kronecker product is very helpful at numerous
places.

To see the connection between our multivariate COGARCH(1,1) process for d = 1 and
the COGARCH(1,1) process defined in Kliippelberg et al. (2004) set o = A2 and 8 = —2B.
Then equations (6.3.2)-(6.3.4) become for d = 1

dGy = V;M2dL,, V,=C+Y; and dY; = —BY,_dt + aV,_d[L, L]?. (6.3.6)
Replacing V; by Y; :=Y; /a we obtain finally
dGy = VM*dL,, V, = C+aY, and dY; = —BY;_dt + V;_d[L, L)?.

From the last set of equations it is immediate that for d = 1 our definition agrees with the
case p = q¢ = 1 of the general COGARCH(p, q) definition given in Brockwell et al. (2006),
i.e. }7} agrees with their process Y; and our V; with their V; (note that this is simply due
to the fact that for convenience we have defined all processes such that they are cadlag,
whereas the previous COGARCH papers choose V' to be caglad). Hence, Brockwell et al.
(2006, Theorem 2.2) implies that our definition conforms with the original definition given
in Kliippelberg et al. (2004) which can also be seen from dV; = —3(V;— —C)dt+aV;_d[L, L)?
and Equations (6.1.1) and (6.1.2).

The first thing we need to show is that Y and V indeed assume only values in the positive
semi-definite matrices, as long as they do not explode.

Theorem 6.3.3. If the MUCOGARCH(1,1) process is started with a positive semi-definite
initial value Yy, then it assumes values in the positive semi-definite matrices for allt € [0,T)
with T := sup,,cy infyep+ {Y: > n}.

Moreover, Y; > eP'YpeP™t and so Y, € SZILJF for allt € [0,T) provided Yy € S:lﬁL.

Proof. Assume first that L is the zero process. Then we have
Y; = exp(Bt)Yy exp(B*t),

From the last representation it is obvious that Y; is positive (semi-)definite for all ¢ € R
provided we start the process with a positive (semi-)definite initial value Yj.

Assume now that L is a compound Poisson process. As there are only finitely many
jumps, it suffices to consider the jump times of the Poisson process. Let I'y be the first
jump time, then Y; € S; for all t € [0,T'1) in view of the above result for L = 0. However,
as

Yo, =Ypr,- + A(C + YF1—)A[L7 L]F‘l (C + YFI_)A*7

we immediately deduce from A[L, L]? € ST that Yp, € S} and Y, > ePl1YpeB 11, Tterating
the argument we get Y; € S;r and Y; > eBtYpeB ™ for all t € [0,T). Finally, as eB* € GL4(R),
we have Y; € STT for all t € [0,7), if Yo € ST
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In the general case we note that the driving Lévy process [L, L]° is of finite variation and
thus it is clear that the above path-wise approach carries through to the infinite activity
case. ]

Implicitly we often use the following property of ¢t — eP*YpeB™ in the analysis of the
MUCOGARCH process.

Lemma 6.3.4. LetY, € S;r and be Ayin the eigenvalue of B € My(R) satisfying R(Amin) <
R(N) for all X € o(B). Then for any ¢ < R(Amin) there exists a K > 0 such that eB'YpeP ™t >
Kemin(o(Yy))Iy. for allt € RT.

Proof. Denote the usual Euclidean norm on R and the associated operator norm by || - [|2.
Then for any x € R? we have z*eP*YpeP 'z > min(o(Y)))||e? tz|2. Since [|eB x|y >
le= B ||| and [le=B"|2 < Ded for any d > max(R(o(—B*)) = —R(Amin) and an

appropriate D > 0, it follows that
¥ eBYpeP e > D7 e min(o(Yy)) |||
for all t € RT, which concludes. O

Some more subtle issues appear when considering the differential equation (6.3.5).

Proposition 6.3.5. Let V' be a solution of (6.3.5) with initial value Vi € S;l". If Vo > C, we
have that V; > C+eBH(Vy—C)eP™t > C for allt € [0,T) with T := sup,,cy infiep+ {Y: > n}.

If 0 < Vi < C, however, then V; > C + eBY(Vy — C)eP™t still holds, but C + eBH(Vy —
C)eB"t < C and V; need not be in S} .

Proof. The case Vy > C follows immediately from Theorem 6.3.3 and the relations between
the processes Y and V.

In the case 0 < V < C it suffices to consider the case, when L is the zero process, since
the generalization can be done analogously to the previous proof.

In this case elementary analysis gives

* *
‘/t — eBtV'OeB t+C— eBtCeB t.

This shows the claimed inequality. Therefore it only remains to give a counterexample
showing that V; may leave S:{. Let us take

2 0 0.5 0
CZ(O 2)’ VO:(O 0.5)’

B= ( _0.5111(10/9) —0.512(10/9) > and x = ( 1 >

Then we obtain that
/9 1 0 11
B __ - * _
e” = 10<11> and z"Viz = 1

SoV; & S}Jr, although Vg € SZ{. Note that this problem arises also with positive probability,
if the driving Lévy process is compound Poisson, as it then may well happen that there is
no jump until time 1. O
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If neither ¥y > C nor Vy < C, then V; > C + B4y — 0)eB™ is valid as well, but this
cannot be compared to C.

Remark 6.3.6. The insight gained from positive semi-definite OU-processes suggests that
all eigenvalues of B should have negative real part, if one wants a “stable” COGARCH
volatility process as covariance matrixz process. The arguments in the last proof show imme-
diately, that in this case V; — C ast — oo, if the Lévy process was zero. Thus, in general
the process V' tends to C, as long as the driving Lévy process does not jump. The given
counterexample shows, however, that below C' this does not occur in a “straight” manner.
Observe that this behaviour is comparable to the one of the univariate COGARCH(1,1), but
there the tendency to a constant goes “straight” (see Kliippelberg et al. (2006, Proposition

2)).

Now it is time to address the central question, the existence of a unique solution to the
stochastic differential equations (6.3.2), (6.3.4) defining the MUCOGARCH(1,1). Naturally
we are only interested in positive semi-definite solutions and hence restrict ourselves to cases
in which Theorem 6.3.3 or Proposition 6.3.5 ensure this property, as long as there are no
explosions. Moreover, we switch frequently between (6.3.4), respectively (6.3.5), and their
counterparts in vectorial representation choosing the one which it is best to work with.

In the following it is implicitly understood that our processes and stochastic differential
equations are not living on the whole space My(R) (respectively ]RdQ), but on the linear
sub-space S; of symmetric matrices (repectively vec(Sy)). The latter can, as usual, be
identified with RU41)/2 when appropriate. The importance of this lies in the fact that
S;Jr is an open subset of Sy and thus the SDE theory developed in Appendix 6.7.1 of this
chapter applies immediately using the Lipschitz properties of the SDE (6.3.4) studied in
Appendix 6.7.2 of this chapter.

Theorem 6.3.7. Let A,B € My(R), C € ijr and L be a d-dimensional Lévy process.
Then the SDE (6.3.4) with initial value Yo € S has a unique positive semi-definite solution
(Yi)ier+- The solution (Yy)ier+ is locally bounded and of finite variation.

Proof. Define the maps F,G by F(vec(y)) = (I4® B + B ® Ij)vec(y) and G(y) = (A ®
A)((C+ y)/2® (C + y)'/?). Then the SDE (6.3.4) can be written as

dvec(Y;) = F(vec(Y;_))dt + G(Y;_)dvec([L, L]?).

Moreover, we define the set Uce = {x € Sq : © > —el;} for some € with 0 < e < mino(C).
Then the set Uc e (and thus vec(Uc,)) is open and for each z € Ug we have x + C >
(mino(C) —€)I; € S;T. Being a linear map F is trivially Lipschitz and Lemma 6.7.16
shows that G is Lipschitz on any set of the form vec(Uc, N {z € S} : ||lz[| < ¢}) with
¢ > 0, thus locally Lipschitz on vec(Uc,). Applying Theorem 6.7.3 with U,, = vec({z €
Sq¢ : x > (1/n—€)1;}) implies the existence of a unique solution Y; in Ug, to the SDE
up to a random stopping time 7. Theorem 6.3.3 ensures that any solution necessarily
stays in Sj{ C Ug,. Hence, on T' < oo the only thing that can happen is an explosion, i.e.
limsup,_,7 ||Y;|| = co. However, the linearity of F' and Lemma 6.7.16 imply that both F" and
G grow at most linearly, i.e. (6.7.3) holds, and so Theorem 6.7.3 shows that 7T is infinite.
This establishes the existence of a unique solution on [0,00) and the local boundedness of

Y.
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Since the SDE implies that (Y;);cg+ is the sum of an integral with respect to time and
one with respect to a finite variation Lévy process, it is straightforward to see that (Y;);er+
is of finite variation on compacts. O

When considering only initial values in S;lH', we can relax the condition C' € S;lH'. More-
over, we need a replacement for the concept of local boundedness.

Definition 6.3.8 (Ch. 4, Def. 4.3.1). Let (W, || - |lw) be either RY, Mg(R) or Sy(R) with
d € N and equipped with the norm || - |lw, U C W open and let (Xt)ier+ be a U-valued
stochastic process. We say that the process X is locally bounded within U if there exists
a sequence of stopping times (T )nen increasing to infinity almost surely and a sequence
of compact convex subsets D, C U with D,, C Dp41 Vn € N such that Xy € D, for all
0<t<T,.

Theorem 6.3.9. Let A, B € My(R), C € S} and L be a d-dimensional Lévy process. Then
the SDE (6.3.4) with initial value Yy € S;‘+ has a unique positive definite solution (Y3)ier+-
(Yy)ier+ is locally bounded within Szlur and of finite variation.

Proof. As S]T is an open set Theorem 6.7.3 (with U, = {z € Sq : > (1/n)ly}, for
instance) gives the existence of a unique solution Y; in S;r+ up to a stopping time 7', at
which it either explodes, jumps out of S;lL or reaches the boundary of S;lur. Yet, as Theorem
6.3.3 ensures that any solution Y; satisfies ¥; > eB*YpeP™, it cannot happen that it hits
the boundary or jumps out of S;lL and arguing as before there can be no explosions in finite
time. Therefore, we have again T = oo.

The proof of Theorem 6.7.3 shows that (Y;);cr+ is locally bounded within Szlur and the
finite variation follows as in the last theorem. O

Likewise we could have considered the SDE (6.3.5). Using the relationship between (6.3.5)
and (6.3.4) we obtain the following.

Corollary 6.3.10. Let A,B € My(R), C € Sz{, and L be a d-dimensional Lévy process.
Assume that the initial value satisfies Vy > C and either C € SZILJF or Vo > C holds. Then
the SDE (6.3.5) has a unique positive definite solution (Vi)ier+-

Remark 6.3.11. It is immediate to see that all results stated for the stochastic differen-
tial equations (6.3.4) and (6.3.5) remain valid when replacing the differential d[L, L] with
the differential dL; of a matriz subordinator Ly (see Barndorff-Nielsen and Pérez-Abreu
(2007)).

For the sake of simplicity we state the following two theorems only for C' € S;Hr noting
that the analogues for C € SZlL and Yy € Szlur are obvious.

That positive semi-definite OU type processes and MUCOGARCH volatility processes
are related is also reflected in the following representation of (Y;);cr+ and Equation (6.2.25).

Theorem 6.3.12. Let C € ST and Yy in S;. Then the MUCOGARCH(1,1) volatility
process Y satisfies

t
Y; = eBtypelt + / eBU=9) A(C + Y, )V2d[L, L2(C + Y, ) /2 A*eB (t9) (6.3.7)
0

for allt € RT.
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Proof. Define M; = fg A(C + Y5 )Y2d[L,LR(C + Ys-)Y/2A*. Then M is S} -increasing
and of finite variation and Y obviously solves the stochastic differential equation dX; =
(BX;— + X;—B*)dt + dM; (). Standard theory implies that this differential equation has a
unique solution and the same elementary calculations as for Ornstein-Uhlenbeck processes
show that the solution of () with initial value Y{y, which is necessarily equal to Y, is given

by

t
Bty Bt +/ B=5) Aqnp A% B (-9) —
0

t
P Ypel Tt 4 / eBU=9) A(C + Y,_)V2d[L, L]2(C + Y,_ ) /2 A% B (t=9),
0

O

Recently Reif, Riedle and van Gaans (2007) studied univariate equations of the form
X(t) = J(t) + fot g(t — s)f(Xs—)dZs and their relation to certain SDEs. In particular,
they obtained uniqueness of the solutions under uniform Lipschitz assumptions on f. Our
equation (6.3.7) is basically a multivariate equation of this type with f being only locally
Lipschitz. From the arguments given in Reif} et al. (2007) it is clear that their Theorem
5.2 has a straightforward multivariate extension. Using a localization procedure as in the
proof of Theorem 6.7.3 this uniqueness result can then be easily extended to f being only
defined on an open subset and locally Lipschitz. Hence, (6.3.7) provides an alternative
characterization for the MUCOGARCH volatility process.

So far we have excluded the MUCOGARCH process G itself from the analysis. However,
the following result should be obvious by now.

Theorem 6.3.13. Let C € SZ{ﬂ B, A € My(R) and L be a d-dimensional Lévy process.
Then the system of SDEs (6.3.2), (6.3.4) has a unique solution (G, Yy)ier+ with paths in
RY x ST for any initial value (Go,Yy) in R x S .

The solution (G, Yi)icr+ 5 a semi-martingale and locally bounded.

6.3.2. Univariate COGARCH(1,1) bounds and finiteness of moments

In this section we show that similar to the COGARCH(p, q) case (cf. Brockwell et al. (2006,
Lemma 9.1)) the norm of a MUCOGARCH(1,1) volatility process can be bounded by a
univariate COGARCH(1,1) volatility process. This will first be shown for processes driven
by compound Poisson processes and then for the general case using an approximation by
compound Poisson processes which is of interest in its own. It should be noted that all
processes, i.e. the majorizing and approximating ones, can all be defined on the original
probability space.

The majorization will then immediately imply sufficient conditions for the existence of
moments and in the next section it will be utilized to obtain criteria for the existence of
stationary distributions.

To see that the processes defined in the following are indeed univariate COGARCH
processes, we need the following general lemma saying that any driftless Lévy subordinator
is the discrete quadratic variation of a Lévy process.

Lemma 6.3.14. Let (L;);cr+ be a driftless Lévy subordinator. Then there exists a Lévy
process (L¢)icr+ in R such that Ly = [L, L]? for all t € RT.
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Proof. Denote the jump measure associated to L by ur, i.e. Ly = fg f]R+ xpr(ds,dx), and
its Lévy measure by vy. Set

L, = /0 o Va(ur(ds,dx) — dsvp(dz)) +/0 /x>1 Vaur(ds,dr)

noting that the existence of the first integral is ensured by the fact that the integral
Jocwa \/EZVL(dx) = Jocp<y vr(dr) is finite, since L is of finite variation. Obviously

(Lt)ier+ is a Lévy process and L; = [L, L]?. O

It should be noted that this result cannot be generalized to matrix subordinators and
d-dimensional Lévy processes.

In the following we shall consider a special norm that fits particularly well to our model.
Again, || - ||2 denotes the operator norm on Mz (R) associated to the usual Euclidean norm.
Assume now that B is diagonalizable and let S € GLy4(C) be such that S~!BS is diagonal.
Then we define the norm || - ||p,s on Mpz(R) by || X|lp.s = [[(S71 @ S7HX(S ® )| for
X € Mg (R). It should be noted that || - ||p,s depends both on B and on the choice of

the matrix S diagonalizing B. Actually, || - || 3,5 is again an operator norm, namely the
one associated to the norm ||z||g,s == [|[(S7? ® S71)z[]2 on R%. Besides, || - | B,s actually
is simply the norm || - ||2 provided S is a unitary matrix, since the norm || - ||2 is unitarily

invariant (cf. Horn and Johnson (1985, p. 308)). As is well-known from basic linear algebra,
S can be chosen to be unitary if and only if B is normal.

A very similar norm has also been used in Brockwell et al. (2006). There, a more general
class of norms, including the Euclidean norm, was used leading to great flexibility. In
principle our results below can be adapted to this more general class of norms. However, it
is very natural to consider only the Euclidean norm for the multivariate COGARCH, since
we need a unitarily invariant norm to deal with the matrix square root and this immediately
restricts the possible operator norms to the one induced by the Euclidean norm (see Horn
and Johnson (1985, Corollary 5.6.35)).

The following elementary results are straightforward to obtain.

Lemma 6.3.15. It holds that |S®S| s = |53 and |ST @S |5.s = |S71|3. Moreover,

— 2
Izl 5,5 < 1S Bllell2 and |lzll2 < [[S|3l2]5,s for all x € RT,
XI55 < ISIZISTHEIXl2 and | Xl2 < [SIBISTHIZIX 5,5 for all X € Mg (R).

Now we can analyse the norm of compound Poisson driven MUCOGARCH volatility
processes. Recall that in the univariate case the MUCOGARCH volatility process Y is
just a (deterministically) scaled version of the COGARCH volatility process Y defined in
Brockwell et al. (2006).

Theorem 6.3.16. Let C € Sj{ and Y be a MUCOGARCH wvolatility process with initial
value Yy € SZ{ and driven by a compound Poisson process L in R®. Assume further that
B € My(R) is diagonalizable and let S € GL4(C) be such that S~'BS is diagonal. The
process solving the SDE

1Cl2
Ky 5 + Y-

)

dye = 2o dt+]|S131S 3K AR Al 5.5 ( ) dLe,yo = [vec(¥o)] 5.5 (6.3.8)
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with
Ly = /0 /]Rd |lvec(zx™)||B,spr(ds,dz), A :=max(R(c(B)))

X
and K27B = max <&>
xesi | x|2=1 \|[vec(X)| B,s

is the volatility process of a univariate MUCOGARCH(1,1) process and y satisfies
[vec(Y2)|lp.s < yi for allt € RT a.s. (6.3.9)

Moreover,

1X s ,
Kop <|ISIF  max <7 < |IS|2.
xesy [|IX[a=1 \|[vec(X)[l2

Proof. Combining Lemma 6.3.14 with (6.3.6) it is clear that the above defined process
(yt)ter is a univariate MUCOGARCH(1,1) process.

Let T'y be the time of the first jump of L and ¢ € [0,T;). Since ||efe@B+B&L)t|| 5 o — 2X
it holds that

lvee(Ye) 5.5 = [leUa®F+ B 0 vec (Yo) | 5,5 < (|4 HEE | g s]|vec(Yo)| .5

2\t
=€ Yo = Yt-

Thus, (6.3.9) is shown for all ¢ € [0,T'1). At time I'; we have

[vec(Yr, )| B,s
= |lvec(Yr, ) + (A ® A)((C + Y, )Y? @ (C + Vi, )/?)vec(ALr, (AL, )| .5
<yri- + |1A® Allps)|(C + Yr, )2 ® (C + Yr,_)'/?|| p,s|lvec(ALr, (ALr,)*) |55
<yr,— + A Allps|SISISTHBIC + Yr, )2 @ (C + Y, )22 ALp,
<yr,— + [A® Allps|SI3ISTHE (IC]l2 + Ve, - ll2) ALr,
<yr,- + [A® Allps|SI31S 13 K2,5 (KQ};HCHz + Hvec(le—)HB,s) ALr, = yr,,

which establishes (6.3.9) for ¢ = I'y. Iterating these arguments shows (6.3.9) for all ¢ € R™.
The first inequality for K5 g follows immediately from Lemma 6.3.15 and the second one
by Horn and Johnson (1985, p. 314). O

Remark 6.3.17. If S is unitary, Ko p = 1 is easily seen.

Otherwise, an inspection of the proof shows that the inequality (6.3.9) also holds if Ko
is replaced by ||S||2 in (6.3.8) which saves one from calculating the value of Ko g in practice.
Likewise, ||[A® A||p,s can be replaced by |A® Alls = ||A||3, since ||[(A® A)((C +Yr,_)/?®
(C +¥r,-) ") B,s < ISIBISTHBI(A ® A)(C + Y1, )2 @ (C + Yr, )2 |2

This can be done in all upcoming results involving Ko p or ||[A® A|lp,s as well.

In order to extend this result to MUCOGARCH processes driven by general Lévy pro-
cesses, we need to show that we can approximate the MUCOGARCH volatility processes by
approximating the driving Lévy process. The following result is very similar to Brockwell
et al. (2006, Lemma 8.2). Yet, we need to give a detailed proof, since the standard results
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cannot be applied due to the fact that we have only locally Lipschitz coefficients. For the
definition of prelocal convergence in H? we refer to Protter (2004, Section V.4), as we will
use this technical device only here and later on employ only the ucp-convergence. Observe
that several results we use in the following are stated for one-dimensional SDEs in Protter
(2004), but that they extend immediately to the multidimensional case as remarked on p.
257 of that book (cf. also Protter (1978, p. 346) in this context and for a definition of the
multidimensional H?-norm).

Proposition 6.3.18. Let Y be a MUCOGARCH wvolatility process with C € SZ{JF and
Yo € Sj{ driven by a Lévy process L in R? and (e,)nen a monotonically decreasing se-
quence in RTT with lim,, .o €, = 0. Assume that B is diagonalizable, define for n € N
compound Poisson Lévy processes L, by L,; = fot fRd,||m||>sn zpr(ds,dx) and associated
MUCOGARCH volatility processes Y, by

dYni = (BYyi + Yny BY)dt + A(C + Yyt )Y2d[Ly, Ly2(C + Yoo VY2 A, Yo = Yo
Then Y, =Y asn — oco in ucp and prelocally in £2.

Proof. Using Theorems V.2 and V.12 of Protter (2004) it suffices to show prelocal conver-
gence in H?.

Noting that the existence is ensured by Protter (2004, Theorem V.4), choose a sequence
of finite stopping times (77, x)ren increasing to infinity a.s. such that ([L, L]°)Trr— € QQ
for all k € N. (X;;r_ = Xeljo,7)(t) + X7 I[7,00)(t) for any process X and stopping time
T.) The construction of L, implies that ([L,, L,]?)Ttr~ € H 2 for all n,k € N and the

definition of the H 2 norm gives
Tr,k—
/ / xx*ur(ds, dx)
0 R4 ||z||<en
which obviously tends to zero as n — oo.

Let S € GLy4(C) besuch that S™'BS is diagonal and denote for n € N by 4, the univariate
MUCOGARCH(1,1) processes constructed in Theorem 6.3.16 satisfying ||vec(Y+)||B,s <
Ynt for all t € RT. y,; + K£]13‘|C|| is a univariate COGARCH(1,1) volatility process as
defined in Kliippelberg et al. (2004) where it is denoted by Uter. Since we only add more
jumps in [Ly,, L,]° when we increase n, it is straightforward to see from equations (3.3) and
(3.4) in Kliippelberg et al. (2004) that y,41¢ > yn, for all n,l € N and ¢t € RT. Moreover,
defining the process y by

I, L = [Ly L)) 4 || g2 = ‘

L2

_ C ~
i = 2t + SIS Bl A Als (102 4 Yaki (6310
yo = [[vec(Yo)|[B.s
with L; = fg Jra Ivec(zz*)| B spr(ds, dx), the same argument implies y,¢ < y; for all

n € N and t € RT. Note (f/t)teR+ is a well-defined Lévy process, because there is a K > 0
such that

/ (lvec(zz™)||B,s A 1)v(dz) < K/ (|Jxx™||2 A Vv (dz) = K/ (||z]|3 A 1) (dz) < oo.
Rd R4 R4
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Define now for k € N stopping times T}, ;, := inf{t € R" : y, > k}, Ty, := inf{t € RT :
[vec(Y:)|lp,s > k} and sets Wy, := {z € ST : ||vec(z)|5,s < k} which are compact and
convex. From the arguments in the proof of Theorem 6.3.7, it follows that T ;, Ty, and,
hence, T; := min (Ty,k7TY,k7TL,k) are sequences of stopping times increasing to infinity.
Moreover, we have Y, ;,Y; € Wy, for all t € [0,7}) and n € N.

Using implicitly the usual scalar product, we denote the orthogonal projection on Wy by
My, . Then it follows that YT+~ satisfies

dX0 =(Bw, (Xpe-) + v (X ) B)dt "~
+ A(C + Ty, (X)) 2 d[Lygt ™, Lk J8(C + My (X)) /247

with X, o = Yp and YTk satisfies

dX; =(BTly, (X;_) + Iy, (X;_)B*)dt"~
+ A(C + Tl (X)) 2 d[L, L2 (C + Ty (X)) /2 A

with Xg = Yy. Clearly for £ € N fixed the functions appearing in the coefficients of the
above SDEs are uniformly bounded and uniformly Lipschitz.

Assume without loss of generality that the semi-martingale with the constant value Yj
and tTx~ are in H? for all k € N and that the Lévy process L € S(1/(2v/8a) where a
is some finite uniform bound on the Lipschitz coefficients. For the definition of S(-) see
Protter (2004, p. 248). (Otherwise one would just have to take the minimum with three
more sequences of stopping times increasing to infinity whose existence is ensured by Protter
(2004, Theorems V.4 and V.5).)

Combining the above results, Protter (2004, Theorem V.9) implies that

lim (¥ = Y) 2 = 0
n—oo =
for all k& € N. This shows the prelocal convergence of Y, to Y in H 2, O

Theorem 6.3.19. For C € SZ{+ Theorem 6.3.16 holds with any driving Lévy process L in
R4,

Proof. Let (Y;,)nen be the sequence of MUCOGARCH(1,1) processes converging in ucp to
Y constructed in the proof of the last proposition. In that proof it has already been shown
that ||vec(Yy,)|lB,s < y: for all ¢ € RT. Picking a subsequence converging a.s. on compacts
immediately concludes. O

Since the finiteness of moments of univariate COGARCH(1,1) processes is well-known
from Kliippelberg et al. (2004, Section 4), we can now give sufficient conditions for the
MUCOGARCH volatility process to have some finite moments.

Proposition 6.3.20. Let k € N, C € ST, Yy € S} such that E(||Yo||¥) < oo and B be
diagonalizable. Assume further that the MUCOGARCH wolatility process Y is driven by a
Lévy process L satisfying E(||L1]|**) < oo and that A = max(R(c(B))) < 0.

Then E(||Y:||F) < oo for all t € RT and t — E(||Y;||¥) is locally bounded.



160 6. Multivariate Continuous Time Lévy-driven GARCH Processes

Proof. Let y be the process constructed in Theorems 6.3.16 and 6.3.19. Then it suffices to
show that E(yf) < oo and that this is locally bounded in t. By construction E(yq) is finite.
Moreover, let L be the Lévy process constructed in Lemma 6.3.14 such that L; = [L, L]?.
The finiteness of E(||L1||**) implies that [p, ||z(|3"vL(dz) = [pa |z2*|5vL(de) < oo (with
| - || denoting the Euclidean norm in the first integral and the associated operator norm
in the second one). Since the finiteness of the integrals is independent of the particular
norm used, it follows that [pa [[vec(za*)|} qvi(dz) = [; |z|Fv; (de) = [g x[* v (dr) < co.
Hence, F(|L1|?*) is finite and using the results of Kliippelberg et al. (2004, Section 4) as in
the proof of Brockwell et al. (2006, Proposition 4.1) concludes. U

Some explicit expressions for the first and second moment are presented in the upcoming
Section 6.3.4.

6.3.3. Markovian properties and stationarity

Turning to the study of the Markovian properties of a MUCOGARCH process we refer to
Appendix 6.7.1.2 of this chapter for definitions and necessary general results. Moreover, we
implicitly assume that our given filtered probability space is enlarged as there to allow for
arbitrary initial conditions.

From the general results of Appendix 6.7.1.2 we can immediately deduce important Mar-
kovian properties of the MUCOGARCH, provided we only want to study the volatility
process on the open set Sz{ﬂ i.e. we take only initial values in S;lH'.

Theorem 6.3.21. Let C € S;‘. The MUCOGARCH process (G,Y) as well as its volatility
process Y alone are temporally homogeneous weakly Fellerian strong Markov processes on
R% x S;r+ and Sz{ﬂ respectively.

It is clear that (G¢);cr+ alone cannot be Markovian. The above result is, unfortunately,
not sufficient. In order to apply a tightness argument, we do need Y to be a Markov process
on S;‘, i.e. we also need to allow initial values that are only positive semi-definite and not
strictly positive definite. To achieve this we need to restrict ourselves to C' being positive
definite.

Theorem 6.3.22. Let C € Szlur. The MUCOGARCH process (G,Y') as well as its volatility
process Y alone are temporally homogeneous weakly Fellerian strong Markov processes on
R? x Sj{ and SZZL, respectively.

Proof. Inspecting the arguments of Appendix 6.7.1.2 of this chapter it is clear that to show
the above result it suffices to generalize Lemmata 6.7.9 and 6.7.10 to the closed set Sj{
instead of the open set U for the volatility process Y.

Reconsider thus the set-up of the proof of Theorem 6.3.7.

Since the approximating processes corresponding to the sets U, as constructed in the
proof of Theorem 6.7.3 can be assumed without loss of generality to be a(B(Sy) x B(R™) x
F)-measurable, they can be assumed to be o(B(S;) x B(RT) x F)-measurable when con-
sidering only initial values in Sj{. The ucp-convergence of the approximating processes to Y
for any initial value in S;‘ and Protter (2004, Theorem IV.62) thus imply that there exists
a version of Y that is o(B(S]) x B(RT) x F)-measurable. Hence, the assertions of Lemma
6.7.10 still hold.
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Likewise Lemma 6.7.9 extends, since the adaptation of the arguments of Protter (2004,
Theorem V.38) as in the proof of Lemma 6.7.9 actually gives that the flow of the volatility
process is continuous on [0,7(z)) (T'(z) being the exit time of the volatility process from
the set Uc when started at ) and 7'(z) is infinite for all « € SZ{, as has already been
shown. O

In order to show the existence of a stationary distribution of the MUCOGARCH volatility
process Y we need to recall some notions and results from the theory of weak convergence.
For more details we refer to any of the standard texts (e.g. Billingsley (1999), Jacod and
Shiryaev (2003) or Pollard (1984)). Below we denote by M (E) the set of all probability
measures on the Borel o-algebra of a Polish space E .

Definition 6.3.23 (Tightness). Let E be a Polish space. A subset T C My(E) is said to
be tight if for every e > 0 there is a compact subset K C E such that u(K) > 1 — € for all
peTl.

The following theorem on the existence of a stationary distribution for a Markov process
is called the “Krylov-Bogoliubov existence theorem” in the literature. For a proof see
da Prato and Zabczyk (1996, Section 3.1) or Rei, Riedle and van Gaans (2006, Theorem
4.6).

Theorem 6.3.24. Let E be a Polish space and (Ps)gcr+ the transition semi-group of an
E-valued weak Feller Markov process. Assume that there is an n € My(E) such that the
set {Pfn : t € Rt} is tight. Then there exists a p € My(FE) such that Pju = u for all
t € RT, i.e. p is an invariant measure for (Ps)ser+, and p is in the closed (w.r.t. to weak
convergence) convex hull of {Pfn:t € R},

Using this result we obtain the following sufficient criterion for the existence of a sta-
tionary MUCOGARCH volatility process Y. Of course, this immediately translates to
stationarity of V. Moreover, for d = 1 it recovers the necessary and sufficient stationarity
condition of Kliippelberg et al. (2004).

Theorem 6.3.25. Let C € ST and B € My(R) be diagonalizable with S € GLq(C) such
that ST'BS is diagonal. Furthermore, let L be a d-dimensional Lévy process with non-zero
Lévy measure, oy := ||S|3]|1S73K2.8]||A ® Allp,s and X\ be defined as in Theorem 6.3.16.
Assume that

/d log (1 + aq||vec(yy™)| B,s) vi.(dy) < —2A. (6.3.11)
R

Then there exists a stationary distribution u € My (S]) for the MUCOGARCH(1,1) volatil-
ity process Y such that

/Rd <(1 + an||vee(yy)lls.s)* — 1) vi(dy) < —2)k. (6.3.12)

for some k € N implies that fsj |z||¥u(dx) < oo, i.e. that the k-th moment of the stationary
distribution is finite.

Proof. Let A, L be defined as in Theorem 6.3.16 and L be the Lévy process constructed
in Lemma 6.3.14 such that L; = [L,L]}. Then [y4log (1 + oq|vec(yy*)|s,s)vi(dy) =
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Jgalog (1 + a1y2) vi(dy) and thus Brockwell et al. (2006, Theorem 3.1) (see also Kliippel-
berg et al. (2004, Theorem 3.1)) show that the process y satisfying (6.3.8) converges in
distribution to a distribution concentrated on RT. Assume now that gy has this stationary

probability distribution and is independent of (Ls).cr+. Setting Yy = %%Id gives an

vec

initial value for the MUCOGARCH volatility process that is indepenclient of L and, more-
over, |[vec(Yp)|lB,s = yo. Thus the process y satisfying ||vec(Y;)||p,s < y: for all ¢t € RT (cf.
Theorems 6.3.16, 6.3.19) is stationary. Since for every K > 0 the set {z € Sy : ||z]| < K}
is compact in ST, P(||Y:]|5,s < K) > P(y; < K) and y is stationary with a stationary dis-
tribution concentrated on RT, it follows that the set {<£(Y;) : t € RT} of laws Z(Y}) of V3
forms a tight subset of Ml(Sj{). Therefore Theorem 6.3.25 combined with Theorem 6.3.22
implies that there exists a stationary distribution u € Ml(SZIL) for the MUCOGARCH
volatility process Y such that yu is in the closed convex hull of {Z(Y;) : t € RT}.

If (6.3.12) holds for some k € N, Brockwell et al. (2006, Proposition 4.1) (cf. also
Kliippelberg et al. (2004, Section 4)) shows that the stationary distribution of y has a finite
k-th moment. This in turn implies that E(||Y;||¥) < ¢ for some finite ¢ € R* and all ¢ € R*.
Hence, de+ l|z||¥ 4(dx) < oo, because p is in the closed convex hull of {Z(Y;) : t € RT}. O

Remark 6.3.26. (a) From Klippelberg et al. (2004, Lemma 4.1 (d)) it follows that, if
(6.3.12) is satisfied for k € N, then it is satisfied for all keN, k<k as well

(b) Combining results of Section 6.3.2 shows that oy = ||A||3 and || - ||gs = || ||2 if B is
normal.

The following result implies that when C' = cl; for some ¢ € RTT then a change in ¢
affects the stationary distribution of V' in a simple multiplicative way. This result is also
new in the univariate case, although the proof is straightforward and thus left out.

Proposition 6.3.27. Let c € RT™", A B € My(R) and L be a d-dimensional Lévy process.
If V satisfies

AV, = (B(Vio — cly) + (Vi — cIy)B*) dt + AV,Y2d|L, L]PV;"/? A* (6.3.13)
then Z defined by Zy = Vi/c satisfies
dZ; = (B(Zy— — 1) + (Z_ — I)B*) dt + AZ}/*d[L, L)?Z}/? A%, (6.3.14)

which does not depend on c.

In particular, if p € My(S])) is a stationary distribution for (6.3.14), then p. € My(S])
defined by p.(W) = pw(W/c) for all Borel sets W C S} is a stationary distribution for
(6.3.13).

Establishing uniqueness of the stationary distribution and convergence to the stationary
distribution for arbitrary starting values appears to be a rather intricate question due to
the Lipschitz property holding only locally and the fact that d[L, L]° lives on the rank one
matrices. However, in the next section we obtain asymptotic second order stationarity and
that the stationary second order structure is unique under some technical conditions.

Regarding the relation to the stationarity of univariate COGARCH processes let us con-
sider the following example. Assume that A, B,C and Y} are diagonal, the components of
Yy are independent and that the components of the Lévy process are completely indepen-
dent, i.e. whenever L has a jump then only one of the d components jumps. In this case it is
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easy the see that Y or V, respectively, consists of d independent univariate COGARCH(1,1)
processes. It is clear that if each of the d univariate COGARCH(1,1) processes converges in
distribution to a stationary distribution then Y or V', respectively, converges in distribution
to a stationary distribution. In this example Condition (6.3.11) can be shown to imply the
necessary and sufficient stationarity condition of Kliippelberg et al. (2004, Theorem 3.1) for
all components simultaneously. Actually, Condition (6.3.11) is easily seen to be stronger
than requiring that the univariate stationarity condition be satisfied for all components.

However, it should be noted that the picture is very different when Y is not diagonal,
because then jumps in one component of L may affect all components of Y, as can easily
be seen. Hence, it is not clear if one still has convergence to a stationary distribution and
whether this has to be the same distribution as the limit distribution when Yy is diagonal.
When we have that Y is asymptotically second order stationary (cf. the upcoming Definition
6.3.41) and the limiting distribution for a diagonal Yj has finite second moments, the off-
diagonal (covariance) elements of Y or V, respectively, necessarily converge to zero in L?
as t — o0.

Another degeneracy occurs in the following example. Take d = 2, A = als, B = —f(1

with o, 3 € RT" and C = <i i) If one has that Yy = yC with y € RT (possibly random)

then Y is at all times a scalar multiple of C' and when L jumps all components (variance
and covariance ones) have a jump of the same height. However, one again has a completely
different picture if Yy is chosen differently, e.g. Y is in Szlur at all times, provided Yy € S;rJr.

6.3.4. Second order properties of the volatility process

Assuming stationarity and the existence of the relevant moments of the stationary solu-
tion we calculate explicit expressions for the moments of a stationary MUCOGARCH(1,1)
volatility process in this section, treat also the non-stationary case along the way and present
results regarding (asymptotic) second order stationarity. Due to the special structure of the
stochastic differential equation (6.3.4), especially due to the presence of the matrix square
root, it is only under certain assumptions on the Lévy process possible to obtain explicit
formulae. Note, however that the assumptions made are natural and that similar ones are
typically made in the discrete time GARCH literature as well (cf., in particular, Hafner
(2003)).

Henceforth we often assume the following in this section.

Assumption 6.1. (Y;);cr+ is a second order stationary MUCOGARCH(1,1) wvolatility
process.

Assumption 6.2. The pure jump part of the driving Lévy process (Li),cr+ has finite vari-
ance which is a scalar multiple of the identity: let L := fot fo”q x(pr(ds, dz)—dsvy (dz))+
f(f flleH>1 xpr(ds,dx) denote the pure jump part of L, then this means that there ezists a
o € RY such that var(LY) = [pa va*vi(de) = orlq.

We start the calculation of the moments of Y with the expected value of the volatility
noting that some elementary auxiliary results used are to be found in Appendix 6.7.3 of
this chapter.
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Theorem 6.3.28. Assume that Assumption 6.2 holds.
(i) If the MUCOGARCH wolatility process Y has a finite first moment for all t € RT,
i.e. E(|Yi]]) <ocoVteRT, and t — E(||Yy]|) is locally bounded, then

E(vec(Yy)) = e E(vec(Yy)) + /O t e?=9)ds o1 (A ® A)vec(C)

with B:=BRI;+ 1,0 B+o, AR A. If % is invertible, then

E(vec(Yy)) =e?" (E(vec(Yp)) + 01 B (A ® A)vec(C))
— 0B (A® A)vec(C)Vt € RT. (6.3.15)

(ii) Under Assumption 6.1 the stationary expected value E(Yy) of the MUCOGARCH
volatility process satisfies

BE(Yy) + E(Yy)B* + 0 AE(Yy)A® = —o ACA™. (6.3.16)
If B is invertible, the following formulae hold

E(vec(Yy)) = —o1 2 (A ® A)vec(C) and (6.3.17)
E(vec(Vp)) = E(vec(Yy)) + vec(C) = B~ (B ® Iy + I; @ B) vec(C).

Proof. From the defining stochastic differential equation (6.3.4) we have
t ¢
Y, =Yy + / (BY;_ + Y,_B*)ds +/ A(Yso + C)V2IL, LR (Y- + C)/2 A%,
0 0
Therefore
¢ ¢
EY;) = E(Yp) + / (BE(Y;)+ E(Ys)B")ds + O'L/ AE(Y; + C)A*ds (6.3.18)
0 0
using a Fubini argument, Lemmata 6.7.20 and 6.7.21 and observing that

E([L,L)%) = /Rd rx*v(dr) = var(LY) (6.3.19)

is implied by equations (6.2.13) and (6.2.20). Thus
vec (E (/Ot A(Ys + C)V2d(L, L (Ve + 0)1/2A*>>
B (/Ot(A @A) (Yo + O @ (Vo +C)2) dvec([L, L]S))
- /Ot(A ® A)E ((YS_ +O)2 e (Y, + 0)1/2) vec(E([L, L]?))ds
. /0 (Ao A)E (e + O 2@ (Vi + )V 2vecla) ) ds

t
= o vec (/ AE (Y, +C) A*ds) .
0
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Equation (6.3.18) therefore implies the following differential equation after vectorizing:

%E(vec(yt)) = BE(vec(Yy)) + or(A @ A)vec(C).
Solving this ODE establishes (i).

Turning to (ii) the assumed second order stationarity and (6.3.18) immediately imply
BE(Yy) + E(Yo)B* 4+ 0L A(E(Yp) + C)A* = 0.
The rest is just rewriting this linear equation. O

Remark 6.3.29. (a) Observe that the stationary expectation is the limit of the expected
value in (i) for t — oo provided o(#) C (—00,0) + iR.

(b) Of course, for d = 1 the formulae agree (after the relevant transformations and
substitutions) with those of the univariate COGARCH(1,1) (see especially Brockwell et al.
(2006)).

(¢) The existence of a positive semi-definite solution of (6.3.16) is ensured by our as-
sumptions. Results from linear algebra (Ran and Reurings (2002)) imply that (6.3.16) has
a positive definite solution, if there is an X € S;r+ such that —BX — XB* — o AXA* is
positive definite.

Theorem 6.3.25 cannot only be used to show that Assumption 6.1 is satisfied, but also
to ensure the invertibility of 2.

Lemma 6.3.30. Assume that (6.3.12) is satisfied with k = 1 for the MUCOGARCH wvolatil-
ity process Y and that Assumption 6.2 holds. Then A as defined in Theorem 6.3.28 is
invertible and o(#) C (—o0,0) + iR.

Proof. We have from Assumption 6.2 that

/R vec(aa )y (dr)

or|lvec(Iq)|B,s =

< / |vec(zz™)||B,svL(dx). (6.3.20)
B,S R4
For k =1 condition (6.3.12) becomes
ISIZIS~H 3 K2.81A ® Allp.s /Rd [vee(zz™) | B,svi(dr) < —2A.
Using (6.3.20), ||S||2/[S™ |2 > 1 and that K g|[vec(I4)||s,s > |[1all2 = 1 due the defini-
tion of K3 g, one obtains
orl[A® Allps = orl|(ST @ STH(A® A) (S ® )2 < —2A.

Let 1 now be any eigenvalue of % and note that (S™!® S™)(B®I;+I;® B)(S® S) is
diagonal. Thus, the Bauer-Fike theorem (see Horn and Johnson (1985, Theorem 6.3.2 and
its proof), for instance) gives that there exists a i € 0(B ® I+ I; ® B) such that

R() = R(@)| < |p—al < (ST S B -B&li— 140 B)(S® 9|
=or[[(STt@STH(A® A)(S® )2 < —2).

Hence, R(p) < max{R(ix) : i € 0(B®1;+1;® B)} —2X = 0, because the maximum equals
2\ due to 0(B® I+ 14 ® B) = 0(B) + o(B) and the definition of A = max(R(c(B))).
Therefore o(#) C (—o00,0) + iR and £ is invertible. O
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Before analysing the variance, let us study the autocovariance function.

Definition 6.3.31. Let (X;)ier (with T being either Ng or RY) be a second order stationary
process with values in RY. Then the autocovariance function acovx : TU (=T) +— My(R)
of X is given by acovx (h) = cov(Xp, Xo) = E(XpX§) — E(Xo)E(Xo)* for h > 0 and by
acovx (h) = (acovx(—h))* for h <0.

If (Xi)ter is a second order stationary process with values in Mg(R) (or Sgq) then we set
ACOVX 1= ACOVyec(X)-

Theorem 6.3.32. (i) Under Assumptions 6.1 and 6.2 the autocovariance function of the
MUCOGARCH volatility process satisfies

d
%acon(h) =B®Ij+1;® B+o,A® A)acovy (h) (6.3.21)
for h > 0. Hence,

acovy (h) = acovy (h) = eBOlitla®@BroL A ar (vec(Yy)), h > 0. (6.3.22)

(i3) If Assumption 6.2 is satisfied and E(||Y;||?) is finite for allt € RT and t — E(||Y;|?)
1s locally bounded, it holds that

cov(Yuin, Ya) = cov(Vipp, Vi) = eBOLatla®B+oL Aoy (vec(Y,,)) (6.3.23)

for all u,h > 0.

Proof. We only proof (i), because the proof of (ii) proceeds along the same lines
The equality acovy(-) = acovy(:) is obvious. Due to the second order stationarity we
have

acovy (h) =cov <Vec <Y0 + /O h(BY;, +Y,_B*)ds
+ /0 ' A(Ys + CYV2d[L, LR(Ys_ + C)I/QA*> ,VeC(Y0)>
—var(vec(Yp)) + E ( /0 h(B © I+ I ® B)vec(Ys)vec(YO)*ds>
~E ( /0 Boli+ Lo B)vec(y;)ds> E(vec(Yy)")
+E ( /0 h(A ® A) ((Ys_ + )2 @ (Y, + 0)1/2) dvec([L, L]g)vec(yo)*>
- E (/Oh(A ® A) ((Ys_ +O)2® (Yoo + 0)1/2) dvec([L, L]g)) E(vec(Yo)*)
—var(vec(Yp)) + /0 h(B ® Iy + I; ® B)E (vec(Y;)vec(Yp)*) ds
- /0 (B® Lo+ i @ B)E (veo(Ys)) dsE(vec(Yo)")
+op /O h(A ® A)E (((YS_ + OV 2R (Yol + 0)1/2) Vec(Id)Vec(Yo)*> ds

h
- aL/ (A® A)E (((YS, + O (Y, + 0)1/2) Vec(Id)) ds E(vec(Yp)*)
0
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h
=var(vec(Yp)) + / (B® I+ I; ® B)acovy (s)ds
0

h

+or | (A® A)E (vec(Ys + C)vec(Yy)*) ds

(A® A)E (vec(Y; + C)) E(vec(Yy)*)ds

— oy,

J
h
J
h
=var(vec(Yp)) + / (BIg+1;® B+ o, A® A)acovy(s)ds
0

where we used a Fubini argument, Lemmata 6.7.19 and 6.7.21 and E([L,L]}) = oIy
Regarding the use of Lemma 6.7.21 we observe that [|(Ys_ + C)/2 @ (Y,_ + O)V/2||y =
IYs— + CJl2 and hence the required local boundedness is ensured by the second order
stationarity of Y.

The ordinary differential equation (6.3.21) is now immediate and to conclude the proof it

)
suffices to note that acovy (0) = var(vec(Yp)) and thus solving the ODE gives acovy (h) =
acovy (h) = e(B®latla®B+or ADA)hyar(vee(Yy)), h > 0. O

The autocovariance function of the volatility process Y is thus exponentially decreasing
and it is also easy to see that there is an OU type process having the same second order
structure. This corresponds to the univariate COGARCH(p, q) volatility process having
the same second order structure as a certain CARMA (g, p — 1) process (cf. Brockwell et al.
(2006, Section 4)). However, we are so far lacking an explicit expression for var(vec(Yp)).
Unfortunately, our Assumption 6.2 on the second moment of the driving Lévy process L°
made so far seems not to be sufficient to obtain an explicit expression for the variance.

As we shall see, the discrete quadratic variation of the vectorized discrete quadratic
variation of the driving Lévy process

[vec([L, L)), vec([L, LI°)} = ) vec(ALy(ALy)*)vec(ALs(AL,)*)*
0<s<t

¢
:// vec(zx™)vec(xx™)* pr (ds, dr)
0 JRd

which is again a pure jump Lévy process of finite variation will appear in our calculations
of the second moment and we need it to have finite expectation and even to make specific
assumptions on its expectation

E([vec([L, L]°), vec([L, L]°)]?) = /dVec(xx*)vec(xx*)*uL(dx). (6.3.24)
R

To see what are reasonable assumptions, let us assume for a moment that L is a d-
dimensional compound Poisson process with rate one and the jump distribution being the d-
dimensional standard normal distribution. This implies that [L, L]° is a compound Poisson
process with rate one and the jump distribution being a Wishart distribution. Then denot-
ing the d-dimensional normal distribution by N(dz) and noting that vec(xx™)vec(zz*)* =
(x @ z)(z* @z*) = (za*) ® (zz*) we have

B([vec([L, L), vee([L, LI*)J}) = / (@2") ® (e")N (dr)

= Ip + K, + vec(Ig)vec(Iy)* (6.3.25)
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from Magnus and Neudecker (1979, Theorem 4.1). Here K; € Mz (R) denotes the com-
mutation matrix which can be characterized by Kgvec(A) = vec(A*) for all A € My(R)
(see Magnus and Neudecker (1979) for more details). This can be easily generalized to the
following result:

Lemma 6.3.33. Let L be a d-dimensional compound Poisson process with rate ¢ and the
gumps being distributed like \/eX where X is a d-dimensional standard normal random
variable and € is a random variable in R with finite variance and independent of X. Then

E([vec([L, L]®), vec([L, L])°]3) = cE(e®) (I2 + K4 + vec(Ig)vec(Iy)*). (6.3.26)

Moving away from a Lévy process of finite activity, a similar result holds for the following
variant of type G processes, a special kind of a normal mixture.

Definition 6.3.34 (Type é) Let L be a d-dimensional Lévy process. If there exists an
R+t -valued infinitely divisible random variable € independent of a d-dimensional standard
normal random variable X such that Ly £ VeX, then L is said to be of type G. (Here £
denotes equality in law.)

We have chosen the term “type e above, because these processes correspond to a par-
ticular case of multG laws as defined in Barndorff-Nielsen and Pérez-Abreu (2002, Def.
3.1). Actually, many interesting Lévy processes are of type C~¥, for instance, the multivari-
ate symmetric GH (NIG) ones with the parameter ¥ set to I; (cf. Bleesild and Jensen
(1981) or Prause (1999)). For details on distributions/Lévy processes of type G in general
we refer to Barndorff-Nielsen and Pérez-Abreu (2002), Maejima and Rosinski (2002) and
the references therein.

Lemma 6.3.35. Let L be a d-dimensional Lévy process of type G with a finite fourth
moment. Then E([vec([L, L]®),vec([L,L]°)]3) = pr (Ip2 + Kq + vec(Ig)vec(Iy)*) with pr, €
RT.

Proof. Let € be as in the definition of type G and v, its Lévy measure. Then by Barndorff-
Nielsen and Pérez-Abreu (2002, Prop. 3.1) L has Lévy density u(z) = [p4 da(@; 1q)ve(dr)
denoting the density of the d-dimensional normal distribution Wlth variance ¥ by ¢q4(+; X).
Hence,

E([vec([L, L]), vec([L, LI")]}) = / (z2") ® (za”)u(z)dz

/R+ /Rd xx*) @ (xa*)¢pq(x; T1q)dxve(dT)

= /R+ T Ve(dT) (Ig2 + Kq+ vec(Ig)vec(Iy)™)

using Magnus and Neudecker (1979, Th. 4.3). Now set pj, := [+ 72vc(d7) and note that

the finiteness follows from the definition of type GG and the assumed finiteness of the fourth
moment of L. O

These results motivate the following assumption.
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Assumption 6.3. The pure jump part of the driving Lévy process (Li)icr+ has a finite
fourth moment, i.e. [oq|z||*vr(dz) < oo, and there is a real constants py such that
E([vec((L, L), vec(([L, LIP)R) = py (L + Ka + vee(Ia)vec(Ia)")

To state our next result, we need to introduce some additional special linear operators
and matrices. Define

Q: Mp — Mp, (6.3.27)
(QX)(k—l)d-i-L(p—l)d—i—q = X(k—l)d—l—p,(l—l)d—i—q for all k’ lapa q = {1, 2... d}’

then Q! = Q obviously and Q(vec(X)vec(Z)*) = X ® Z for all X,Z € Sy (cf. Theorem

5.4.4 in Chapter 5). Furthermore, we define Q@ € M (R) as the matrix associated to the

linear map vec o Q o vec™! on R¥" and K, € My(R) as the matrix associated to the linear
map vec (Kdvec_l(x)) for z € R where vec : Mg (R) — R Tt is easy to see that both

Q and K, simply permute the entries of a vector x € R?'. Since thus both Q and K4
are permutation matrices, we have ||Q|2 = HICdH2 = 1 where || - ||2 is the operator norm
associated with the usual Euclidean norm on R?

Theorem 6.3.36. Assume that Assumptions 6.2 and 6.3 hold.
(i) If the MUCOGARCH process Y has a finite second moment for all t € RT, i.e
E(||Y3]|?) < coVt € RT, and t — E(||Y;||?) is locally bounded, then

%Vec(E(vec(Y})vec(Sﬁ)*)) == (vec(Y;) @ vec(Yy)) (6.3.28)
= Cvec(E(vec(Yy)vec(Yy)™)) + (0 (A® A) @ Iz + o/ R) vec(C) @ E(vec(Yr))

+(oplp @ (A® A)+ ZR) E(vec(Y})) @ vec(C) + o/ Rvec(C) & vec(C)
where

g =(AA)(A®A); R=pr(Q+K4Q+ ;) (6.3.29)
% - (B®[d+fd®B)®Id2 +Id2 ®(B®[d+fd®B) (6.3.30)
+o(ARA)@Ip+1p®(A®A)+ AR.

(i) Under Assumption 6.1 the stationary second moment E(vec(Yp)vec(Yy)*) of the
MUCOGARCH volatility process satisfies

BE(vec(Yp)vec(Yy)™) + E(vec(Yy)vec(Yy)* )% (6.3.31)
+ (A® A)RE(vec(Yy)vec(Yy) ) (A" @ A%)
= —or [(A® A)vec(C)E(vec(Yp))* + E(vec(Yp))vec(C)*(A* @ A*)]
— (A® AR (E(vec(Yy))vec(C)* + vec(C)E(vec(Yp))* + vec(C)vec(C)*) (A* @ A¥)

with R := pp(Q + KqQ + I2).
Provided € is invertible, vec(E(vec(Yp)vec(Yp)*)) is given by

vec(E(vec(Yy)vec(Yy)*)) = =€ [@R(vec(C) @ vec(C)) (6.3.32)
+(oL(A®A) @ Iz + FR)vec(C) @ E(vec(Yp))
+ (ol @ (A® A) + FR) E(vec(Yp)) ® vec(C)].
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Proof. From the definition of the quadratic variation (cf. Protter (2004, Section 2.6) and
Lemma 4.5.11 for a special version in the context of matrix/vector multiplication) it follows
that

vec(Yz)vec(Y:)* = vec(Yo)vec(Yp)*

+ /Ot <(B ® I+ I; ® B) vec (Ys_) vec (Vs )"

+vec (Ys_)vec (Vs )" (B*@I4+ I3 ® B*)>d5

+ [0 4) (1047202 6 (€ + ¥, )2 dveel(L, LR)veevs )
0

+ / vee(Y_)dvee(([L, LT ((C+Y) 2 (C+7,)?) (47 A7)
0
+ [vec(Y), vec(Y)];.

Moreover, since vec(Y}) is the sum of an absolutely continuous component and a pure jump
process of finite variation, setting V; = ((C + Y;)/2 @ (C + Y;)'/2)

[vec(Y), vec(Y)*]; = /0 (A® A)Vs_d ([vec([L, L]°), vec([L, L]°)]3) Vs (A* @ A¥)

t
:/ / (A ® A)Vs_vec(za™)vec(za™) Vs_ (A" @ A" ur(ds, dz).
0 JRd

Using a Fubini argument, obvious variants of Lemmata 6.7.18 to 6.7.21 and the made
Assumptions 6.2, 6.3 on the moments of v;, we obtain

E(vec(Yy)vec(Y;)™) = E(vec(Yy)vec(Yn)™)

+ /0 t ((B ® I + I ® B)E(vee(Ys)vee(Ys)*)

+ B(vee(Yy)vee(Y,))(B* @ Iy + I ® B*)> ds

+or /O (A% A)B(vec(C + Ya)vee(Ys))ds

+or /O " B(vec(Ya)vee(C + Y)Y (A* @ A%)ds

+ /0 (A AVE W, pr (Lp + K+ vee(Ivee(l)) V. ) (A* © A%)ds.

With the definition of V; it follows that

By 1pVs ) = B(V2) = B((C +Y5) @ (C +Y;_)) = QB(vee(C + Ya)vee(C + Yi)")
E(Vs_vec(Ig)vec(14)*Vs—) = E(vec(C + Yy)vec(C + Ys)*)
E(Ve_KVe_) = K4E(C 1 Y2) @ (C + Ya)) = KaQE(vee(C + Yo)vee(C + Yo)")

using Magnus and Neudecker (1979, Theorem 3.1 (xii)) in the last identity. Inserting these

formulae in the above result and noting that in the stationary case the integrands need to
sum up to zero gives (6.3.31). Vectorizing then immediately establishes (6.3.32).
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Likewise we obtain (6.3.28) in the non-stationary case by inserting the formulae above,
vectorizing and differentiating. O

Remark 6.3.37. The differential equation (6.3.28) is an inhomogeneous linear differential
equation with constant coefficients. Hence, it is standard to obtain an explicit solution. We
refrain from stating it, as the stationary case seems to be of most importance.

Again condition (6.3.12) of Theorem 6.3.25 ensuring the existence of moments of the
there obtained stationary distribution also implies invertibility of ¥ under an additional
technical assumption.

To state the result we set S = S ® S ® S ® S and define a new norm || - on

155
R by setting |z 55 = [IS7 z[2. The associated operator norm on Mg (R) is given by
Xl 55 = IST'XS]l2.

Lemma 6.3.38. Assume that (6.3.12) is satisfied with k = 2 for the MUCOGARCH wvolatil-
ity process Y and that Assumptions 6.2 and 6.3 hold. Provided also

1Q + KqgQ + I ”E@ < K227B|lvec(fd2 + Kq+ Vec(Id)Vec(Id)*)Hév,S (6.3.33)
holds, (%) C (—o00,0) + iR and € is invertible.
Proof. We have

prllvec(Iz + Ky —{—vec(Id)vec(Id)*)Hé\s = H/Rd vee((zx™) @ (xx™))vp (dx)

B.S

< /]Rd [vec((zz™) ® (xx*))HETS vp(dx) = /]Rd ||Vec(xx*)||%’s vy (dx), (6.3.34)

since the definition of || - | 5 implies ||vec((zz*) @ (z2*))l|55 = STz @ x) ® (z@z)|2 =

(S~t@ S H(ze )3 = Hvec(mx*)HQB’S using that ||z ® z|j2 = ||z||2 for all z € R™.
For k = 2 Condition (6.3.12) becomes

2/ISI31S 3 K2.5] A ® Alls.s /Rd [vec(zz™)[|p,sv(dx)
+ISINS™ 243 pllA Al s /Rd Ivec(za™)||B svr(de) < —4A.
Using (6.3.34) and results from the proof of Lemma 6.3.30 gives

201[A® Allp,s + K3 pllA® Al gprlivec(l + Kq + vee(Iavee(Ia)")| g < —4M.

Combining |[(A® A) @ Ip + Ip ® (A®A)H§,§ <2|A® A|p,s and \|A®A®A®AHB75 =

A ® A||ZB’S, which are elementary to prove, with (6.3.33) leads to
”Cg —ABR Id2 — Id2 & %HB‘@ < =4\
Since STV (B @ 12 + 12 ® #)S is diagonal and
max (R(o (B R 1p + 1p @ B))) =4\,

the Bauer-Fike theorem and arguments as in the proof of Lemma 6.3.30 conclude. O
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A rather unpleasant feature of this lemma is that we need the technical condition (6.3.33).
The following lemma shows that it is always true if S is unitary and we believe that it is
satisfied in (almost) all cases.

Lemma 6.3.39. If S is unitary, then (6.3.33) is satisfied.

Proof. That S is unitary implies that Ko p = 1 and all the norms used are actually the
Euclidean norm or the operator norm induced by it. Hence, we have to show

HQ + K49 + Id4H2 < HVGC(IdQ + K g+ VeC(Id)VeC(Id)*)HQ.

For d = 1 one calculates both sides to be equal to three.

In general we know from the fact that Ky and Q are permutation matrices that the
operator norms are one. Hence, [|Q + KgQ + Ipul[2 < 3. Furthermore, the entries of Ky
and vec(I)vec(I;)* are either one or zero. Therefore, |[vec(Iz2 + Kq+ vec(Ig)vec(Iy)*)||2 >
|lvec(I42)]|2 = d. This shows the inequality for d > 3.

In the remaining case d = 2 we have

|lvec(Iz2 + Kq + vec(Ig)vec(Iy))|lo > |[vec(Ig + vec(Ig)vec(Iy)* )|l = V12 > 3,

which again establishes the claimed inequality. O

We end our comprehensive calculations for the second order moment structure of the
MUCOGARCH volatility process by turning to the stationary variance.

Corollary 6.3.40. Assume that Assumptions 6.1, 6.2 and 6.3 hold and that € is invertible.
Then the stationary variance var(vec(Yy)) = var(vec(Vy)) of the MUCOGARCH volatility
process is given by

vec(var(vec(Yp))) = —€¢ ' [(01€(Z 7' @ ™)t + FR) (vec(C) @ vec(C))
+(oL(A®A) @ Iz + FR)vec(C) @ E(vec(Yp))
+(oplp @ (A® A)+ AR) E(vec(Yp)) @ vec(C)] . (6.3.35)

Proof. Combine (6.3.32),
vec(E(vec(Yp))E(vec(Yy)*)) = 02 (B~ @ B71).of (vec(C) @ vec(C))
and the elementary formula var(vec(Yy)) = E(vec(Yy)vec(Yy)*)—E(vec(Yp))vec(Yp)*))*. O

At a first sight (6.3.35) is rather complicated. However, it can be easily implemented
on a computer and for d = 1 it becomes formula (4.8) of Brockwell et al. (2006, Theorem
4.4) for p = q¢ = 1, of course. Under specific moment assumptions on the driving Lévy
process we have thus calculated the second order structure of a stationary MUCOGARCH
volatility process completely.

Finally, we give conditions ensuring (asymptotic) second order stationarity starting with
a precise definition.
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Definition 6.3.41. Let X = (X;);cr+ be a stochastic process in RY with finite second
moments. If there are i € R, 3 € SZ[ and f: RT — My(R) such that

tlim E(X;) = p, tlim var(X;) = %,
lim sup {||cov(X¢in, X¢) — f(R))]|} =0,

1—00 peR+

then X s called asymptotically second order stationary with mean u, variance Y and
autocovariance function f.

A stochastic process X in Mg(R) or Sy is said to be asymptotically second order stationary
if vec(X) is asymptotically second order stationary.

Theorem 6.3.42. Let Assumptions 6.2 and 6.3 be satisfied. Assume further that B is
diagonalizable and o(B),0(A),0(¢) C (—o0,0) +iR.

(i) If Yo satisfies (6.3.17) and (6.3.35), then the MUCOGARCH wolatility process Y is
second order stationary.

(ii) If E(||Yo|?) < oo, then the MUCOGARCH wolatility process Y is asymptotically
second order stationary with mean, variance and autocovariance function given by (6.3.17),

(6.3.35) and (6.3.22).

Proof. (i) follows by combining Proposition 6.3.20 and Theorems 6.3.28, 6.3.32 and 6.3.36.

Regarding (ii) Proposition 6.3.20 ensures that F(]|Y;||?) < oo for all t € RT. The conver-
gence of the expectation has already been noted in Remark 6.3.29, the convergence of the
variance follows from (6.3.28) and the next lemma and then (6.3.23) immediately implies
the convergence of the autocovariance. O

Above we need the following general lemma on differential equations.

Lemma 6.3.43. Let f : Rt — R? be continuous and A € My(R) with o(A) C (—o0,0)+iR.
If limy oo f(t) = & with € € R? then for any initial value xo € R? the solution = to the
differential equation
dx(t)
dt

= Az(t) + f(t)
satisfies limy_, o x(t) = —A7LE.
Proof. It holds that

¢
z(t) = ety +/ A=) f(s)ds.
0

Since .

lim eA=9)¢ds = —A71¢ and lim etzg = 0,

t—oo J t—o0
it suffices to show that lim; .o Hfot eAt=9)(f(s) —{)dsH = 0. Fix ¢ > 0. There exist
t*,¢t** > 0 with t* < ¢t** such that || f(t) — £|| < € for all ¢ > ¢t* and

< € for all ¢ > t**.

/0 A9 (f(s) — £)ds
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Hence,

t o]
‘ < <1+/ HeA(ts)Hds> € < <1+/ HeAsts> evit >t
t* 0

Since the last integral is finite and € was arbitrary this concludes. O

|45 - ras

0

6.4. The increments of the MUCOGARCH(1,1) process

So far we have mainly studied the MUCOGARCH volatility process Y or V, respectively.
However, in practice one cannot observe the volatility but only the process G (which in a
financial context, for instance, resembles log-prices) at finitely many points in time. In the
following we presume that G is observed on a discrete time grid starting at zero and with
fixed grid size A > 0. It is obvious how the upcoming results of this section generalize to
non-equidistant observations or the set-up considered in Kliippelberg et al. (2004, Section
5) and Brockwell et al. (2006, Section 6).

In financial time series one commonly observes that returns itself are uncorrelated, but
“squared returns” (i.e. the return vector times its transpose in a multivariate setting) are
considerably correlated. The following results show that the MUCOGARCH model can
reproduce this feature.

We define the sequence of returns G = (G, )nen by setting

nA
G, = / v2dL,. (6.4.1)
(n—1)A

Moreover, we shall throughout most of this section presume the following.
Assumption 6.4. C ¢ S:{Jr and Y (or equivalently V') is stationary.
Proposition 6.4.1. If Assumption 6.4 holds then G is stationary.

Proof. Employing Theorem 6.3.22 the same arguments as for Kliippelberg et al. (2004,
Corollary 3.1) show that G has stationary increments. O

In order to be able to obtain explicit expressions for the moments of G we need to
strengthen Assumption 6.2 as follows.

Assumption 6.5. Assumption 6.2 is satisfied and, moreover,
E(L1) =0 and var(Ly) = (ow + or)Ig with ow > 0.

We start by giving conditions for the finiteness of the second moments of G and thus of
G without requiring stationarity and explicit expressions for the moments in the stationary
case.

Proposition 6.4.2. Assume that E(L1) = 0, E(||L1]|?) < oo, B is diagonalizable, C €
SyT, A =max(R(c(B))) <0 and E(|Yo|)) < o0o. Then E(||G¢||?) < oo for all t € RT.
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If also Assumptions 6.4 and 6.5 are satisfied then the stationary sequence G has the
following second order structure:

E(Gy) =0 (6.4.2)
var(Gi) = (o + ow)AE(V) (6.4.3)
vec(var(G1)) = (of + ow)AB H(B @ Iy + I; ® B)vec(C) (6.4.4)
acovg(h) =0 for all h € Z\{0}. (6.4.5)

Proof. Proposition 6.3.20 ensures that E(||Y:||) and therefore E(||V4]|) is finite and locally

bounded. Since E(\|th/2||%) = E(||V;|l2), the standard L? stochastic integration theory (cf.
Applebaum (2004, Section 4.2.1), for example) establishes E(||G¢||?) < oo for all t € R*.

Let now Assumptions 6.4 and 6.5 be satisfied, then (6.4.2) is clear and (6.4.5) is a straight-
forward consequence of the It6 isometry. The latter also implies

A A
var(G1) = E(G1G}) = E (/ VSI/QE(LlL“{)V;/zds> = (o1 + ow)E (/ Vsds>
0 0
= (o + ow)AE(Vp).
O

Remark 6.4.3. Straightforward extensions of the above arguments show that if Y s not
stationary but only (asymptotically) second order stationary, then G is (asymptotically)
second order stationary.

For the squared returns GG* = (G, G}, )nen we get:
Proposition 6.4.4. Assume that E(L1) = 0, E(||L1]|*) < oo, B is diagonalizable, C €
S;t, A = max(R(c(B))) < 0 and E(||Yo||?) is finite. Then E(||G¢||*) < oo and likewise
E(||G:G}||?) < oo for all t € RT.

If also Assumptions 6.4 and 6.5 are satisfied then the stationary sequence GG* has the
following second order structure:

E(G1GY) = (01, + ow)AE(Vp) (6.4.6)
acovgg(h) = e?AM 51 <Id2 — e*‘@A> (o, + ow)cov(vec(Ya), vec(G1GY)), (6.4.7)
for h € N.

Proof. (i): We first show the finiteness of the moments. Using the Euclidean norm and its
operator norm, it is clear that E(||G¢||*) < oo if and only if F(||G;Gf||?) < co. Denoting
the d components of G by G; with i = 1,...,d we have that E(||G¢||*) < oo is equivalent
to E(|Gi4]?) < oo for all i € {1,...,d}. But the Burkholder-Davis-Gundy inequalities (see
e.g. Protter (2004, p. 222)) give that E(|G;|*) < oo provided E(|G;,Gi]?) < oo. The
latter is in turn ensured by E(||[G, G]¢||*) < oo simultaneously for all i € {1,...,d}.

Next we observe that [L,L]; = Xt + fg xx*ur(ds,dz) for some ¥ € Sy and [G,G]y =

JEv 2L, L,V 2. Hence,
t t
I Gl < =l | Vicllads + [ [ IVicllallea” s s, o)

t t ~
SK( [+ Clns)is + [ <ys+||cuB,s>dLs>
0 0
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where K € Rt is a finite constant and y and L are the processes defined in Theorems
2
6.3.16 and 6.3.19. Thus it suffices to show that the expectations F ((f(f ys,ds) ) and
- \2
E <(f§ ysdes) > are finite noting that E(||L1||*) < oo immediately implies the finiteness

of the second moment of fot |ClB.sdLs.

0<E<</t ) )) ([ [vvasas) = [ [ B
//E VW2E@2) 2dsdu < oo,

because E(|Yp|?) < oo and E(||L1]|*) < oo ensure that E(y?) is finite for all ¢ and locally
bounded in ¢ (cf. Proposition 6.3.20 and its proof). Turning to the second term we have

t t t
/ ys,dfzs = / ys,(df/s — E(f/l)ds) +/ yS,E(il)ds,
0 0 0

where the second summand has already been treated above. Hence, noting that F(|L|?) <
oo is a consequence of E(||L1]|*) < oo the It6 isometry gives

E << /O t Ys_ (dis - E(El)ds>>2> - /0 t E(y?)var(Ly)ds < oo,

which concludes.

(ii): Let now Assumptions 6.4 and 6.5 be satisfied. Then (6.4.6) has already been shown
in the last proposition.

So it remains to establish (6.4.7). Let h € N. The definition of the quadratic (co)variation
(see Lemma 4.5.11, in particular) implies

(h+1)A (h+1)A s
Gh1Giy :/ V2L, </ dL*V1/2> +/ </ Vul/ZdLu> AL v?
hA hA hA hA

with

hA

Now we condition upon Fa and denote by Y (y, (L, — Lt )r>ty,to,t) with tg € R the
solution of

dY; = (BY;— + Y,_B*)dt + A(Y,— + C)'2d[L, L (Yi— + C)1/2 4
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for t > ¢y with Y3, = y. Furthermore, we denote by Ep 4 (-) the expectation taken with
respect to (L, — Ly, )r>t, only. Using Theorem 6.3.22, E(L;) = 0 and that the increments
of (L),>a are independent of Fa one obtains

(h+1)A s

E </ v 2L, (/ dL;;VjP) ‘ }"A>
hA hA
(h+1)A s

- F (/ v, /2drL, (/ dL;;VjP) YA>
hA hA

(h+1)A  ps
— EiA < / / V2 _dL,dLiVy 2u> =0
hA hA

where Vy, s ==Y (Ya, (Lr — LA)r>a, A, t) + C and likewise
fA) =0.

(h+1)A / s
E < / ( / vY 2dLu> dL:V?
hA hA

Moreover, using the moment assumptions and the compensation formula

(h+1)A (h+1)A
E <aw / Vi_ds + / v 2qL, Lpv>? fA>
h h

A A

(h+1)A
= (o + Uw)/ ELA(VYA,s)dS-
hA

Equation (6.3.15) implies
(h+1)A
/ Ep a(vec(Vy, s))ds
hA

(h+1)A
_ / (vee(C) + 2= (vee(Ya) + 01,87 (A ® A)vec(C)) ) ds
hA

(h+1)A
—/ oL B (A ® A)vec(C)ds
hA

= Avec(C) + B LePAM (12 — e~ %2 (vee(Ya) — E(vec(Yy))) + AE(vec(Y)).

Combining the above results, we get

E (Vec(GhHGZH)(vec(GlG’f))*) =F (E (vec(GhHG}:H)‘ TA) (vec(GlG’f))*)

= E(vec(G1GY)) (E(vec(G1GN))* + (o + ow )e? MBI — e~ 72)
- (E(vec(Ya)(vec(G1GY))*) — E(vec(Yp)) (F (vec(G1GY)))) .
Using the stationarity of Y this establishes (6.4.7). O

Thus, the squared returns GG* have like an ARMA(1,1) process an exponentially de-
creasing autocovariance function from lag one onwards.

In the univariate case Haug et al. (2007) obtained under additional assumptions on
L expressions for var(vec(G1G7)) and cov(vec(Ya),vec(G1G7)). As these are, however,
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already rather lengthy and complicated explicit formulae, we do not calculate these values
in our multivariate model. Moreover, it seems to be interesting to compare our results
with those of Chapter 5 where explicit calculations for the second order structure of an OU
type stochastic volatility model are presented. There independence of the volatility and
the Wiener process in the log-prices eases the computations considerably compared to our
MUCOGARCH setting where we have no such independence.

6.5. lllustrative examples and simulations

In this section we show some illustrative simulations of MUCOGARCH(1,1) processes in di-
mension d = 2. We restrict ourselves to driving Lévy processes having a compound Poisson
jump part, as this allows us to simulate the Lévy process and the MUCOGARCH volatility
process exactly and it is no crucial restriction, since for an infinite activity Lévy process
one would have to use some kind of approximation with only finitely many jumps (e.g. a
compound Poisson approximation or the usual Euler approximation). In the simulation of
the MUCOGARCH process G itself we need to approximate the Brownian part, which is
done in a standard way by fttf VVsedWy = \/(ta — t1)ow Vi Z where W is the Brownian
part of the Lévy process L and Z a two-dimensional standard normal random variable.

In all examples the Brownian part of L has variance I (i.e. ow = 1, see Assumption
6.5) and the jumps of L are two-dimensionally normally distributed with mean zero and
variance chosen such that var(Lqi) = 21, (i.e. the components of the jumps are uncorrelated
and o7, = 1, see Assumption 6.2). This means that all components of L and therefore of
[L, L]° jump at the same time, but the jump sizes of the components of L are independent.
Furthermore, Assumptions 6.2, 6.3 and 6.5 hold.

Example 1

In the first example we choose the compound Poisson jump part of the driving Lévy process
to have rate four and furthermore A = I, B = —1.615 and

1 0
¢= (o 1.5>'

Moreover, the initial values are chosen to be Yy = 0 (i.e. Vp = C) and Gy = 0. For the
following pictures depicting V', G, G or GG* we simulated the processes G and V at times
0 <t <2000 and used A = 0.1 for G and GG* (i.e. considered the increments over periods
of length 0.1), whereas the upcoming estimation of the autocorrelation functions (acfs) is
based on discrete observations by sampling every 0.1 time units from a simulation for times
0 <t < 100 000. Hence, in the autocorrelation functions “lag 1”7 corresponds to 0.1 time
units.

Figure 6.1 shows the components of the MUCOGARCH log-price process G and of its
stochastic volatility V. One should note that after a jump the volatility process goes rather
fast towards C' which can in particular be seen from Figure 6.2 depicting the components
of V for 0 <t < 200. For the variance components C' provides a lower bound (1 and
1.5, respectively) and for the correlation component a kind of “mean level” (of zero). This
reflects the “mean-reverting” behaviour already discussed after Definition 6.3.1. Moreover,
the volatility appears to exhibit heavy-tailed behaviour and extremal clusters, as is to be
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Figure 6.1.: Simulations for the first example: log price processes G; and Go (upper left),
first variance process Vi1 (upper right), second variance process Voo (lower left)

and correlation process Via//V11Vae (lower right).



180 6. Multivariate Continuous Time Lévy-driven GARCH Processes

Components of V for 0< t< 100
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Figure 6.2.: Simulations for the first example: components of the stochastic volatility pro-
cess V for 0 <t < 100.



6.5. Illustrative examples and simulations

181

Increments of First Log Price: (Gn)1

5 T T T T

2000

—ab 4
-5 L L L L L L L L L
0 200 400 600 800 1000 1200 1400 1600 1800
Time t
(CAh

25

20 b
151 q
101 1

1200

400 600 800 1000 1400

Time t

15

1600

1800

2000

©

Increments of Second Log Price: (G,),

-5

0

200

L
400

I L I I I
1000 1200 1400 1600 1800
Time t

L
600 800 2000

25

20

15+

HGn)lz

10

200

400

(GHGH)ZQ
T

800 1000

Time t

1200 1400 1600 1800 2000

~10F

L L
0 200 400

L
1000
Time t

L
1200

L
1400

L
1600

L
1800 2000

Figure 6.3.: Simulations for the first example: log price increments Gi (upper left) and
G2 (upper right), components of the “squared returns” (realized variation)
(GG™*)11 (middle left), (GG*)22 (middle right) and (GG*)12 (lower).
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Figure 6.4.: Simulations for the first example: Autocorrelation functions (acf) of the incre-
ments of the first Gy (left) and second log price Go (right). (Lag 1 corresponds
to 0.1 time units and the horizontal lines coinciding almost with the axis are
standard 95% confidence intervals for zero autocorrelation.)

expected, since in the univariate case Fasen et al. (2006) have shown this to be usually the
case.

Since the matrix B is already diagonal, we can use the usual Euclidean norm for ||-|| g, g (cf.
Section 6.3.2) and obtain [g. ((1+ ||z[3)? — 1) v (dz) = 6. From this it is straightforward
to see that (6.3.12) is satisfied for £k = 2 and hence there exists a stationary distribution
for the volatility with finite second moments. Furthermore, Theorem 6.3.42 combined with
Lemmata 6.3.30, 6.3.38 and 6.3.39 show that V is asymptotically second order stationary.
This is reflected in the following: The formula of Theorem 6.3.28 implies that the (second
order) stationary MUCOGARCH volatility process with the above parameters and driving

Lévy process has mean
16/11 0
0 24/11

and for our simulation (up to time 2000) the empirical mean is

1.4368 —0.0060
—0.0060 2.1670

and thus already rather close to the asymptotic value. Returning to the existence of mo-
ments, elementary calculations establish that (6.3.12) is not satisfied for k¥ = 3, so we cannot
show that the stationary distribution of V' has moments of orders higher than two. This
may mean that the usual standard normal limit theory for the acf, for instance, is not valid
(cf. Fasen (2007)). Yet, (CO)GARCH processes with such a behaviour are often found to
be reasonable for empirical data. To obtain reliable estimates of the acfs we thus use very
long simulations in the following and note that the standard confidence intervals shown
later on need to be treated with care.

Also the discrete returns G and the squared returns GG*, which can be understood as
“realized variation”, over intervals of length 0.1 display GARCH like features (stochastic
volatility, heavy tails, extremal clusters), see Figure 6.3.
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Figure 6.5.: Simulations for the first example:

autocorrelation.)

Acfs for the components of the squared
log-price increments (GG*)11 (upper left), (GG*)92 (upper right), (GG*)1
(middle left) and of the volatility process Vi; (middle right), Vay (lower left),
Via (lower right). (Lag 1 corresponds to 0.1 time units and the horizontal lines
coinciding almost with the axis are standard 95% confidence intervals for zero
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Figure 6.6.: Simulations for the second example: log price processes G7 and Gy (left) and

correlation process Via/v/Vi1Vag (right).

Finally, the increments G of the MUCOGARCH process exhibit zero autocorrelation,
whereas the squared increments GG* (from lag one onwards) and the volatility process V'
exhibit exponentially decreasing autocorrelations, as is illustrated in Figures 6.4 and 6.5
(note that we refrain from depicting the off-diagonal elements of the autocovariance matrix
functions). As usual this is much clearer to see for the stochastic volatility process V', where
the exponential decay starts immediately at lag 0, but for GG* the autocorrelations are
also clearly non-zero for the first lags and decay exponentially from lag 1 onwards. This
resembles formulae (6.3.22) and (6.4.7) which imply that acovy (h) = e~24var(vec(Vp))
for h € RT and acovgg+(h) = e 22422 K for h € N and some K € My(R). These formulae
also imply that all acfs decay with the same rate and thus the acfs are actually the same
for all components of GG* or V, respectively. The autocovariance functions, however, are
different, since the components have different variances, as can be seen by using Corollary
6.3.40 or estimating the variances from the simulated data.

Example 2

Let us now change C' to
1 05
¢= <0.5 1.5> '
and keep everything else as in the first example. Thus we can see the effect of changing
the lower bound on the covariance matrix recalling from Proposition 6.3.5 that V; > C
for all ¢ € R, since we start with a positive semi-definite Yy. The above chosen matrix C
corresponds to a correlation of c. 0.41.

Figure 6.6 shows the components of the MUCOGARCH log-price process G and the (nor-
malized) covariance component Viy of its stochastic volatility. The qualitative behaviour
is very similar to the first example except that the correlation tends to be higher and the
price processes tend to move more often in the same direction. However, this tendency

is not very strong, as is to be expected for moderately correlated processes. Changing C'
does not affect condition (6.3.12) and hence there again exists a stationary distribution for



6.5. Illustrative examples and simulations 185

Log Prices Correlation: V. _/(V, V, )2
T T

124711722
T T

250

02r-

— First Log Price 04l
Second Log Price

-100~

-150 il 08}

~200 L L L L L L L L L 1 L L L L L L L L L
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000

Time t Time t

Figure 6.7.: Simulations for the third example: log price processes G; and Gg (left) and
correlation process Via/v/Vi1Vag (right).

the volatility with finite second moments. Likewise one again has asymptotic second order
stationarity.

In this and the following examples, we only show pictures were the qualitative behaviour
is different compared to Example 1. The returns G and the squared returns GG* over
intervals of length 0.1 again display GARCH like features (stochastic volatility, heavy tails,
extremal clusters) and the behaviour of the autocorrelation functions is completely the same
as in the first example.

Example 3
To see the effect of further increasing the correlation we change now C' to
1 097
¢= (0.97 1.5) '
and keep everything else as before. This choice of C corresponds to a correlation of c. 0.79
The features of the MUCOGARCH process and its volatility process are basically the
same as in the previous two examples. However, as is to be seen from Figure 6.7, the

stochastic correlation now tends to be rather high and thus the two log-price processes
evolve very much alike. Again the acfs are the same as in Example 1.

Example 4

With this example we illustrate the effect of a change in the parameter B. Hence, we choose
all parameters as in the first example except for

128 (—
B (21/16 1 >

T 85 1 —81/16.

The matrix B is symmetric which implies that we again do not need to use some || - || ,s-
norm but can simply work with || - ||2 again. Its eigenvalues are —1.6 and —8 and hence
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Figure 6.8.: Simulations for the fourth example: log price processes G} and Go (upper left),
first variance process Vi1 (upper right), second variance process Voo (lower left)
and correlation process Via//Vi1Vas (lower right).
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Figure 6.10.: Simulations for the fourth example: Acfs for the components of the squared
log-price increments (GG*)11 (upper left), (GG*)92 (upper right), (GG*)12
(middle left) and of the volatility process V1 (middle right), Vg (lower left),
Via (lower right). (Lag 1 corresponds to 0.1 time units and the horizontal lines
coinciding almost with the axis are standard 95% confidence intervals for zero
autocorrelation.)
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condition (6.3.12) is clearly again satisfied for £ = 2. Thus we have the existence of a
stationary distribution for the volatility with finite second moments and likewise we again
have asymptotic second order stationarity.

As is to be seen from Figures 6.8 and 6.10, the behaviour of the MUCOGARCH process
and its volatility process is principally the same as in the previous examples. The main
difference is that the exponential decay of the individual components takes part at different
rates now which is best seen from Figure 6.9 depicting the components of the volatility
process for 0 < ¢t < 100. This is also reflected in the acfs (see Figure 6.10) and it is the
reason behind the second variance process tending to be smaller than the first one despite
Vi1 V12
vi2 V22
shows that the decay of the first variance component is dominated by e~(16/5)t whereas
e 10" dominates the decay of the second variance component. So B mainly affects the
decay to C (as long as there is no jump) and the autocorrelation structures.

having the larger lower bound as given in C. Calculating e’ < eB™t explicitly

Example 5

Finally, we analyse the influence of the parameter A. To do this we choose all parameters
as in the first example except for

A =0.615.

Once more condition (6.3.12) is clearly satisfied for £ = 2. Thus we have the existence of
a stationary distribution for the volatility with finite second moments. Moreover, we also
have asymptotic second order stationarity.

As is to be seen from Figures 6.11 and 6.12, the qualitative behaviour of the MUCOGA-
RCH process and its volatility process is principally the same as in the previous examples,
but jumps are considerably smaller, as are the values of the volatility process and the
(squared) increments of the log-price processes. To be precise compared to the previous
examples the jumps are scaled down to 0.36 of their size. So the processes appear to be
much “tamer”. This is also reflected in a lower expected volatility

113 0
E(Vp) ~1.13C = ( 0 1.695>.

Moreover, the autocorrelation functions decay faster now than in Examples 1 to 3, since
Boli+ 1, ®@B+o,A® A= —(71/25)14.
So A affects the jump sizes and the autocorrelation structures in particular.

6.6. Possible extension to higher orders

So far we have only considered multivariate COGARCH(p, q) processes of orders p = ¢ =
1. Now we discuss how one may use multivariate CARMA processes in order to define
multivariate COGARCH processes of general orders (p,q) with p,q € N, ¢ > p. However,
we do not know how to restrict the parameters in order to ensure the positive-definiteness
of the volatility process for ¢ > 1 so far.

6.6.1. Multivariate CARMA processes

As the name “continuous time ARMA” (CARMA) already suggests, these processes are the
continuous time analogue of the well-known ARMA processes. For a review of the existing
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Figure 6.11.: Simulations for the fifth example: log price processes G; and G (upper left),
first variance process Vi1 (upper right), second variance process Vay (lower
left) and correlation process Vio/v/Vi1Vas (lower right).
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Figure 6.12.:

Simulations for the fifth example: Acfs for the components of the squared
log-price increments (GG*)11 (upper left), (GG*)92 (upper right), (GG*)12
(middle left) and of the volatility process V1 (middle right), Vg (lower left),
Via (lower right). (Lag 1 corresponds to 0.1 time units and the horizontal lines
coinciding almost with the axis are standard 95% confidence intervals for zero
autocorrelation.)
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literature see the references given in Chapter 2. The d-dimensional CARMA (g, p) processes
are defined in that chapter and can be viewed as the solution to the formal differential
equation:

Q(D)X, = P(D)DL, (6.6.1)

where L = (L;)ier is a Lévy process in R? and D the differential operator with respect to
t.

Q(z) = 27+ Q2"+ Q2" P+ ... +Q (6.6.2)
P(z) = Piz2P+ PPl 4.+ Py (6.6.3)

with Pp,..., Ppi1,Q1,...,Qq € Myg(R) and @4, P1 # 0 are referred to as the autoregressive
and moving average polynomials, respectively. In order to be able to define CARMA
processes properly one needs ¢ > p and that the zeros of det(Q(z)) have all strictly negative
real part. Then the CARMA(q, p) process X is defined as the unique stationary solution of

Xy = (14,0,...,00Y; (6.6.4)
0 P 0 e 0
0 0 P e 0
dy, = : : : : Yidt + DdLy, (6.6.5)
0 0 0 eIy
_Qq _qul _Qq72 e _Ql
where D = (D7, D3,...,Dy)" is a d x d matrix with elements
q—j—1
Dy—j=— Y QiDg—ji+ Py
i=1

(setting P; = 0 for ¢ < 0). The process Y is usually called state space representation. In
the univariate case d = 1 the representation by (6.6.4), (6.6.5) can be replaced by

Xi = (Py1, Py, Py gi2)Vs (6.6.6)
0 1 0 0
0 0 1 e 0 O

ay, = : : : SO Ydt+ | © |dL,.  (6.6.7)
0 0 0 PRI | (1)
_Qq _Qq—l _Qq—Q te _Ql

(Setting P; = 0 for ¢ <0)

The equivalence (in L2, i.e. the driving Lévy process L has to have a finite second
moment) of the two representations of univariate CARMA processes has been shown in
Chapter 2 using Fourier methods. The following result provides an alternative approach
for p =0 and (¢,p) = (2,1) and does not need a finite variance of L. Therefore, it will later
on generalize immediately to COGARCH(p, q) processes

Lemma 6.6.1. a) Representations (6.6.4), (6.6.5) and (6.6.6), (6.6.7) are equivalent for
a one-dimensional CARMA (q,0) process. In particular, Y; = Y;/P;.
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b) Assume that we are given a one-dimensional CARMA (2,1) process with the autoregres-
sive polynomial Q(z) and the moving average polynomial P(z) having no common zeros.
Then representations (6.6.4), (6.6.5) and (6.6.6), (6.6.7) are equivalent. In particular,

Y, = SY, with
NEA.
—@Q2P Q1P+ P

being invertible.

Proof. The proof of a) is immediate by substituting the variables as prescribed by the
relationship Y; = Y;/P;.

Turning to b) we first observe using P; # 0:

det(S) = Py — Q1 PPy + Q2 Pf = P? (Pa/P1)? — Q1(P2/P1) + Q2) = PEQ(—P2/P)

But this is different from zero, as —P/P; is the unique zero of P(z) and Q(z), P(z) have
no zeros in common. Hence, S is invertible with

g1 1 ( -1+ P —-P >
P} — Q1P Py + Q2 P? Q2P P, )

Rewrite now (6.6.6) and (6.6.7) to

X, = (P, P)S™'sY; (6.6.8)

. 0 1 s 0
sy, = S S~1SYidt + S dLy. 6.6.9
t < 0y —Q > tat + ( 1 ) ¢ ( )

Substituting Y; = SY; and multiplying everything out the last two equations become (6.6.4)
and (6.6.5). This shows the equivalence of the two representations. O

Note, however, that it is not possible to extend the result to general dimension d, as
the proof above needs multiplicative commutativity of the ARMA coefficients P;, Q; and
matrices are in general not commutative.

6.6.2. Multivariate COGARCH(p, q) processes

In order to define a continuous time multivariate GARCH process of general order (p, ¢) the
main idea is again to replace the noise € of a general order multivariate GARCH process by
the increments of a multivariate Lévy process L and the ARMA structure of the volatility
process by a multivariate CARMA structure as just recalled.

Regarding the multivariate GARCH model in its vectorized form, observe that (6.2.6)
can be rewritten as

q
vec(X,) = vec(C) + ZA 1/2 ®El/ )vec(en—i€y,_;) ZB (6.6.10)

This shows that the dynamics of (the vectorized) ¥ are those of a multivariate ARMA(g,
p — 1) process, which is “self-exciting” in the sense that the noise is given by

1/2 /
<( L@, )vec(€ep—1€,_ 1))n€Z.
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Replacing (like in the univariate case) the ARMA(q,p — 1) structure with a CARMA(g,
p — 1) one and using (th_/2 ® th_/Q)Vec(d[L,LD]t) as “noise” where L is a Lévy process,
leads from the discrete vec representation to a continuous time GARCH process G with
parameters Ay,..., Ay, B1,...,B; € Mp(R),C € S;lL given by:

aG, = VL, (6.6.11)
Vi = C+(I40,...,0)Y; (6.6.12)
dvec(Y;) = Bvec(Y;_)dt+ D(V;"? @ V;'/*)vec(d|L, L)?), (6.6.13)
0 Ip 0 - 0
0 0 Ip - 0
B = : : : ETR : (6.6.14)
0 0 0 - Ip
~B, -B,1 —B,2 -+ —B
where D = (D7, D3,...,Dy)" is a d?q x d? matrix with elements
q—j—1
Dy_j=— Y BiDg j i+ Ap_;(setting A; =0 for i <0).
=1

Finally, observe that the state space representation Y assumes values in Mg, 4(R) and
thereby vec(Y) lives on R¥7,

An important question is when ‘/;1_/2 is well defined, i.e. when V;_ is positive semi-definite.
A path-wise analysis considering the jumps and the time in between jumps separately shows
that

Di(vec(S))) C (SF) and (Iz,0,...,0)eP! <V€C(S$) X R(q_l)d2> Cvec(S))VteR"

are sufficient to ensure V; > C for all t € R™ provided Vj > C. This result is comparable
to Brockwell et al. (2006, Theorem 5.1).

Yet, practical conditions ensuring this have yet to be developed. For the time being we
can only assume that the parameters are chosen such that V;_ is always positive semi-
definite. Characterizing the feasible parameter sets ensuring positivity is already in the
univariate case rather involved (cf. Brockwell et al. (2006), T'sai and Chan (2005) and Tsai
and Chan (2006)), in particular for general order (p, q).

At a first sight we have a different model than Brockwell et al. (2006) in the univariate
case. Yet, this is due to the fact that we used the multivariate CARMA representation of
Chapter 2. However, under L? conditions this CARMA representation gives as shown in
Chapter 2 the same CARMA process in the univariate case as the representation used by
Brockwell et al. (2006). This leads us to conjecture:

Conjecture: In the univariate case the above defined COGARCH (p,q) process is the
same as the one defined in Brockwell et al. (2006), i.e. our processes (Gi)icr+ and (Vi)ier+
agree with their processes (Gi)icr+ and (Viy)icr+-

Unfortunately, the proof of the equivalence of the CARMA representations given in Chap-
ter 2 uses Fourier methods and thus cannot be extended to the COGARCH case. However,
we have the following.
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Proposition 6.6.2. The above conjecture is at least true for (p,q) = (2,2) and (p,q) =
(1,q) with g € N.

Proof. Obvious from Lemma 6.6.1 and its proof. U

We conjecture Lemma 6.6.1 (b) holds for general orders with an appropriate matrix S,
but so far we have not been able to prove this.

6.7. Appendix to Chapter 6

6.7.1. Stochastic differential equations on open sets

In this appendix we derive general results for solutions to stochastic differential equations
which are only defined on an open subset U of R%.

6.7.1.1. Existence and uniqueness of solutions

It is common knowledge to experts in stochastic differential equations that one needs a
local Lipschitz property to obtain existence and uniqueness up to the first exit time of the
set U and that a linear growth condition is needed to ensure that no explosions happen
(see e.g. Jacod (2007)). However, since this issue seems not to have been dealt with in any
sufficiently detailed manner in the literature, we present the relevant results in detail in
the following. Note that one can, of course, immediately replace R? by My(R), Sq or any
other finite-dimensional vector space over R and that “solution” implicitly means a strong,
adapted and cadlag solution.

Thus let U C R? be an open set, f : U — Mgy, (R) a function and Z = (Z;)cp+ a
semi-martingale with values in R™. Then we are interested in the stochastic differential
equation

dX; = f(X;_)dZ;, t € RT (6.7.1)

with initial value Xy being an Fy-measurable random variable with values in R,

For the relevant standard results on stochastic differential equations defined on R? we
refer to any of the standard texts, Tkeda and Watanabe (1989), Jacod and Shiryaev (2003),
Métivier (1982), Métivier and Pellaumail (1980b) or Protter (2004), for instance.

Definition 6.7.1. Let (U,| - ||lz), (V,]| - ||v) be two normed spaces and W C U be open.
Then a function f: W — V is called locally Lipschitz, if for every x € W there exists an
open neighbourhood U(z) C W and a constant C(z) € R such that

1F(z) = fWllv < C@)llz —yllo ¥V z,y € U(x).

C(z) is said to be a local Lipschitz coefficient.
If there is a K € R* such that C(x) = K can be chosen for all x € W, f is called
(globally or uniformly) Lipschitz.

The following implication is standard.

Proposition 6.7.2. Let (U,| - |v), (V,| - |lv) be two normed spaces, W C U be open and
K C W be compact. If a function f: W — V is locally Lipschitz, then f is Lipschitz on K,
i.e. there exists a constant C(K) € Rt such that || f(z)— f(y)|lv < C(K)|z—ylvVz,y € K,
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The main result on the existence of unique solutions of stochastic differential equations
on open sets is given by the following theorem. The condition imposed on the open set U
below implies that U is connected, clearly a natural condition, and is obviously satisfied by
most open sets one might be interested in.

Theorem 6.7.3. Let U C R be an open set and (Up)nen a sequence of convex closed
sets such that U, C U, U, C Upq1 for alln € N and U, cnUn = U. Assume that f :
U — Mg, (R) is a locally Lipschitz function and Z = (Z;)ier+ 15 an m-dimensional semi-
martingale. Then for each U-valued Fy-measurable initial value Xo there exist a stopping
time T and a unique U-valued solution X to the stochastic differential equation

dX; = f(X,_)dZ, (6.7.2)

up to the time T, i.e. on the stochastic interval [0,T).

On T < oo we have that either X hits the boundary OU of U at T, i.e. Xp_ € 0U,
jumps out of the set U, i.e. Xp_ € U and X7_ + f(X7_)AZr € R\U, or explodes, i.e.
limsup, 1 op | X¢|| = co. If f satisfies the linear growth condition

1f (@) < K1+ [|l=[) (6.7.3)
with some constant K € R™, then no explosion can occur.

Proof. The idea of the following proof is to first obtain unique solutions on the sets U, N{z €
R : ||z|| < n} up to stopping times T},,. This sequence of solutions is then utilized as in
standard analysis to establish the existence of a unique solution on the whole of U up to a
stopping time.

In the following we presume that || - || denotes the Euclidean norm and the induced
operator norm, as we shall need a Hilbert space structure. Note that due to the equivalence
of all norms on finite dimensional spaces this can be done without loss of generality.

First we set W,, = U, N {x € R?: ||lz|| < n} for all n € N. It is immediate that all W,
are compact convex sets, Wy,11 2 W, and UneN W, ="U.

Let Iy, : R? — W, for all n € N denote the unique orthogonal projection onto the set
Wy, (see e.g. Werner (2002, Satz V.3.2)). For later use recall that Ilyy, is a contraction, i.e.
[, () — M, ()| < llz — y|| ¥ 2,y € R? (Werner (2002, p. 215)).

Consider now the functions f,, := f o Iy, defined on R? and the stochastic differential
equations

dXnt = fu(Xnt-)dZ:, t € RT X, 0 = X, (6.7.4)

on R% It is clear that any solution X, to (6.7.4) must equal a solution X; to (6.7.2), as
long as it stays in W, and vice versa, since f and f,, agree on W,,.
Since the function f is Lipschitz on the compact sets W,,, we have from Proposition 6.7.2

1£n(2) = fa()ll < C(Wa) [, (2) = I, (y)]| < C(Wa)llz —yll ¥,y € R?

and hence the functions f, are globally Lipschitz on R?. Moreover, the global Lipschitz
property implies linear growth. Hence, by Métivier and Pellaumail (1980b, Chapter 3,
Sections 6.10, 7.2) or Protter (2004, Chapter V, Theorem 7) the stochastic differential
equations (6.7.4) have unique solutions X, = (X, ¢)scr+ defined for all times ¢ € RT.
Setting T, := inf{t € R" : X,,; € W,,} gives a sequence of stopping times using Protter
(2004, Chapter I, Theorem 3), since R4\W,, is open. Of course, we have that X,, stays in
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W, for all t € [0,7},), where in the case T,, = 0 we understand [0,7},) = 0, and that X,,
provides a solution to (6.7.2) on [0,T,,). Moreover, from the increasingness of the sequence
of sets (Wy)nen it is clear that for any n,k € N the processes X,, and X, agree, as long
as they stay in W, i.e. for all t € [0,7,). (Actually an elementary argument gives even
Xo1, = Xn1— + [(Xn1,-)AZ7, = Xyik,1, for all k € N, but this value may already be
outside of W),,.) This implies that T}, is an increasing sequence of stopping times and that
the following is well-defined:

XQ for t = 0,
X =< X1 forte(0,T7), (6.7.5)
Xnyt forte[T,-1,T,),n € N\{1}.

Since (T}, )nen is an increasing sequence, T' := lim,,_, o, T, is a well-defined, possibly infinite,
stopping time. Due to the above construction X = (Xi).g(o,r) is a solution of (6.7.2) on
[0,T"). Therefore the existence has been established.

The uniqueness of the solution X to (6.7.2) in U defined until T is clear, since until
T, = inf{t € Rt : X; ¢ W,} any solution must agree with the unique solution X, to
(6.7.4) for all n € N.

It remains to verify the limiting behaviour of X at t — T for T' < co. But from our
construction of the process X it is clear that T' < oo can only happen, if the process X hits
the boundary of U, jumps out of U or explodes at time T' (all for the first time, of course),
as otherwise we would still have to be in the interior of some set W,, with the process X,
at time 7" and would thus stay in W,, in the time interval [T, T 4 §) for some stopping time
T + 6 > T due to the right continuity of X,,, which is a contradiction to the definitions of
T, and T.

That under the linear growth condition (6.7.3) the process X does not explode in finite
time can be shown using the arguments of Métivier and Pellaumail (1980a) (see also Métivier
and Pellaumail (1980Db)). O

Remark 6.7.4. (i) The stopping time T, until which a solution exists, cannot be zero. The
latter would only be possible, if the process could jump out of U immediately after time 0,
but this is not possible, since both the driving semi-martingale Z and the solution X are
cadlag and thus in particular continuous from the right.

(ii) It is obvious that the above proof can easily be extended to non-autonomous random f,
i.e. functions f depending also on time t and being random, as considered in Métivier and
Pellaumail (1980b), for instance. We have opted not to state our theorem in this generality,
as the generalization should be obvious and would only make the above proof notationally
very cumbersome. The same comment applies to SDFEs in general Hilbert spaces.

A combination of Theorems II.6 and V.7 in Protter (2004) implies immediately the fol-
lowing result.

Proposition 6.7.5. Assume that for the sequence of stopping times (Ty,)nen constructed
in the proof of Theorem 6.7.8 one has that lim,, .., T, = 0o almost surely. Then the unique
solution X on R to the SDE (6.7.2) is a semi-martingale.

The following convergence result adds some more insight into the nature of the approxi-
mation done.
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Proposition 6.7.6. Assume that for the sequence of stopping times (Ty,)nen constructed in
the proof of Theorem 6.7.3 one has that lim,, .., T, = 0o almost surely. Then the sequence
of processes (Xp t)ier+ converges uniformly on compacts in probability (ucp) to (Xi)ier+
forn — oo.

Proof. For any t € R* and € > 0 the construction implies P(supg<g<; [|Xs — Xp4]] > €) <
P(T,, <t). Observing that lim,, . P(7T, <t) =0 concludes. O

6.7.1.2. Markovian properties

The aim of this subsection is to show that the solution of the SDE (6.7.2) exhibits important
Markovian properties, if the driving semi-martingale Z is actually a Lévy process L.

Throughout the remainder of this section we again assume that U C R? is an open set
such that there is a sequence of convex closed sets (Uy,)neny with U, C U, U, C U,y for
all n € Nand |J,,cy Un = U. Furthermore, f: U — Mgy, (R) is a locally Lipschitz function
and L = (L¢)iecr+ is an m-dimensional Lévy process. Then we consider the stochastic
differential equation

dX; = f(X,_)dL, (6.7.6)

and assume that for any initial value Xy = = € U the stopping time 7" (which depends on z,
of course) constructed in the proof of Theorem 6.7.3 is infinite (almost surely). Furthermore,
we assume that the sequence W, = U, N {z € R? : ||z|| < n} satisfies W,, C W2, for all
n € N where W, denotes the open kernel of W,,.

Let us briefly recall some standard notions regarding Markov properties. For further
details on Markov processes we refer to any of the standard books (e.g. Dynkin (1965),
Ethier and Kurtz (1986), Gihman and Skorohod (1975)).

Definition 6.7.7. Let Z = (Z;);er+ be a process with values in U which is adapted to a
filtration (Fi)ier+-
(i) Z is called a Markov process with respect to (Fi)icr+, if

E(g(Zu)’j:t) = E(g(Zu)‘Zt)

forallt e RY, u >t and g : U — R bounded and Borel measurable.

(ii) Let Z be a Markov process and define for all s,t € R* s <t the transition functions
P, (Zs,9) = E(g(Z:)|Fs) with g : U — R bounded and Borel measurable. If Psy = Pyy—s =:
P, for all s,t € R, s <t, Z is said to be a time homogeneous Markov process.

(iii) A time homogeneous Markov process is called a strong Markov process, if
E(9(Zr4s)|Fr) = Ps(Zr,g) for all g : U — R bounded and Borel measurable and a.s. finite
stopping times T.

As stated in the beginning, we are assuming given an appropriate filtered probability
space (2, F, P, (Ft)ier+). In order to be able to have arbitrary initial conditions we need
to enlarge our probability space as in Protter (2004, p. 293). Define thus

Q=UxQ, Fi=cUxF), P =5,xP

where U is the Borel o-algebra of U, o(U x F) is the o-algebra generated by U x F; and
0y the Dirac measure with respect to y € U. In order to have the usual conditions satisfied
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again, let F; = Nust .T?L. A random variable Z defined on Q is extended to Q by setting
Z((y,w)) = Z(w) for all (y,w) € Q. Furthermore, we define the random variable Xy by

Xo((4.)) = v.

Theorem 6.7.8. Under the above assumptions the unique solution (Xi);cr+ to
¢
Xt = Xo +/ F( X )dLy
0

is a temporally homogeneous strong Markov process on U under all P* with y € U.

Proof. Using the following lemmata ensuring the continuity of the flow and the joint measur-
ability, the proof of Protter (2004, Theorem V.32) generalizes in a straightforward manner
to our set-up noting that the independence of the components of the Lévy process assumed
there is actually not needed in the proof. U

In the following we denote the space of all cadlag functions from R to U by Dy and
equip this space with the topology of uniform convergence on compacts. For an SDE
Xi=x+ f(f f(Xs-)dZs having a unique solution (X;);cr+ in U for all x € U the function
¢ : U — Dy mapping the initial condition to the solution is called the flow of the SDE.

Lemma 6.7.9. Under the above assumptions the flow of

t
Xt =T +/0 f(Xt_)st

is almost surely a continuous mapping from U to Dy (with respect to the topology of uniform
convergence on compacts).

Proof. The proof follows by the same arguments as in Protter (2004, Theorem V.38) using
the functions f,, constructed in the proof of Theorem 6.7.3 instead of g;, the sets W,J instead
of A; and observing that 7)2(z) := inf{t € R" : X, ;(z) € W? or X,,;_(x) € WS} increases
almost surely to infinity for all x € U. To see the last claim, it suffices to note that by
the above made assumptions the sequence T, (z) := inf{t € R" : X, ;(xz) & W,,} increases
almost surely to infinity and T),(z) < T, 1 (z) < Tpq1(x). O

In the next lemma we denote by X = X(x,t,w) the mapping from U x Rt x Q to U
which maps (z,t,w) to the solution of X; = = + fg f(Xi—)dL; at time t € R for w € Q.
Moreover, B(R™) stands for the Borel o-algebra over R*.

Lemma 6.7.10. Under the above assumptions there exists a version of X : UxRTxQ — U,
(v, t,w) — X(z,t,w) that is o(U x B(RT) x F)-measurable and such that X (x,-,-) is an
adapted cadlag solution to Xy = x + f(ff(Xt,)st for each x € U.

Proof. Protter (2004, Theorem V.31) implies the existence of mappings X, (x,t, w) which
are o(U x B(RT) x F)-measurable and such that X, (z,-,-) is an adapted cadlag solution
to Xpp =+ f(f fn(Xn—)dL; for each z € U. Combining Proposition 6.7.6 with Protter
(2004, Theorem IV.62) concludes. O
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Another important property of Markov processes is the weak Feller property. Since there
are various variants of the definition in the literature, we start with our definition. The
definition we shall give agrees with that of da Prato and Zabczyk (1996) and it has also
been given in Dynkin (1965) and Gihman and Skorohod (1975), for instance.

For a Markov process Z in U, x € U and aset A € U we set Ps(x, A) = E(14(Zs)|Zo = )
and note that this is the transition probability for the Markov process X to move from the
initial state = to the set A at time s € RT. Ps(+,-) is referred to as the Markov transition
function. Moreover we denote by By(U) the space of all measurable and bounded functions
f U — R and by Cy(U) the set of all functions f : U — R that are bounded and
continuous.

The Markov transition function Ps(-,-) gives rise to a Markov (transition) semi-group
of bounded linear operators Ps : By(U) — By(U) with s € RT by setting Psf(z) =

Ji f( (z,dy) for all f € By(U) and = € U. Moreover, we define M;(U) to be the
set of all probablhty measures on (U,U) and operators P¥ for s € RT on M (U) by setting
= Ju Ps pu(dx).

Definition 6.7.11. Let (Ps),cr+ be the transition semi-group of a time homogeneous
Markov process Z on U.

(1) (Ps)ser+ (respectively the associated Markov process Z) is called stochastically con-
tinuous, if

li P, 1
t—>10r?>0 t(w U( ))

for all x € U and open neighbourhoods U(z) of x.
(ii) A stochastically continuous semi-group (Ps)scr+ (Tespectively its associated Markov
process Z ) is called weakly Feller, if

P, (Cy(U)) C Cy(U) for all s € RT.

(11i) A probability measure p € My(U) is said to be an invariant (stationary) measure
for the Markovian semi-group (Ps)scr+ (respectively for its associated Markov process Z ),
if PXu=p for all s € RT.

Remark 6.7.12. Regarding our general definitions for Markov processes the open set U C
R? can be replaced by any Polish space.

Having set up the necessary technical details we can return to our stochastic differential
equation.

Proposition 6.7.13. Under the above assumptions the solution to

t
Xt =X —|—/0 f(Xt,)st

with € U is a weak Feller process on U.

Proof. Above we have already shown that the process is a time homogeneous Markov pro-
cess. In the following we denote by (Ps).cp+ its transition semi-group. Since the paths
of X are cadlag, the process is stochastically continuous. Let now f be a function in
Cp(U) and t € RT. Then X¢(z) is a.s. a continuous function of the initial value x by
Lemma 6.7.9. Hence, f(X;(z)) is a.s. a continuous function of x. Thus the boundedness
of f ensures that P, f(z) = E(f(X:(x))) is a continuous function of z € U and obviously
SuDyerr [P f (@)] < supyep | ()] for all £ € R, O
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6.7.2. Lipschitz and growth properties of the SDE defining the
MUCOGARCH(1,1) volatility process

This appendix deals with some matrix analytic results analysing the Lipschitz properties
of the map V — V12 ® V1/2 used in the definition of the MUCOGARCH(1,1) volatility
process. We denote by || - ||2 the operator norm associated with the usual Euclidean norm
on R¢,

Lemma 6.7.14 (Bhatia (1997, Problem 1.6.11)). For all A, B € M;(R) we have
|A® A—B@ Bl < 2max{|l3, | B2} | 4 - Bl

In particular, the mapping ® : Mg(R) — Mg (R), X — X ® X is uniformly Lipschitz on
any set of the form {x € My(R) : ||z|| < ¢} with ¢ > 0.

The proof is obvious from the ideas given there.

Lemma 6.7.15 (Bhatia (1997, p. 305)). Let A,B € S} and a > 0 such that A, B > al,.
Then

1
1AY2 = B2y < ﬁ\lA — Blla.

Hence, the mapping S&L — S:lr, X — XY2 is uniformly Lipschitz on any set of the form
{x €S} :a>cly} ST with e> 0.

For a variant of the above statement see Horn and Johnson (1991, p. 557).

Lemma 6.7.16. Consider the map F : ST — ST, X v X2 @ X1/2 = (X ® X)Y/2. F is
continuous and uniformly Lipschitz on any set of the form {x € S:lr cx >l ||z|| < é} with
¢,é > 0. Moreover, we have that ||AY? @ AY2||y = ||Alls for all A € Sy.

Proof. The identity X2 @ X1/2 = X ® X)l/2 is an immediate consequence of basic
properties of the tensor product (see Horn and Johnson (1991, Ch. 4)) and the continuity of
F follows from the one of the tensor product and the positive definite square root (see Horn
and Johnson (1991, Theorem 6.2.37)). The Lipschitz property follows from a combination
of the previous two lemmas. Finally, |AY2 @ AY/2|y = ||A|2 is established by noting that
|AY2 @ AV/2||y = || AY2|2 (cf. Bhatia (1997, p. 15)) and ||AY2|]y = ||A]¥%. The latter
follows immediately from the fact that ||Al2 = \/p(A*A) = p(A) for all A € S}. O

Finally we show that the global Lipschitz property is not satisfied for this map, not even
if we restrict it to sets being bounded away from zero.

Lemma 6.7.17. For the map F defined in the previous lemma there exists no finite K € Rt
such that
1F(z) = F(y)l < Kllz —y] (6.7.7)

for all x,y € SZIF+. The same holds for all x,y € {z € Sy : z > C'} with arbitrary C € S;lH'.

Proof. From the following proof it is clear that we can take d = 2 w.l.o.g. Let z =
diag(z1,r2) and y = diag(y1, y2) with x1,z2,y1,92 € RTT and diag(z1, z2) being as usual
the diagonal matrix with diagonal entries z; and xp. We have F(x) = diag(x1,/T122,
VZ1Z2,x2). Assume (6.7.7) is true with a finite K € RT. Then there is a finite £ € R
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such that |\/z122 — \/y1y2| < k(|Jz1 — y1] + |22 — yo|) for all zy, 22,971,902 € R*+. Choosing
Ty = yp = 1 this gives |\/z1 — /1| < k|z1 —y1| for all 1,y € RTT which is a contradiction
to the well-known fact that the square root is not globally Lipschitz on RT". Regarding
the case x,y € {z € Sq: 2 > C} we can w.l.o.g. restrict ourselves to C = cly with ¢ € RT™.
Choosing z2 = y2, 1 = 9¢ and y; = 4c gives |\/cxa| < bke. As xo can be taken arbitrarily
large this is a contradiction. U

6.7.3. Auxiliary results regarding the calculation of moments

In the following we present some elementary but important lemmata used in the calculation
of the second order structure of MUCOGARCH(1,1) processes. Observe that we state some
of them for processes in R for notational ease, but the generalization to the matrix case is
immediate.

The first three lemmata are stated without a proof, because they follow immediately
from the stochastic continuity properties of Lévy processes.

Lemma 6.7.18. Let s,t € RT with t > s and let (X,),ecr+ be an adapted cadlag process in
RY which satisfies AX, = A, AL, for allr € RT with (A,),cr+ being a process taking values
in Mg(R) such that A, is F,_ measurable and (L,),cp+ being an Re-valued Lévy process.
(Here F,_ denotes the o-algebra generated by Up<y<rFr.) Let furthermore f R? — R? be q
Borel-measurable function such that E(||f(X,)|?)) < oo for allr € RY. Assume finally that
E(|X,]|?) < oo for all r € RY. Then E(f(Xs)X; ) = E(f(Xs)X}) and these expectations
are finite.

Applied to the MUCOGARCH(1,1) volatility process this lemma and an obvious variant
of it imply immediately the following, since AY; = A(C' + Y;— )AL, (AL;)*(C +Y;—)A* and
> o<s<t AL(ALy)* is a Lévy process.

Lemma 6.7.19. Let s,t € RY with t > s and let Y be the wvolatility process of the
MUCOGARCH(1,1) process as given in (6.3.4). Be f : W — W a Borel-measurable
function defined on W = Sq or W = R¥, respectively, such that E(||f(Y;)||?)) < oo or
E(||f(vec(Y;))|1?)) < oo, respectively, for all v € RY. Assume furthermore that the process
Y has a finite second moment.

Then B(f(Y,)Yi ) = B(f(Ys)¥i) or B(f(vec(Y;))vee(¥ )*) = B(f(vec(Ys))vee(Y)"),
respectively, and these expectations are finite.

Lemma 6.7.20. Let t € RT and let Y be the volatility process of the MUCOGARCH(1,1)
process as given in (6.3.4). Be f a measurable (with respect to the Borel-o-algebra) function
defined on Sy such that E(||f(Y?)]])) < oo.

Then E(f(Yi—)) = E(f(Y:)) and this expectation is finite.

Finally let us state a version of the so called compensation formula (cf. Kyprianou (2006,
Section 4.3.2), for instance) which is suitable for our purposes.

Lemma 6.7.21. Assume that (X;)cr+ is an adapted cadlag process in Mg(R) satisfying
E(|Xt]]) < oo for allt € RY, t — E(||X¢||) is locally bounded and that (Li)cr+ s a
driftless pure jump Lévy process in R of finite variation with finite expectation E(Ly).

Then E (fg Xs,dLs> = [LE(X, )E(Ly)ds fort € R,
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Proof. Since Ly = f(f Jga zir(ds, dz) the compensation formula (see Kyprianou (2006, Sec-
tion 4.3.2)) implies

E (/Ot Xdes> —E (/Ot y st,uL(ds,dz)> —E (/Ot X, /Rd zuL(dz)d5>
_E (/Ot XS_E(Ll)ds> .

Observing that fot E(|Xs—|DIIE(Ly)||ds is finite for every t € RT an application of Fubini’s
theorem concludes the proof. O
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7. Absolute Moments of Generalized
Hyperbolic Distributions and Approximate
Scaling of Normal Inverse Gaussian Lévy
Processes?

7.1. Introduction

The generalized hyperbolic (GH) distribution was introduced in Barndorff-Nielsen (1977)
in connection to a study of the grain-size distribution of wind-blown sand. Since then it has
been used in many different areas. Before outlining the contents of the present chapter, we
now give a brief overview of various applications of the GH laws and the associated Lévy
processes.

The original paper by Barndorff-Nielsen (1977) was focused on the special case of the
hyperbolic law. That law and its applicability have been further discussed, inter alia, in
Barndorff-Nielsen, Bleesild, Jensen and Sgrensen (1983), Barndorff-Nielsen, Bleesild, Jensen
and Sgrensen (1985) (particle size distributions of sand), Barndorff-Nielsen and Christiansen
(1988), Hartmann and Bowman (1993), Sutherland and Lee (1994) and references therein
(coastal sediments), Xu, Durst and Tropea (1993) and their list of references (fluid sprays).
In Barndorff-Nielsen (1982) the appearance of the three dimensional hyperbolic law in
relativistic statistical physics was pointed out. Other areas, where hyperbolic distributions
have been employed, include biology (e.g. Bleesild (1981)) and primary magnetization of
lava flows (cf. Kristjansson and McDougall (1982)). Furthermore, in Barndorff-Nielsen,
Jensen and Sgrensen (1989) the hyperbolic distribution is employed to model wind shear
data of landing aircrafts parsimoniously. See also Barndorff-Nielsen (1979) for applications
in turbulence.

Moreover, Barndorff-Nielsen, Blaesild and Schmiegel (2004) recently demonstrated (fol-
lowing an indication in Barndorff-Nielsen (1998a)) that the normal inverse Gaussian (NIG)
law, another important special case of the GH law, is capable of describing velocity data
from turbulence experiments with high accuracy. Eriksson, Forsberg and Ghysels (2004)
employ the NIG distribution to approximate other (unknown) probability distributions.

In recent years many authors have successfully fitted generalized hyperbolic distributions
and in particular normal inverse Gaussian (NIG) laws to returns in financial time series;
see Eberlein and Keller (1995), Prause (1997, 1999), Barndorff-Nielsen (1997), Barndorfi-
Nielsen and Shephard (2001a, 2001b, 2007) and references therein, Schoutens (2003). Benth
and Saltyté-Benth (2005) have recently put forth a model for Norwegian temperature data
driven by a GH Lévy process.

!The contents of this chapter appeared in Barndorf-Nielsen, O.E. and Stelzer, R. (2005), Absolute Moments
of Generalized Hyperbolic Distributions and Approximate Scaling of Normal Inverse Gaussian Lévy
Processes, Scand. J. Statist., 32(4), 617-637
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This has, in particular, led to modelling the time dynamics of financial markets by
stochastic processes using generalized hyperbolic or normal inverse Gaussian laws and asso-
ciated Lévy processes as building blocks (e.g. Rydberg (1997), Bibby and Sgrensen (1997),
Barndorff-Nielsen (1998b), Rydberg (1999), Prause (1999), Raible (2000), Barndorff-Nielsen
(2001a), Barndorff-Nielsen and Shephard (2001a, 2007) and references therein, Eberlein
(2001), Schoutens (2003), Cont and Tankov (2004), Rasmus, Asmussen and Wiktorsson
(2004), Emmer and Kliippelberg (2004) and Mencia and Sentana (2004)).

One of the reasons, why the GH distribution is used in such a variety of situations, is
that it is not only flexible enough to fit many different data sets well, but also is rather
tractable analytically and many important properties (density, characteristic function, cu-
mulant transform, Lévy measure, ...) are known. Some of these properties are recalled
in Section 7.2. Yet, until now, no details on absolute moments of arbitrary order » > 0
are known, except for r = 1. Thus we derive, in Section 7.3, formulae for the (absolute)
moments of arbitrary order r > 0 of the generalized hyperbolic distribution in terms of
moments of the corresponding symmetric GH law. For p—centred (absolute) moments, i.e.
moments centred at the location parameter p, we are able to give explicit formulae using
Bessel functions. From these general formulae we will then, as special cases, obtain formu-
lae for the absolute moments of the NIG law and NIG Lévy process. We especially focus
on the NIG case because of its wide applicability and tractability. In particular, the NIG
Lévy process has a marginal NIG distribution at all times, an appealing feature not shared
by the general GH Lévy process.

Due to Kolmogorov’s famous laws for homogeneous and isotropic turbulence (see, for
instance, Frisch (1995)) scaling is an important issue when considering turbulence data and
models. Ongoing research indicates that the time transformation carried out in Barndorff-
Nielsen et al. (2004) leads to a process with NIG marginals and very strong apparent
scaling.

The question of the possible relevance of scaling in finance was raised by Mandelbrot
(1963) and has since been discussed by a number of authors, see, in particular, Miiller,
Dacorogna, Olsen, Pictet, Schwarz and Morgenegg (1990), Guillaume et al. (1997) and
Mandelbrot (1997). More recently the question was taken up by Barndorff-Nielsen and
Prause (2001), who showed that an NIG Lévy process may exhibit moment behaviour
which is very close to scaling. However, they solely studied the first absolute moment and
obtained analytic results only in the case of a symmetric NIG Lévy process. As part of this
chapter we generalize their findings to the skewed case and higher order moments.

Based on the explicit general formulae for u-centred moments of the NIG law, resp. NIG
Lévy process, we are able to deduce analytic results for the approximate scaling of an NIG
Lévy process, namely explicit expressions for the derivative of the logarithm of the u-centred
absolute moments of the NIG Lévy process with respect to the logarithm of time.

In the final sections we discuss the numerical implementation of the formulae obtained
and give numerical examples for the apparent scaling present in NIG Lévy processes.

Our results show that, in particular, the occurrence of empirical scaling laws is not bound
to necessitate the use of self-similar or even multifractal processes for modelling, since this
type of behaviour is already exhibited by such simple a model as an NIG Lévy process,
when looking at the relevant time horizons. For a survey of the theory and (approximate)
occurrence of self-similarity and scaling see Embrechts and Maejima (2002).

Throughout this chapter R denotes the strictly positive real numbers and R>q the
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positive real numbers including zero.

7.2. Generalized hyperbolic and inverse Gaussian distributions

In this chapter we consider the class of one-dimensional generalized hyperbolic (GH) distri-
butions and the subclass of normal inverse Gaussian (NIG) distributions in particular. The
GH law was, as already noted, introduced in Barndorff-Nielsen (1977) and its properties
were further studied in Barndorff-Nielsen (1978a), Barndorff-Nielsen and Bleesild (1981)
and Blaesild and Jensen (1981). Some recent results, in particular regarding the multivari-
ate GH laws, can be found in Prause (1999), Eberlein (2001), Eberlein and Hammerstein
(2004) and Mencia and Sentana (2004).

We denote the (one-dimensional) GH distribution by GH (v, «, 3, 1,0) and characterize
it via its probability density given by:

~v=1/2—v N2\ v/2-1/4
7 & x—p
p(x;u,a,ﬂ,,u,(s) = /_27'['5[( (7)/) <1+( 52 ) >
_ 2
K, 1/ (a 1+ %) ) (7.2.1)

for x € R and where the parameters satisfy v € R, 0 < || < a, p € R, § € Ry, and
v :=+a2 -3, a:=da, B:= 083, 7:= 6y. Here a can be interpreted as a shape, 3 as a
skewness, 1 as a location and ¢ as a scaling parameter; finally, v characterizes subclasses
and primarily influences the tail behaviour.

Furthermore, K, (-) denotes the modified Bessel function of the third kind and order
v € R. For a comprehensive discussion of Bessel functions of complex arguments see
Watson (1952). Jorgensen (1982) contains an appendix listing important properties of
Bessel functions of the third kind and related functions. Most of these properties can also
be found in standard reference books like Gradshteyn and Ryzhik (1965) or Bronstein,
Semendjaev, Miihlig and Musiol (2000). For the following we need to know that K, is
defined on the positive half plane D = {z € C: R(z) > 0} of the complex numbers and is
holomorphic on D. From Watson (1952, p. 182) or Jgrgensen (1982, p. 170) we have the
representation

1 > v—1 7lz( +y~1)
K,(2) =< Yy’ e 2FWTY Ty, (7.2.2)
0
which shows the strict positivity of K, on Rsg. The substitution z := y~! immediately
gives K_,, = K,,. Furthermore, K,(z) is obviously monotonically decreasing in z on Rs.
From the alternative representation

K,(z) :/0 e=#osh®) cogh(vt)dt (7.2.3)

(cf. Watson (1952, p. 181)) one reads off that, for fixed z € R, K, () is strictly increasing
in v for v € R>q .

There are several popular subclasses contained within the GH laws. For v = 1 the hyper-
bolic and for v = —1/2 the normal inverse Gaussian distributions are obtained. The normal,
exponential, Laplace, Variance-Gamma and Student-t distributions are among many others
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limiting cases of the GH distribution (cf. Eberlein and Hammerstein (2004) for a compre-
hensive analysis).
Alternatively one often uses

, €= (1+7)7? and x := p¢

to parametrize the GH law, since these quantities are invariant under location-scale changes
and Y, resp. &, can be interpreted as a skewness, resp. kurtosis, measure. Moreover, the
parameter restrictions imply 0 < |x| < & < 1. For fixed v this gives rise to the use of
shape triangles as a graphical tool to study generalized hyperbolic distributions (see e.g.
Barndorff-Nielsen et al. (1983, 1985), Barndorff-Nielsen and Christiansen (1988), Rydberg
(1997) and Prause (1999)).

A very useful representation in law of the generalized hyperbolic distribution can be
given using the generalized inverse Gaussian distribution. The generalized inverse Gaussian
distribution GIG(v, 9, y) with parameters v € R, v,6 € R>¢ and y+0 > 0 is the distribution
on Ry which has probability density function

) 1 _
p(% v, 57 7) = 2(;’/((27) x” ! €xp <—§(52.%' ! + 72'%'))
. Y cow w1 L PR R
= 3 u(7)6 x exp( 2(5 A ) x)> . (7.2.4)

For more information on the GIG law we refer to Jorgensen (1982) and for an interpretation
in terms of hitting times to Barndorff-Nielsen, Bleesild and Halgreen (1978). The following
normal variance-mean mixture representation of the generalized hyperbolic law holds.

Lemma 7.2.1. Let X ~ GH(v,a,B,11,6), V ~ GIG(v,8,7) with v = \/a? — % and
e~ N(0,1), where V and € are independent, then:

XE 48V +VVe

(For a general overview over normal variance-mean mixtures see Barndorff-Nielsen, Kent
and Sgrensen (1982).)

Furthermore, the cumulant function of the generalized hyperbolic law X ~ GH(v,
a, 3, 1, 0) is given by

K5, (/= (5 +0)?)
K, (3v/a7= )

Obviously K(0  X) is defined for all § € R with |§ + 0| < «. From this fact and
Barndorff-Nielsen (1978b, Corollary 7.1) we immediately obtain:

K(01X) = glog <+> + log

0 +0p.  (7.2.5)

Lemma 7.2.2. Assume X ~ GH(v,a,3,11,0). Then X € LP for all p > 0, i.e. E(|X|P)
exists for all p > 0.
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One immediately calculates the expected value and variance of a GH distributed random
variate X to be

Higher order cumulants can also be calculated, but the expressions become more and more
complicated.

In the GH law the existence of moments of all orders is combined with semi-heavy tails
p(x;v, 0, 3,0,0) ~ Clz|"Lexp ((Fa + B)z) as z — oo (7.2.6)

for some constant C.

In Figure 7.12 the densities of NIG distributions fitted to turbulent velocity increments
(from data set I of Barndorff-Nielsen et al. (2004); for a detailed description of the data see
that paper) at different lags are plotted on a logarithmic scale together with histograms
of the original data. The graphs were obtained using the programme “hyp” (Bleesild and
Serensen (1992)). They exemplify the rich variety of distributional shapes one can already
get from the NIG law. Letting v vary offers the possibility to get even more different shapes
(see e.g. Eberlein and Ozkan (2003) for some hyperbolic fits). Note especially the marked
differences in the centre of the distributions and the difference in how the asymptote given
by (7.2.6) is approached. For a lag of 9000 the shape is already very close to the quadratic
one of the Gaussian law.

Moreover, the GH law is infinitely divisible (in fact, self-decomposable) and leads thus to
an associated Lévy process. Yet, the GH distribution is not closed under convolution, but
the NIG distribution has this property, so that all marginal distributions of a Lévy process
associated to an NIG distribution belong to the NIG class.

The above facts and the analytical tractability due the existence of explicit expressions for
the density, the cumulant function and related functions makes using the GH law appealing
in many different areas, as already pointed out in the introduction.

7.3. Moments and absolute moments of GH laws

In this section we give expressions for different (absolute) moments of arbitrary GH distri-
butions in terms of moments of corresponding symmetric GH distributions. Based upon
this we obtain explicit expressions for p-centred (absolute) moments of GH distributions,
employing the variance-mean mixture representation.

Theorem 7.3.1. Let X ~ GH(v,«a,,1,9), Y ~ GH(v,«,0,u,9), then for every r > 0

2The graphs in this figure have been kindly provided by Jiirgen Schmiegel, Arhus.
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Figure 7.1.: Log-density (solid line) of NIG distribution fitted to velocity increments at lags
12 (upper left), 500 (upper right) and 9000 (lower centre) and log-histogram
(only top end points are given (X))
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and n € N:

K, () 2= K
SN\ V a ok
(i) BT = (1) F4eE S Sy =
VA =0 ™"
S\ YV a © 2k+m
(1ii) B(X —p)") = (%) I}?’E% Z (2i — )'E(( _ M)2k+m+n)
YA k=0
~\ YV a co 2k
(iv) BE(|X —pul") = <%) I}?E% Z (gk)lE“Y pf2RTy,
YA k=0 :

where m := nmod 2. All moments above are finite.

Note that from the cumulant function we have
E(Y)=pand E(X) = p+ B6K,+1(7)/ (7K (7)),

as stated before. Hence, we have that E((Y —p)") are central moments, whereas E((X —p)")
are in general just p—centred moments. Note also that sgn E((X — p)™)) = sgn 3 for all odd
n.

Proof. We will only prove (ii), since the proofs of the other formulae proceed along the
same lines, except that to obtain (iii) and (iv) one notes in the final step that odd central
moments of Y vanish, since the distribution of Y is symmetric around pu.

The series representation of the exponential function gives

~v=1/2—v N2\ v/2-1/4
plxy) = [ e (1 )
R V210K, (¥) 4
_ 2
Ky, 1/ (d 14+ %) eﬁ(xﬁu)|x|rdx
0 _,_1/2—p v/2—1/4
_ /Z gl <1+($_,u)2>/ /
R V 210K, (%) 52

- T — [ 2 ﬁk r
Ky 12 (a L+ %) @ — p)¥ x| dz.

The integrals exist (cf. Lemma 7.2.2) and the same is true with 3 changed to —3. This
implies that the integrals

0 zval/2—v 2\ v/2—1/4 — 2
7 a T —p _ T —p o) [T

VInoK, (7) <1+( » )) Hom1p2 <O‘ ”%) el de
o v

and

v mv=l/2—v N2\ v/2-1/4 — \2
Va T —p . T —p —TT—r
/_ NN <1+( = ) ) K, 1/ <a . 5 ) )e'ﬂ( | da
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and hence the integral

1/2—v N2 v/2-1/4 —
a (x — ) ) (z — p) o
R V210K, (7) (1 + 52 > Ky 172 (Oé 1+ 5 elP@=ml | 2| da

exist. Using the last one as majorant, Lebesgue’s convergence theorem gives

1/2 v (x_u)z v/2—-1/4
) Z/ V2K, (¥ <1+ 52 )
_ 2 k
e <d 1+ %) %(CE —,U)k|x|rdac
— N ﬁ_k ol v Ky (&) aral/?—v (z — p)? v/2—1/4
_Z k! <d) KVW)/R\/%(SK,,(Q) <1+ 5 )

T — )2 .

Bx) = (1) B S O (v (v - ).

o
O

Corollary 7.3.2. Let X ~ GH(v,a,3,11,0), V ~ GIG(v,6,c) and € ~ N(0,1) with V
and € independent, then for every r >0 and n € N:

2k+m
0 s G R e () ()
(ZZ) E(‘X — M’r) _ <d)y gyi )) Z ( ) <Vk+r/2) E <‘6‘2k+r> ’
YA k=0
where m := nmod 2.
Proof. Combine Theorem 7.3.1 with Lemma 7.2.1. O

Note that we obtain the (absolute) moments of X provided p = 0 and the (absolute)
central moments if 5 = 0. For 8 = 0 the above series are in fact just a single term or vanish
completely.

Using the explicit expressions for the moments of GIG and normal laws, given in Ap-
pendix 7.8.1, it is now straightforward to obtain more explicit expressions for the py—centred
(absolute) moments of GH laws.

Theorem 7.3.3. Let X ~ GH(v,, 3, ,9), then for every r >0 and n € N:
o[315v52( 8] gm 22 2k BT (k + [2] + 1) )
o K, pirn (@)
VRK,matTEl i af @k m)t e
2 SPFT (i)
\/_K ( ) AV+5 P dk(Zk)! vtk+5 (&),

(1) B(X —p)") =

(i) E(X —pl") =
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where m := n mod 2.

Proof. Combine Corollary 7.3.2 with Lemmata 7.8.1 and 7.8.2 observing that we have
(n+m)mod 2=0and (m+n)/2=(nmod2+n)/2=[n/2]. O

The absolute convergence of the series on the right hand sides is obviously implied by
the finiteness of E((X — u)™), resp. E(|X — pu|"), and the positivity of all terms involved.
Yet, one can also immediately give an analytic argument, which adds further insight into
the convergence behaviour and is useful when one implements the above formulae on a
computer (see Section 7.6). Let

PR (kg ed)

From K, (z) ~ +/(7/2)2"v" =127 2" for v — oo (Ismail (1977), Jorgensen (1982, p. 171))
we obtain

)kJrI/JrT;l

. N4B2 (k+5+3)(k+v+1) <1+m
ak aZe(2k 4 2)(2k + 1)

kg0 <é>2 <1 (731)

(67

and thus the quotient criterion from standard analysis implies absolute convergence. Lemma
7.8.4, which we give in Appendix 7.8.2.2, and its proof add some further insight into the
behaviour of the series.

As a side result of Theorem 7.3.3 we also obtain two identities for modified Bessel func-
tions of the third kind.

Corollary 7.3.4. Let x,y,z € Ryqg s.t. 2 =+\/2%2 —y? and v € R. Then

P o 1 y2k

(i) Ky(z) = o Z ﬂx—kKwrk(w)

Ny Zqul 0 2/€+1y2k
(i) 2K, () + Ko (2) = —= > S p Korala).
k=0

Proof. Combine Theorem 7.3.3 with

5ﬂKI/+1( ) o o (Kun(9) | BPK,(9)
px) = ST ana m0et = (S0 + ST )

for X ~ GH(v,a, 3,0,6) and use I'(n+1/2) = (2n)!y/7/(2*" -n!). Finally identify z,y, z, v
with a, 3,%,v + 1. O

7.4. Moments of NIG laws

We now turn to the normal inverse Gaussian subclass of the generalized hyperbolic law.
For an overview see especially Barndorff-Nielsen (1998b). Recall that the NIG(«, 3, p,0)
law with 0 < || < «, p € R and 6 € R+ is the special case of the GH (v, «, 3, 1, 0) law
given by v = —1/2, as already mentioned when summarizing the properties of the GH law
previously. Hence, our above calculations for (u—centred) moments immediately lead to the
following.
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Corollary 7.4.1. Let X ~ NIG(a, B, p,9), Y ~ NIG(«, 0, u, ), then for everyr > 0 and
n € N:

0 2k
(i) B = oY Domyrn(y — )
k=0
ry _ Y-« . ﬁk r k
(ii) B(X|") =Y  SE(Y"(Y —p)")
k=0
n ol 3136251 gm _ & 2k 32T (k + [2] + 1 )
() B(X —w)") = ral51-3 erZ:O ak((szriL])! Z)Kk#ﬂ—%(o‘)
rtl o 0 ok 32k r+1
(w) E(|X —pl") = : _; e’ . ;glj)_l : )Kk#zl(d)’
T 2 P !

where m := nmod 2. All moments above are finite.

Proof. Follows immediately from Theorems 7.3.1 and 7.3.3 by using the identity K /5(2) =
K_i/(2) = /(7/2)271/2e% (see e.g. Jorgensen (1982, p. 170)). O

Formulae (7i7) and (iv) for r equal to an even natural number can be given more explicitly
using

K, 1(2) = Ki(2) (1 + Z %22) (7.4.1)

for all n € N (see e.g. Jorgensen (1982, p. 170)). But in order to avoid making the above
formulae even more complex, we omit this.

7.5. Moments of NIG Lévy processes and their time-wise
behaviour

Based on the above results our aim now is to generalize the findings of Barndorff-Nielsen
and Prause (2001) regarding the time-wise approximate scaling behaviour of NIG Lévy
processes.

7.5.1. Moments of NIG Lévy processes

Let Z(t), t € Rsg, be the NIG(«, 3, 11,9) Lévy process, i.e. the Lévy process for which
Z(1) ~ NIG(«, B, p,6). Owing to the closedness under convolution of the NIG law, the
marginal distribution of the NIG Lévy process at an arbitrary time ¢ € Ry is given by
NIG(a, 3, tu,td). For more background on NIG Lévy processes see in particular Barndorff-
Nielsen (1998b). From our previous results we can immediately infer:
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Corollary 7.5.1. Let Z(t), t € Rsq, be an NIG(«, 3, 1,0) Lévy process, then for every
r>0 andn € N:

r+1 0 ok 72k r41

) 2 SRR (k4 L) ]

(i) E(Z(t) —put]") = —= BMZ dkEQk)' : )thr( +1)/2Kk+*rgl(ta)
a2 k=0 '

where m := n mod 2.

In Appendix 7.8.2.2 it is shown that the moments above are analytic functions of time
(Lemma 7.8.4). This fact is later needed to calculate derivatives of log moments.

7.5.2. Scaling and apparent scaling

Before we now turn to discussing the scaling properties of an NIG Lévy process, let us
briefly state what scaling precisely means. Let X (¢) be some stochastic process. We say
some moment of X obeys a scaling law, if the logarithm of this moment is an affine function
of log time, i.e., for the r-th absolute moment, In E(| X (¢)|") = s, Int+¢, for some constants
sr,cr € R. Here s, is called the scaling coefficient. If all (absolute) moments of X, or
at least those one is interested in, follow a scaling law, we say that the process itself
obeys one. For example, in the case of Brownian motion X (¢) with drift g we know from
X(t) — ut Z VH(X(1) — p) that In B(|X(t) — pt]") = (r/2)Int + constant for all r > 0,
i.e. all absolute moments exhibit scaling. More generally all self-similar processes, e.g.
the strictly a-stable Lévy processes (cf. Samorodnitsky and Taqqu (1994, Chapter 7) and
Sato (1999, Chapter 3)), obey a scaling law. When looking only at small changes in time
the local scaling behaviour is determined by dln E(]X (t)|")/dInt (in the case of the r-th
absolute moment). In the presence of scaling the latter derivative is constant and equals
the value of the scaling coefficient. Provided some log moment of a process X (t) exhibits a
very close to affine dependence on log time over some time horizon of interest, we speak of
approximate or apparent scaling. This is equivalent to the local scaling varying only little
over the time spans considered. When working with real empirical data, it is often not
possible to distinguish between apparent and strict scaling due to the randomness of the
available observations. Hence, it is of interest, from a statistical point of view, whether
some given theoretical process shows approximate scaling.

7.5.3. The time-wise behaviour of ;i-centred moments

Let us now examine the scaling behaviour exhibited by the NIG(«, 3, 11,0) Lévy process
Z(t). For the following discussion of the time dependence of E(|Z(t) — ut|") we will abbre-
viate the time independent terms:

r+1
25§
o(r) = _Qrgl (7.5.1)
yiyes
2k B2k (k4 4L
ap(r) = P (k +55) (7.5.2)
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If we define -
o(t) = exp(t7) Y ar(rtF PRy o (ta) (7.5.3)
k=0
and
B(t) == Inap(eh), (7.5.4)
we have from Corollary 7.5.1 that
E(|Z(t) — pt]") = c(r) - (1) (7.5.5)
and
InE(|Z(t) — pt|") =Inc(r) + ¢(Int). (7.5.6)
Thus:

dln E(\Z(t) — pt]")
dlnt
Lemma 7.5.2. Let ¢ : Ry — R be defined by (7.5.4), then

= ¢/(Int) (7.5.7)

> ar(r)e™ Ky (—3) 2 (c'@)

¢'(t) =1+ 7et — aetE=2 . (7.5.8)
kZ ap(r)e* Ky (r—1)/2(et@)
=0
Proof. Using
Kl (2) = —K, 1(2) — vz 'K, (2) (7.5.9)

(see e.g. Jorgensen (1982, p. 170) or Bronstein et al. (2000, p. 528)), we obtain for 1 (t) as
defined in equation (7.5.3):

k=0 k=0

-tk+(r71)/2Kk+(r,1)/2(t@) _ Z ak(T)thr(rJrl)/Q@
k=0

. (KH(T_?,)/Q(m) + (k: + - > 1) (ta)—lKHrQl(m)))

= )+t () —ae’ Y ap(r)tTUTIRK (g o (ta).
k=0

That we may interchange differentiation and summation above is an immediate conse-
quence of Lemma 7.8.4 and Weierstral’s theorem for sequences of holomorphic functions
(see Appendix 7.8.2.1). Hence, we get from (7.5.4)

> ak(T)et(k+(r+1)/2)Kk+(r73)/2(etd)

ton!( t
¢,(t):ew(te) — 1+’76t—0_[€tk0200 .
w(e ) kz_:o ak(7")6t(k+(r+1)/2)Kk+(r—1)/2(etd)
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Now we can formulate our main result on the scaling behaviour of NIG-Lévy-Processes.

Theorem 7.5.3. Let Z(t), t € R-g, be an NIG(«, 3, u, ) Lévy process, then

din BE(|Z(t) — pt|") _ Lt atZZ":O ay, (Nt Ky y (r—s) 2 (1)
dlnt Zzozo ak(r)tkKk—i—(r—l)/Q(@t)

for every r > 0.
Proof. The result follows by combining Lemma 7.5.2 and (7.5.7). O

When comparing the above results with Barndorff-Nielsen and Prause (2001) note that
they looked at the derivatives with respect to In(at), whereas we look at the derivative
with respect to Int. The difference is related to the fact that Barndorff-Nielsen and Prause
(2001) only consider the case 8 = 0. In the general case the parameters & and 3 of the
marginals at time t are both scaled with ¢. Hence, it is most natural and convenient to
consider the change of the log moments versus the change of log time directly.

The expression for the local scaling behaviour derived in Theorem 7.5.3 is in general not
constant in time, hence, the absolute u-centred moments of an NIG Lévy process do not
obey a strict scaling law. Later we shall see from numerical examples that apparent scaling
is common. If we look at the symmetric NIG Lévy process, i.e. 8 = 0, the above formula

becomes K -
A E(Z() —pt) _ o (r73>/2(cié )
dint K_1y2(at)

(7.5.10)

From this one deducts using K,, = K_, that the second u-centred moment obeys a scaling
law with slope one, which is the same as for Brownian motion.

The aggregational Gaussianity of NIG Lévy processes (due to the central limit theorem
the marginal distribution at time ¢ of any Lévy process with finite second moment gets
more and more Gaussian as t increases) becomes visible in the asymptotic scaling of the
symmetric case for large times. For r = 1 it was already noted in Barndorff-Nielsen and
Prause (2001) that the local scaling approaches 1/2 for ¢ — oo and hence for large ¢ the
first absolute p-centred moment of the process seems to scale like Brownian motion. Using
formula (i7) in Corollary 7.5.1, which for 5 = 0 becomes

272 §"
1

Q2

E(2(t) — pt]") =

1
exp (ta)T <%> PR (ta), (7.5.11)

and K, (z) ~ +/(7/2)z~1/?e=" for x — oo (cf. Jorgensen (1982, p. 171) or Bronstein et al.
(2000)) we get that In E(|Z(t) — ut|") ~ (r/2)Int+ ¢ for t — oo, where ¢ € R is a constant.
Note that, as usual, "~" denotes asymptotic equivalence. Hence, E(|Z(t) — ut|") obeys a
scaling law with slope /2 for ¢t — oo, i.e. the symmetric NIG Lévy process approaches the
exact scaling behaviour of Brownian motion. This result can also be easily deduced from
(7.5.10) using an asymptotic expansion of K(,_gy/2(2)/K—1)/2(2) for z — +o00 (see e.g.
Jorgensen (1982, p. 173)).

Studying the limiting behaviour of the absolute p-centred moments analytically for 5 # 0
seems hardly possible. Yet, numerical studies indicate that a skewed NIG Lévy process does

not scale like Brownian motion for large times in general. For example, when computing
din E((Z(t))?)/dInt of the NIG(100,30,0,0.001) Lévy process for times from 1/2 to 1024
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the values increase monotonically from 1.004 to 6.268. If we are, however, close to the
symmetric case, i.e. if |3]/« is small, then basically the same approximate scaling behaviour
is obtained as in the symmetric case. This can, in particular, be seen in the numerical data
presented in Section 7, where for large times the value of dIn E(|Z(t) — ut|")/dInt is very
close to the Brownian motion scaling slope of /2.
To see from (7.5.11) what happens in the symmetric case for ¢t \, 0 we employ the fact
that b
Ky(x)w{ P(IV)Q x foruiO,x\O
—Ilnx forv=0,2\,0

(see e.g. Jorgensen (1982, p. 171)). For r = 1 and ¢ \, 0 we obtain that In E(|Z(t) — ut|)
becomes Int + @e™t 4+ In(— In(ta)) + ¢ with ¢ € R being a constant. From this we conclude
that for small values of ¢t the first absolute p-centred moment approximately scales with
slope one, as already noted in Barndorff-Nielsen and Prause (2001). The same asymptotic
scaling slope of one holds for r > 1, since In E(|Z(t) — ut|") ~ Int + ae™t + c(r) for t \, 0.
Yet, a different result is obtained for 0 < r < 1. In this case one obtains again using (7.5.12)
and the identity K_, = K, that In E(|Z(t) — ut|") ~ rint + ae™* 4 ¢(r) and so there is
asymptotic scaling with slope r.

(7.5.12)

7.6. Notes on the numerical implementation

We will now briefly discuss some issues related to the implementation of formula (i) in
Corollary 7.5.1 and Theorem 7.5.3 on a computer. Similar results hold for formula (i) of
Corollary 7.5.1. First note that (i) in Corollary 7.5.1 can be reexpressed using (7.5.2) as:

252t\""? Vta >
—> - Y Zak

t
. exp (1)

E(Z(t) — put|") = < ()t Ky oo (). (7.6.1)

The value of the infinite series can only be approximated. Yet, note that the analytic con-
vergence discussion of the series in Section 7.3, especially formula (7.3.1), implies asymp-
totically geometric convergence of this series, which is the faster, the smaller || is relatively
to a. We suggest to compute the individual summands recursively as discussed below, add
them up and stop, when summands become negligible compared to the current value of the
approximation. To calculate the individual summands recursively note that

ag(r) =T (T; 1) (7.6.2)

and _
a (’I“)tk — 262(k + (T - 1)/2)
F a(2k — 1)(2k)

which is obtained using the functional equation I'(z + 1) = 2I'(z) of the Gamma function,
and that the recursion formula for Bessel functions (Jergensen (1982, p. 170)) gives

t-ap_1(r)tiL, (7.6.3)

r—1

K,H%l(toz) =2- (k -1+ ) (ta)‘lkaHrTfl(td) + Kkiﬂ%l(toz). (7.6.4)

The latter formula implies that we can calculate the values of the Bessel functions needed
from a two term recursion, for which we only need to calculate K_j (1) /Q(td) and
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K12 (tar) as starting values. Hence, the calculation of the value of the series involves,
apart from basic manipulations, only one evaluation of the Gamma function and two of the
Bessel functions.

The series in the denominator in Theorem 7.5.3 is the series just discussed above and the
numerator is of the same type, only the index of the Bessel functions is changed, and can
hence be calculated analogously. Actually, both series can be calculated simultaneously
using only the recursion for ag(r)t* and the two term recursion for the Bessel functions
described above.

There is, however, one possible problem when using the two term recursion. If the starting
values are zeros up to numerical precision, then only zeros will be calculated as summands.
For example when using Matlab and the built in function for K, one gets Ky(z) = 0 for
z > 697. Hence, one needs to take care of this possible case. Provided the recursion works,
the numerical results obtained are usually almost identical to the numerical results one
gets when using a built in Bessel function routine of e.g. Matlab for each summand, but
the recursion may save computing power. Furthermore, it should now be obvious, how
numerical evaluations of the formulae for u-centred (absolute) moments of GH laws given
in Theorem 7.3.3 can be organized efficiently.

The Matlab code we used to produce the numerical results in this chapter is available from
www.ma.tum.de/stat/Papers. It is based upon the above considerations and can be used
to compute p-centred moments of the NIG distribution/Lévy process and the derivatives
of the log moments with respect to log time.

7.7. Apparent scaling behaviour of NIG Lévy processes

The aim of this section is to show that NIG Lévy processes may well exhibit a behaviour very
close to strict scaling over a wide range of orders of moments. We exemplify the possible
apparent scaling of absolute p-centred moments of NIG Lévy processes using the parameters
from Barndorff-Nielsen and Prause (2001). They considered the USD/DEM exchange rate
from the whole of 1996, contained in the HFDF96 data set from Olsen & Associates,
and fitted an NIG Lévy process to the log returns by maximum likelihood estimation.
The estimates obtained based on the three hour log returns are @ = 415.9049, g = 1.512,
6 = 0.0011 and g = 0.000026. For further details on the data, the estimation procedure and
the relevance for finance we refer the interested reader to the paper by Barndorff-Nielsen and
Prause. Note especially that, as is typical for returns of exchange rate series, pu is very close
to zero and therefore there is practically no difference between moments and p—centred
moments. Figure 7.2 (left), which depicts the logarithm of the first absolute p—centred
moment versus the logarithm of time in seconds, is therefore optically indistinguishable
from the figure in Barndorff-Nielsen and Prause (2001) showing the first absolute moment
calculated via numerical integration. The estimated regression line of the log moments
against log time, fitted by least squares, has slope 0.5863, which is slightly higher than the
slope 0.5705 reported in Barndorff-Nielsen and Prause (2001), and d1ln E(|Z(t) — pt])/dInt
decreases from 0.7853 to 0.5011 over the time interval depicted, which is 5.625 minutes to
32 days. This is significantly different from the Brownian motion case, where it is exactly
1/2 (cf. above). The behaviour of d1n E(|Z(t) — ut|)/d1In t over the time interval considered
indicates that for ¢ — oo the slope asymptotically becomes about 1/2, the exact Gaussian
scaling coefficient. This is related to the fact that || is relatively small, as already pointed
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Figure 7.2.: Approximate scaling law for the first (left) and 0.9th p-centred absolute mo-
ment of the NIG Lévy process fitted to the USD/DEM exchange rate: moments
(e) and regression line log moments against log time

out earlier in the discussion of the scaling asymptotics.

With our results obtained above it is possible to study the behaviour of moments other
than the first. Figures 7.2 (right), 7.3 (left), 7.3 (right) and 7.4 (left) show the time
behaviour of the 0.9th, 1.1th, 0.5th and 1.5th p—centred absolute moments over the same
time horizon. All figures exhibit apparent scaling, which improves with the order of the
moment. The fitted regression lines have slope 0.53535, 0.63536, 0.31322 and 0.81327
respectively, which are all higher than the corresponding values for Brownian motion, which
are 0.45, 0.55, 0.25 and 0.75. The values of dIn E(|Z(t) — ut|")/dInt decrease from 0.7316
to 0.4509, 0.8316 to 0.5512, 0.4499 to 0.2503 and 0.9499 to 0.7515 respectively. So again
they seem to converge to some value close to the Brownian motion scaling slope.

Figure 7.4 (right) shows that the second p—centred moment seems to exhibit perfect linear
scaling. Yet, there is in fact no strict scaling law holding. The values of the regression
coefficient 1.0001 and dln E(|Z(t) — pt|?)/dInt are very close to one with dln E(|Z(t) —
pt|?)/dInt increasing very slowly from 1 to 1.0015. Such a result is to be expected, since
|8] is small (compared to «) and for 8 = 0 we have that the variance, which is in this case
identical to the second p-centred moment, obeys a strict scaling law with slope one, as for
Brownian motion.

The third p—centred absolute moment still exhibits apparent scaling behaviour with a
regression slope of 1.2966, but the values of dIn E(|Z(t)—ut|?)/dInt are now increasing from
1.0134 to 1.5007 rather than decreasing and the slope is lower than the scaling coefficient
1.5 for Brownian motion. However, dIn E(|Z(t) — ut|3)/dInt still seems to converge to
some value close to 3/2 at large times. It generally seems to be the case that dIn E(]Z(t) —
pt|")/dInt increases with time for » > 2, whereas it decreases for r < 2. Actually, further
calculations indicate that this change takes place marginally below 2 at about 1.9995. Some
more numerical calculations hint that in the symmetric case In E(|Z(t) — ut|") is concave
as a function of Int¢ for 0 < r < 2 and convex for r > 2.



7.7. Apparent scaling behaviour of NIG Lévy processes

221

In ( EjZ(t)-tu*t)
&

|
©

-10+

-11
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For very high values of r, i.e. ten and greater, no apparent linear scaling is observed over
the time horizon considered. Looking at the slopes of the apparent scaling of the p-centred
absolute moments (of orders 0.2 to 4, for instance, as we have done in further calculations),
the relationship between scaling coefficient and order is apparently not simply linear as,
for example, in the case of an a-stable Lévy process (see Samorodnitsky and Taqqu (1994,
Chapter 7) and Sato (1999, Chapter 3)), but a concave one.

Our results obtained above, show that NIG Lévy processes may exhibit something close
to scaling. These findings are particularly interesting, since both in finance, especially when
dealing with foreign exchange returns, and turbulence there is on the one hand empirical and
for turbulence also theoretical evidence of scaling laws, and on the other hand models based
on NIG Lévy processes have been put forth in the literature. Compared to Brownian motion
the NIG Lévy process does in general not exhibit exact linear scaling, but approximate
scaling over wide time horizons and for a practically interesting range of (absolute) moments
is demonstrated here.

7.8. Appendix to Chapter 7

7.8.1. Moments of GIG and normal laws

For completeness we provide below the well-known formulae for the moments of the GIG
and normal laws.

For the GIG law the following result is given in Jgrgensen (1982, p. 13), who uses a
slightly different parametrization.

Lemma 7.8.1. Let X ~ GIG(v,0,7) with 6,7y > 0. Then

s = (5) R

for every r > 0.

Proof.

r R G . Lo (1, —c-2 y:i=70"2x
EX") = / —0 Y exp <—— 0 “x) 4+ “x ) de” =
(X7) ) 57 ((76°2) ™" + 750 "x)

’7_7"527" 1 /OO vtr—1 < 1_ 1 > <5>T Ku+r('7)
= ~5 [ Y exp | =37 +y) ) dy=| - | 7=
Ko@) 2 o V) B=G) K
where in the last step we employed the integral representation of K, stated earlier when
introducing the modified Bessel function of the third kind (Equation (7.2.2)). O

The absolute moments of the normal distribution N(0,1) are well known and given in
many standard texts on probability theory, viz.:

Lemma 7.8.2. Let X ~ N(0,1) and r > 0 then

2o (5)

BXT) = =
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Proof.

22 2 1/2 o 2 =2
E(X]") = (271-)_1/2/|;c|7"@—7d¢: <—> / e 2dr =’
R 0

s

r/2 oo r/2
_ 2 gty = 2 p (T
VT Jo e 2

7.8.2. Analyticity of the moments of an NIG Lévy process as a function of
time

In this appendix we show that the u-centred (absolute) moments of an NIG Lévy process Z,
given in Corollary 7.5.1, are analytic functions of time. To this end we employ some complex
function theory, so we start with a brief review of the needed result, viz. Weierstrafi’s
convergence theorem.

7.8.2.1. Convergence of sequences of holomorphic functions

Recall that a function f: D — C, D C C, is called holomorphic, if it is complex differen-
tiable on D, i.e.
L fEh) - fG)

heC,h—0 h

exists for all z € D (confer textbooks on complex function theory, e.g. Remmert (1991)
or Freitag and Busam (2000), for a thorough discussion of holomorphicity and related con-
cepts). Holomorphic functions have many useful properties that real differentiable functions
lack in general and thus it is often preferable to use holomorphic functions when possible.
One of the nice implications of holomorphicity is that any once complex differentiable
function is automatically infinitely often complex differentiable and another is that locally
uniform convergence commutes with differentiation:

Theorem 7.8.3 (Weierstral’s convergence Theorem). Let f, : D — C, n € N, be a
sequence of holomorphic functions, defined on an open subset D C C, which converges
locally uniform to a function f: D — C. Then f is holomorphic on D and for every k € N
the sequence of k-th derivatives f,(Lk) converges locally uniform to f*) on D.

For a proof and related results see one of the books mentioned above. The crucial
difference to the real differentiable case is that complex differentiation has an integral
representation.

7.8.2.2. Holomorphicity of some series

The following lemma gives in particular that the p-centred (absolute) moments of an NIG
Lévy process Z (cf. Corollary 7.5.1) are analytic functions of time.

Lemma 7.8.4. Leta >0, |3 <a, 1 <e<a®/|B>, veR, r>0,n €N, m=nmod2,
D={zeC:R(z) >0,|z| <eR(2)},

2502 (k+ 5 +3)
. +(r+1)
f‘DHC’ZHkZ:O ak (2k)! ‘

/QKqukJrg (za)
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and
2562 (k+ [%] + 3 n
ak((2k+[m1)- DT, o)

g: D — C, ZHZ
k=0

Then both series are locally uniformly convergent and f, g are holomorphic on D.

Note that v is —1/2 in the series of Corollary 7.5.1.

Proof. 1t is sufficient to show the locally uniform convergence, since this implies the holo-
morphicity via Weierstrafi’s convergence theorem (see Appendix 7.8.2.1). Furthermore it is
obvious that the result for g follows from the one for f.

Let us now prove the uniform convergence of the series f(z) = Y o, fu(z) on DN{z €
C:a < R(z) < b} for arbitrary 0 < a < b < oo, where

PFHT (k24 1) .o )
fk(Z) = dk((2k)'2 2) Zk+( +1)/2Ky+k;+%(2a).

An immediate consequence of the integral representation for K, given in (7.2.2) is | K, (z)| <

K,(R(z)) for z € D and thus
BT (645 +4) e
(

[fe(2)] = PRypriz(20)

)
2881 (k + 5 +
- a*(2k)!

=:=R(z) 2F|BI2kT
2 BT (k + 5
ozk(Qk:).
for all £ € Ng. Note that we defined = € (a,b) to be the real part of z. Using equation
(7.5.9) we obtain

2) (6%(3))k+(r+1)/2[(u+k+% (R(z)a)

+ . _
2) (ex) +1)/2Ku+§+k(3504)

d oy \
+v+ = k+ +
—_- v v = v 2 K + +k— 1(330[) < 0.

This implies for z € (a,b):
$k+(r+1)/2Ky+§+k(£Cd) < dak+(r+1)/2Ky+§+k(ad)
where d := a¥~1/2 -max{a™" +1/2 prtl/ 21, Applying this inequality to the above expression,
we get for all k£ € Ny
28d| 31T (k + % + 1)
From the finiteness of the r/2th absolute moment of the GH (v, aa, a|(|v/€,0,1) law and
Theorem 7.3.3 follows that

> 2kd) BT (k + 5 + 3)

(Ea)k+(r+1)/2Ku+§+k(ad)-

(Ea)k+(r+1)/2Ku+g+k(a@)

Pt ak(2k)!
1 28 (|Blar/€)2k r4l
= e Y N e )
k=0

converges absolutely. Hence, the uniform convergence of Y 7 | fx(z)| on DN{z € C:a <
R(z) < b} is established. O



A. Linear Operators on the Real Symmetric
Matrices whose Exponentials Preserve
the Inertia

A.1l. Introduction

Let Sy be the space of real symmetric d X d matrices and denote for a matrix A € Sy its
inertia by In(A) = (r, s,t) where the triplet of natural numbers r, s,¢ means that A has r
strictly positive, s strictly negative and ¢ zero eigenvalues (counted with their respective
algebraic multiplicities).

In this appendix we show that the exponential group generated by a linear operator
B :S; — Sy preserves the inertia, i.e. In(eB’A) = In(A) for all t € R and A € Sy, and
that eB! maps the positive (semi)-definite matrices onto themselves for all ¢ € R, if and
only if there is a d x d matrix B such that B is representable as X — BX + XBT. That
the exponential of linear operators of this form preserves the inertia is not hard to be seen
(cf. the upcoming Theorem A.2.2) and well-known. Thus the main contribution of this
appendix is to establish the converse. The proof given is based on results on the linear
preservers of the inertia and the positive (semi-)definite matrices, respectively. For an
overview over linear preserver problems and references to the original literature see Pierce
et al. (1992), in particular its third chapter Loewy (1992), or Li and Pierce (2001).

The complete characterization of linear operators having the above mentioned properties
is of particular interest in applications, since one often wants to construct models for the
time evolution of a positive definite matrix based on (stochastic) differential equations
whose solution involves the exponential of a given linear operator.

As regards stochastic processes, Ornstein-Uhlenbeck type processes taking values in the
positive (semi-)definite matrices were introduced in Chapter 4. These processes can be used
as a flexible and very tractable model for the stochastic evolution of some covariance matrix
in continuous time, as can be seen from Chapter 5 where we presented a detailed analysis of
the second-order moment structure and an application to the modelling of financial data.
In Chapter 4 we used linear operators B on the symmetric d x d matrices of the form
X +— BX + XBT for some d x d matrix B in order to construct Ornstein-Uhlenbeck type
processes in the positive (semi-)definite matrices. The results of this appendix show that
these are indeed the only linear operators possible when one demands that exp(Bt) maps
the positive semi-definite cone onto itself at all times.

Furthermore linear operators of the type X — BX + XBT have also been used in
ordinary differential equations in order to ensure positive (semi-)definiteness of the solution
(see Dragan, Freiling, Hochhaus and Morozan (2004), for instance). For example, the
elementary differential equation

2'(t) = Bx(t)

225
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in the symmetric d x d matrices has the solution z(t) = eB'zg. In this set-up demanding
that eB’ maps the positive semi-definite matrices onto themselves thus means that z(t)
varies over all of the positive semi-definite cone when xg does so.

Notation

Throughout this appendix we write R™ for the positive real numbers including zero and we
denote the set of real d x d matrices by My(R) and the group of invertible d x d matrices
by GL4(R), the linear subspace of symmetric matrices by Sy, the positive semidefinite cone
by S:lr and the open positive definite cone by SZ{JF. 14 stands for the d x d identity matrix.
Finally, AT is the transposed of a matrix A € My(R) and the exponential of a matrix or
linear operator A is denoted by exp(A) or e,

Moreover, for a matrix A we denote by A;; the element in the i-th row and j-th column
and this notation is extended to matrix-valued functions in a natural way. The standard
basis matrices (i.e. the matrices which have only zero entries except for a one in the i-th

row and j-th column) of My(R) are denoted by E() fori,j =1,2,...,d.

A.2. Exponential inertia preservers

Definition A.2.1 (Exponential inertia preserver). A linear operator B : Sy — Sy is said
to be an exponential inertia preserver, if In(eB'A) = In(A) for allt € R and A € S.

We start by recalling a well-known result showing that a special class of linear operators
are exponential inertia preservers.

Theorem A.2.2. Assume that a linear operator B : Sg — Sy can be represented as X —
BX + XBT for some B € My(R). Then B is an exponential inertia preserver.

Proof. Tt is easy to see that eBtA = eBt AeBTt using e.g. Horn and Johnson (1991, pp. 255
and 440). Thus the result follows immediately from the general results on inertia preservers
(see Loewy (1992) or Li and Pierce (2001) and the original articles cited therein), as the
exponential of a matrix is necessarily invertible. O

It is important to note that the linear operator B above is uniquely characterized by the
matrix B.

Proposition A.2.3. Let B,C € My(R). Then the linear operators B : Sqg — Sgq, X —
BX 4+ XBT and C:Sy — Sq, X — CX + XC" are the same, if and only if B = C.
Moreover, for any operator B : Sg — S4, X — BX + XBT the matriz B is already
uniquely identified by the values {BE(ii)}izl,...,d-
Proof. It suffices to show the second claim that {BE(ii)}izl,...,d already uniquely character-
izes B. It is easy to see that
2B” fork=101=1
By fork=1diand k #1
By forl=iand k #1
0 otherwise

Thus BEU) uniquely characterizes the i — th column of B and, hence, {BE(“) Yi=t,..d
uniquely characterizes B. O
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In the following we establish the converse result that all exponential inertia preservers
are of the form given in Theorem A.2.2.

Lemma A.2.4. Let B : S; — S4 be a linear operator and assume that there exists an € > 0
and a function D :] — €, e[— My(R) such that eB'A = D(t)AD(t)" for all t €] — ¢, €| and
A € Sy. Then there exists an € > 0, a continuously differentiable function D :] — €, e[—
My(R) and a unique matriz B € My(R) such that eB'A = D(#)AD()T for all t €] — €, ¢

and A € Sq and such that BA = BA+ ABT for all A € Sg.

Proof. We first show the existence of a matrix 5(15) with the stated properties. Observe
that we obtain as a side result that provided (exp(Bt)E(H))11 # 0 the operator exp(Bt) is
already identified by the values exp(Bt) EM) and exp(Bt)(EM) +EGY) with j = 2,3,....,d
and the fact that it can be represented as X +— D(t)XD(t)".

Note that D(t)XD(t)T = (—=D(t))X(=D(t))T for all X € Sy, so the matrix D(t) can
only be unique up to a multiplication by minus one. Elementary calculations give

exp(Bt) BV = (D% DuDy DDz - DllDd1> (A2.1)
and
exp(B1) (E<U> + E(j1)> - (A.2.2)
D11Dyj + D11D1j Di1jDay + D11Dyj --+ D1;Dg1 + D11 Dy,
* * PRI *
for j = 2,3,...,d. Here Dy, denotes Dy (t) for notational convenience and * represents

entries which are of no interest in the following. It is easy to see that the above equations
uniquely characterize the matrix D(t) up to the sign of D11 (¢), as long as (exp(Bt)E(H))
Dy (t)* #0.

Since exp(B - 0) is the identity on Sq and thus (exp(B - O)E(H))11 = 1, the continuity of
t — exp(Bt) ensures that there exists an € > 0 with € < € such that (exp(Bt)E(H))11 >0
for all t €] — €, ¢[. Thus it follows from (A.2.1) and (A.2.2) that D(t) € My(R) defined by

1

Di(t) =/ (exp(BEAD) | (A.2.3)

- Bt)E(1)).

Di1(t) = (eXp(~ ) Ju for i =2,3,...,d (A.2.4)
D11(t)

- Bt)(E1) 1+ U

Dy;(t) = (exp(B)( - i for 7 =2,3,....d (A.2.5)

2D11 ()
By (1) = (exp(Bt)(E(lj) + E(ﬂ)))u (exp(Bt)(E(lj) + E(ﬂ)))11 (exp(Bt)E(H))i1
N D (t) 2D, (t)3

for i,j5=2,3,....d (A.2.6)

is well-defined for all ¢ €] — €, €[ and satisfies

exp(Bt)A = D(t)AD(t)TVt €] —€,¢[ and A€ Sy



228 A. Linear Operators on the Real Symmetric Matrices

The continuous differentiability of ¢ — exp(Bt) and the one of the square root function on
R*\{0} imply together with (A.2.3) to (A.2.6) and the strict positivity of (exp(B - t)E(1)
that the map ] — ¢, e[— My(R), ¢ — D(t) is continuously differentiable.

Using the notion of Fréchet derivatives (see Rudin (1976) or Bhatia (1997, Section X.4)
for a review in connection with matrix analysis) and denoting the linear operators on Sy
by L(Sg), it follows immediately from

(X + H)AX + H)T = XAXT + XAHT + HAXT + HAHT VA€ Sy

for X, H € My(R) that the map f : My(R) — L(Sq), X — f(X) with f(X)A = XAXT
for all A € S, is continuously differentiable and the derivative Df(X) is given by the linear
map My(R) — L(Sy), H — Df(X)(H) with Df(X)(H)A = XAHT + HAXT for A € Sy.
Thus

11

d d ~ ~ d ~
(E exp(Bt)> A= (Ef (D(t))) A=Df(D()) <ED(75)> A
~ d~ N\ [d-~ ~
= D(t)A <ED(t)> + <£D(t)> AD(t)
for all t €] — ¢, e[ and A € Sy.
Since 4 exp(Bt) = exp(Bt)B, it follows that B = exp(—Bt)4 exp(Bt). Moreover, it is

casy to see D(t) € GLq(R) and exp(Bt) ' A = exp(—Bt)A = D(t)"*AD(t)"T for A € Sg.
Hence

T
BA = D(t)! (f)(t)A (%f)(t)) + (%5@)) Af)(t)T> D(t)"T (A.2.7)
T
=A (E(t)%f)(t)) + <l~)(t)1%l~7(t)> A (A.2.8)

for A € Sq and all ¢t €] — ¢,¢[. As by construction D(0) = I, setting B = %5(16)
¢

=0
concludes the proof now noting that Proposition A.2.3 ensures the uniqueness of B €
O

My(R).
For d > 3 we can use the above Lemma to fully characterize exponential inertia preservers.

Theorem A.2.5. Let d € N with d > 3. Then the following holds:

(i) A linear mapping B : Sq — Sy is an exponential inertia preserver, if and only if there
exists a matriz B € Mg(R) such that BX = BX + XB” for all X € Sy.

(ii) A linear mapping B : Sqg — Sy is an exponential inertia preserver, if there exists an
€ > 0 such that In(eBtA) = In(A) for all A € Sq and t €] — €, €.

That we need to restrict ourselves to d > 3 is clear from the proof below and Johnson
and Pierce (1985, Remark 1.3).

Proof. (i): The ’if’ part is given in Theorem A.2.2. Regarding the ’only if’ part we have
that for d > 3 all linear preservers B : S; — Sy on Sy of the inertia class (d — 1,1,0) are
of the form X +— CXC7 for some C € My(R) (cf. Loewy (1992) and references therein).
Hence, there is a function D(t) : R — My(R) such that eB‘A = D(t)AD(t)" for all t € R
and A € Sy. Lemma A.2.4 immediately concludes now.

(ii): This follows from Theorem A.2.2 and Lemma A.2.4 in a straightforward manner. [
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Moreover, we can now also characterize the linear operators whose exponential group
maps the positive semi-definite matrices onto themselves.

Corollary A.2.6. Let d € N. Then the following holds:

(i) A linear mapping B : Sq — Sy satisfies eBt(Sj{) = S;L for all t € R, if and only if
there exists a matriz B € My(R) such that BX = BX + XB” for all X € Sy.

(ii) A linear mapping B : Sqg — Sq satisfies eBt(Sj{) = Sj{ for all t € R, if there exists an
€ > 0 such that eBY(S]) =S for all t €] — ¢, ¢[.

Proof. Since all linear maps that map Sj{ onto itself are of the form X — CXCT for
some C' € My(R) (cf. Loewy (1992) or the original article Schneider (1965)), the proof is
analogous to the one of the last theorem. O

Sj{ can be replaced by S;'F in the above corollary. Yet we cannot extend the result to
the case eB/(S}) C S}, as there are linear operators C such that C(S}) C S} which are
not representable by X +— CXC7T for some C € My(R) (cf. Choi (1975)).

Furthermore note that from the characterization of linear preservers of various other fixed
inertia classes (see Loewy (1992) for an overview) many results analogous to the above ones
follow immediately, since we obviously have the following general result:

Theorem A.2.7. Let P be some property of linear maps on Sq and assume that a linear
map C : Sy — Sy has the property B, if and only if there is a matriz C € My(R) such that
CA = CACT for all A €Sy. Then the following holds:
(i) The exponential €Bt of a linear map B : Sq — Sq has the property B for all t € R, if
and only if there exists a matriz B € Mg(R) such that BX = BX 4+ XB” for all X € Sy.
(ii) The exponential Bt of a linear map B : Sq — Sy has the property B for all t € R, if
there exists an € > 0 such that Bt has the property P for all t €] — €, €.
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B. On the Relation Between the vec and
BEKK Multivariate GARCH Models

B.1. Introduction

Multivariate GARCH models have been studied intensively in recent years and many differ-
ent specifications have been used in the literature (cf. Bauwens et al. (2006) for a compre-
hensive overview and Boussama (1998, 2006) for a detailed discussion on strict stationarity
and geometric ergodicity). In this appendix we present some results on the relationship
between the vec and BEKK models. These models have been presented and analysed in
detail in Engle and Kroner (1995). In that paper it has been noted that all BEKK models
are representable as vec ones, but regarding the converse it has only been shown that all
diagonal vec models are representable as diagonal BEKK ones and stated that the BEKK
parametrization “eliminates very few if any interesting models allowed by the vec repre-
sentation”. However, apart from the recent paper by Scherrer and Ribarits (2007), which
came to our attention only after finishing the work on the present appendix, no further
results on the relationship between the two models seem to have been obtained since then,
nor are there simple and tractable examples of vec models which are not representable in
the BEKK form to be found in the literature.

Applying long known results from linear algebra in a straightforward manner, we show
in this appendix that in dimension two the models are actually equivalent and that all vec-
models not representable in the simplest BEKK form with invertible parameter matrices
exhibit necessarily some degeneracy, viz. that one of the matrices appearing in the vec
model is degenerated in the sense that it maps the vectorized positive semi-definite matrices
to a strict subset of themselves. Finally, we present an example of a vec model with no
BEKK representation in dimension three. Comparing our results to those of Scherrer
and Ribarits (2007) they have shown the equivalence in dimension two using semi-definite
programming, whereas we note that it is an immediate consequence of a long known result
in linear algebra. The linear algebra literature we are referring to seems not to have been
used in connection to GARCH models before. But it is obviously intimately connected
to multivariate GARCH models and should be useful to obtain other results as well. For
an example of a vec model having no BEKK representation Scherrer and Ribarits (2007)
refer to Ribarits (2006). The example presented in that thesis on page 61 (stated in a
transformed way only) is of a rather complicated structure and it is argued by numerical
optimization and not an analytical proof that it gives an admissible vec term which cannot
be represented in the BEKK form. In contrast to this we present a very simple example
with interesting properties which is analysed completely analytically.

The remainder of this appendix is organized as follows. We briefly state the necessary
definitions of multivariate GARCH models in the next section and then present our results
in Section B.3.

Regarding notation we denote the set of real d x d matrices by My(R), the group of
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invertible d x d matrices by GL4(R), the linear subspace of symmetric matrices by Sy and
the positive semi-definite cone by Sjl'. Finally, AT is the transposed of a matrix A € My(R).

B.2. Multivariate GARCH processes

The well-known single dimensional GARCH(p, ¢) model introduced in Bollerslev (1986) is
defined via an i.i.d. sequence (€,)nen and the equations

X, = Vole, (B.2.1)
p q
0'721 = oo+ Z (XZ‘ngi + Z ﬁja?%j (B.2.2)
i=1 j=1
for n € N. Moreover, the initial values 08,031, ...,0%__ and the parameters aj, ... s O,

B1, ..., By are non-negative and ag > 0. X = (X,)nen is referred to as a GARCH(p, q)
process and o2 is its latent conditional variance process.

When one moves from a scalar X to a d-dimensional X, the variance process o2 becomes a
dx d covariance matrix process 3 and one uses the vec (or alternatively vech) transformation
in order to specify the model. The vec transformation maps the d x d matrices bijectively
to R by stacking the columns of a matrix below one another. This leads to the vec-model
(Engle and Kroner (1995)) which is given by:

X, = 22, (B.2.3)

vec(X,) = vec( i e(Xn_i XL ) ié (B.2.4)

for n € N where (&, )nen is now an Re-valued i.i.d. sequence and E%L/ % denotes the unique
positive semi-definite matrix whose square is %, i.e. 21/2 € S+ and 21/2 1/2 =,. To
ensure the positive semi-definiteness of the process X the 1n1t1a1 values and C have to be
positive semi-definite and A, .. Ap, Bi,.. B need to be d? x d? matrices mapping the
vectorized positive semi-definite matrices mto themselves.

For notational convenience we shall not only use the vec-model in the following, but
also an obviously equivalent specification defined directly on the symmetric matrices. This
model, referred to as the “general d-dimensional GARCH(p, ¢) model” in the following, is
given by

X, = 22, (B.2.5)
P q
S o= CH+Y AXe  XI,+> BiSa;. (B.2.6)
The only difference to the vec-model is that Ai,..., A, and By,...,B; are now linear

operators from Sy to S4 that map the positive semi-definite d x d matrices into themselves,
ie. A;(ST)C S} and B;(S}) C S} fori=1,...,pand j=1,...,q

The restrictions on the linear operators A; and B; (or A; and Bj in the vec-model)
necessary to ensure positive semi-definiteness led to the introduction of the so-called BEKK
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model (see again Engle and Kroner (1995)), which automatically ensures positive semi-
definiteness:

X, = %%, (B.2.7)
P L ~ 9 5 B
Seo= O+ > AuX X AL+ N B8, BT, (B.2.8)
i=1 k=1 j=1r=1

where Az;k, Bj,r are now arbitrary elements of My(R). It is standard that the BEKK model
is equivalent to the vec model with A; = Z%Zl A ® Ay, and Bj = 2?:1 Bj, ® Bj, with
® denoting the tensor (Kronecker) product.

B.3. The relationship between the vec and BEKK model

From the definitions of the models it is clear that studying the relationships between the vec
(or general) multivariate GARCH and the BEKK model further is intrinsically related to
characterizing the linear operators on S; that map the positive semi-definite matrices into
themselves. The latter has been studied for a long time in linear algebra under the general
topic “Linear Preserver Problems” (see, for instance, the overview articles Pierce et al.
(1992) and Li and Pierce (2001)). From the results obtained there we need the following:

Proposition B.3.1. Let A : S; — Sy be a linear operator. Then:

(i) A(ST) = SI, if and only if there exists a matriz B € GL4(R) such that A can be
represented as X — BXBT.

(ii) For d =2, A(S;) - Sz{, if and only if there is an r € N and By, Ba, ..., B, € My(R)
such that A can be represented as

T
X Z B;XBY.
i=1

Proof. (a) was initially proved in Schneider (1965), alternatively a more general proof in
a Hilbert space context may be found in Li et al. (2003). (b) was established in Stgrmer
(1963) (cf. also Loewy (1992)). O

From this we can immediately infer the relations between the general (or equivalently
vec) multivariate GARCH model and the BEKK model:

Theorem B.3.2. (i) Ford < 2 the general (or vec) multivariate GARCH and the BEKK
model are equivalent.

(i) Every general multivariate GARCH (p,q) model satisfying Ai(SZ{) = S:lr and Bj(S;r) =
S;‘ fori=1,2,...;p and j = 1,2,...,q can be represented as a BEKK(p,q) model
with l; = s; =1V ,j and Aiq, BJ-J € GLy(R).

For the vec model Ai(SZ{) = S:{ and Bj(S:{) = S:{ fori=1,2,...,pand j =1,2,...,¢q
translates into demanding that A; and B; map the vectorized positive semi-definite matrices
onto themselves.
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The above result means that when a general (or vec) multivariate GARCH model does
not have a BEKK representation with /; = s; = 1V 4,j and invertible Ai71,BJ~71 it has
to be the case that A; or B; map the positive semi-definite matrices into a strict subset
of themselves for some ¢ = 1,2,...,por j = 1,2,...,q. This is a somehow degenerated
situation, since it may imply that the distribution of ¥,, — C for all n € N (and thus any
limiting or stationary distribution) is concentrated on a subset of the positive semi-definite
matrices.

Let us now turn to providing an example for a vec model that cannot be represented in
the BEKK form. Consider d = 3 and the linear operator D : S; — S4 given by

T11 T12 T13 r11 + 2-%'22 —T12 —I13
X192 T2 Tog | — —212 Too + 2x33 —2X923 (B31)
T13 T23 33 —T13 —I923 33 + 2211

It has been shown by Choi (1975) that D(S)) C S} and that there exist no r € N and
Ei,Es, ... E, € Mg(R) such that

T
DX = Z E;XET forall X €S,
=1

Hence, using D as some A; or B; gives a general three-dimensional multivariate GARCH
model having no BEKK representation. Clearly this means that the corresponding vec
models have no BEKK representation. Since the operator D was defined on S; only and
not on My(R), the corresponding 9 x 9 matrix in the vec model is not unique, but the
corresponding vec models are unique. One of the possible 9 x 9 matrices the operator D
corresponds to is

10 0 0 2 0 0 0 O
0 -1 0o 0 0O O 0 0 O
0o 0 -1 0 0 0 0 0 O
0o 0 0 -10 0 0 0 O
0 0o 0o o0 1 0 0 0 2
0o 0o 0 o0 0 -1 0 0 O
0o 0o o 0o 0 0 -1 0 O
0o 0o 0o o0 0 0 0 -10
20 0 0 0 0 0 0 1

It should be noted that D is an invertible linear operator, as can easily be seen, and that
Proposition B.3.1 implies D(Sj) C Sj. An example for a positive semi-definite matrix not
being the image of another positive semi-definite matrix under D is

100 1/9 0 0
000|=Df0 4/9 o0
000 0 0 -2/9

So we have given an example showing the following:

Proposition B.3.3. For d > 3 there exist general (or vec) multivariate GARCH models
that cannot be represented in the BEKK form.
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General Notation

Symbols involving letters in alphabetical order:

B(-) Borel o-algebra

C complex numbers

GL,(-) invertible n X n matrices

R imaginary part

] imaginary unit

I, n X n identity matrix

Ia(") indicator function of the set A

logt(-)  maximum of logarithm and zero, i.e. log™(a) = max{log(a),0}
Lr(.) space of p-times integrable functions/random variables
Mp, n(-)  m X n matrices

M, () n X n matrices

N natural numbers

No natural numbers and zero

O(") of the same order, e.g. a(t) = O(b(t)), iff lim;_,o
o(") of smaller order, e.g. a(t) = o(b(t)), iff lim;_oc 74
P(") probability

R real part

R real numbers

R+ non-negative real numbers

R+ positive real numbers (zero excluded)

Sp symmetric n X n matrices

S positive semi-definite n X n matrices

S+ positive definite n x n matrices

x transposed of a matrix/vector

Z whole numbers

Other symbols in alphabetical order of their meaning;:

Uk

closed interval

distributed as, asymptotically equal
empty set

indicator function of the set A
maximum, e.g. a Vb= max{a,b}
minimum, e.g. a A b = min{a, b}
norm

open interval

— = N
S ¢
= =

~=><

~—

= C e RM\{0}

)

adjoint of a linear operator, Hermitian of a matrix/vector
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Abbreviations

a.s.
a.e.
cf.
ch.
COT.

def.
e.g.
eq.
et al.
etc.

l.e.
iff
i.i.d.

pp-
prop.
resp.
rv
SDE
s.t.
th.
viz.

w.l.o.g.

w.r.t.

almost sure

almost everywhere

confer

chapter

corollary

definition

for example

equation

et alii

et cetera

and the following one

and the following ones

that is (id est)

if and only if

independent and identically distributed
page

pages

proposition

respectively

random variable

stochastic differential equation
such that

theorem

namely, that is to say (vide licet)
without loss of generality
with respect to
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