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My surface is myself.
Under which
to witness, youth is
buried. Roots?

Everybody has roots.

William Carlos Williams, Paterson






Zusammenfassung

In dieser Arbeit werden statistische Fragen fiir lineare stochastische Prozesse unter-
sucht. Konsistenz und asymptotische Normalitdt des Quasi-Maximum-Likelihood
Schétzers fiir mehrdimensionale autoregressive Moving-Average (CARMA) Pro-
zesse in stetiger Zeit werden bewiesen. Um Eigenschaften des zugrundeliegenden
Lévy-Prozesses zu schitzen, wird die verallgemeinerte Momentenmethode erweitert
und auf approximative, aus einem beobachteten CARMA-Prozess rekonstruierte
Lévy-Zuwichse angewandt. Die Methode fiihrt zu konsistenten und asymptotisch
normal verteilten Schatzwerten, wenn hochfrequente Beobachtungen zur Verfiigung
stehen. Ein zweites Ziel der Arbeit ist es, die asymptotische Spektralverteilung
empirischer Kovarianzmatrizen linearer Prozesse durch deren Spektraldichte zu
charakterisieren. Schliefilich werden ein zentraler Grenzwertsatz fiir ein Perkola-
tionsproblem bewiesen und die Ubergangskerne einer verwandten Markovkette
explizit beschrieben.






Abstract

Several aspects of the statistical analysis of linear processes are investigated. For
equidistantly observed multivariate Lévy-driven continuous-time autoregressive
moving average (CARMA) processes we prove consistency and asymptotic normality
of the quasi maximum likelihood estimator. To infer further characteristics of the
driving Lévy process, we extend the classical generalized method of moments and
apply it to approximate Lévy increments that are reconstructed from a sampled
CARMA process. This approach results in consistent and asymptotically Gaussian
estimates if high-frequency observations are available. Another objective of our work
is to characterize the limiting spectral distribution of sample covariance matrices of
linear processes through their second-order properties. Finally, we prove a Central
Limit Theorem for a first-passage percolation problem, and describe the higher order
transition kernels of a related Markov chain.
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1. Introduction

1.1. Background and motivation

In the development of mathematical theories and models, one often faces the problem of
reconciling the antagonistic notions of generality and tractability. Restricting the complexity
of a model usually brings about the possibility of a deeper understanding of its properties,
but also the danger of its range of potential applications being reduced. For decades — and
still today — much of the research in the fields of mathematical statistics and probability
theory has been devoted to the definition and analysis of stochastic processes which are, on
the one hand, applicable to a wide range of real-world problems and, on the other hand,
mathematically tractable. These two requirements are not mutually exclusive, indeed the
possibility of rigorous statistical analysis of a stochastic model is a key prerequisite for
its successful application in practice. In addition to being sufficiently simple, stochastic
processes are considered practically useful only if they are able to reproduce the stylized
facts of the observed time series which they are meant to model. These stylized facts are
simplified generalizations of empirical findings and may include distributional properties
such as skewness or heavy tails, path properties such as jumps or a certain degree of
smoothness, volatility clustering and long-range dependence, see e.g. Cont (2001) for an
empirical analysis of financial data.

Of particular importance is the question whether a time series should be modelled by a
continuous-time or a discrete-time process, where the parameter of a stochastic process is
referred to as time even though, in practice, it might just as well represent a space variable or
some other physical quantity. The answer to this question might either be guided by physical
considerations as in the case of modelling temperature changes, which is an inherently
continuous-time phenomenon, or motivated by the availability of different mathematical
techniques. For instance, the pricing of financial derivatives is conveniently done within
the continuous-time framework, where It6’s formula or variants thereof can be used, even
though the continuous nature of real asset prices is at least debatable due to the presence of
microstructure noise (Ait-Sahalia and Yu, 2009; Amihud, Mendelson and Pedersen, 2006;
Hansen and Lunde, 2006).

In practice, even phenomena for which a continuous-time model is appropriate are often
observed and recorded at discrete points in time only, and it is a major challenge to develop
a theory of how to recover characteristics of a suitable stochastic process from this partial



2 1. Introduction

information. This question becomes particularly relevant if the available observations are
unequally spaced or are recorded at a high frequency, because in such situations discrete-
time models with their preferred fixed time scale can usually not be employed successfully.
Need for the ability to accommodate such irregular observations, the wish for mathematical
elegance, and the belief that many physical and economic quantities change at least in an
approximate way continually are the main reasons for the recently observed upsurge of
continuous-time processes in stochastic modelling.

One particularly rich class of stochastic processes that are versatile and at the same time
amenable to rigorous analysis are linear processes. The term linear process is not used
consistently in the literature, and, in fact, there is a hierarchy of definitions that begins with
finite-dimensional linear models and ends with a notion of linearity that contains almost
every stationary stochastic process. In the following, we will use several of these different
definitions and exercise the discretion to adopt that particular notion of linearity which is
most useful for the respective purpose.

In order to be able to employ a stochastic model in practice, it is crucial that one under-
stands in detail its statistical properties. This includes, but is not limited to, inference of
model parameters and hypothesis testing, a prerequisite of which is a detailed understanding
of the distribution of certain statistics derived from the model.

In this thesis, selected aspects of the statistical analysis of linear processes will be treated
from a theoretical point of view and illustrated by enlightening simulation studies and
examples. The results allow for the recently introduced promising continuous-time ARMA
models to be used in applications, they extend existing results in the literature about sample
covariance matrices of general infinite-order moving average processes in a mathematically
appealing way, and they provide an explicit description of the finite-time behaviour of a
first-passage percolation problem.

Continuous-time autoregressive moving average processes

The most restrictive definition of discrete-time linear stochastic processes are finite-order
autoregressive moving average (ARMA) processes and finite-dimensional linear stochastic
state space models, about which there exists an abundant literature (e. g. Brockwell and Davis,
1991; Hannan, 1970). It has been known for a long time that these two classes of stochastic
processes are equivalent, and that they constitute, from a second-order point of view, the
processes with rational spectral densities (Hannan and Deistler, 1988). Not surprisingly,
the special explicit structure of these processes allows for an extremely rich theory about
their probabilistic and analytical properties (e.g. Caines, 1988), and strong results with
respect to statistical inference (e.g. Hannan, 1973; Hannan and Kavalieris, 1984a,b), but
also restricts the areas of applicability of ARMA processes due to their inability to exhibit



1.1. Background and motivation 3

volatility clustering or long-range dependence. Since, as described above, continuous-time
processes are in many aspects superior to discrete-time ones, continuous-time analogues of
ARMA and linear state space models have been defined in order to make this convenient
linear structure available for models defined in continuous time (Brockwell, 2001b; Doob,
1944; Marquardt and Stelzer, 2007). Formally, a continuous-time autoregressive moving
average (CARMA) process Y with autoregressive polynomial P(z) = zV/ + A1zP 1 + ... + A,
and moving average polynomial Q(z) = Boz? 4+ B1z7~! +... + B, is defined as the solution
of the differential equation

P(D)Y(t) = Q(D)DL(t), D := %, (11.1)
which resembles the difference equation defining an ARMA process. The randomness is
introduced into the model by the driving Lévy process L, which allows for a CARMA
process to exhibit a wide variety of marginal distributions. The orders p and g determine
the smoothness of the sample paths of a CARMA process, which may be discontinuous
if p — g equals one. This is an important feature because many economic time series are
thought to exhibit jumps (see, e. g., Barndorff-Nielsen and Shephard, 2001a). By allowing
the process Y to be multidimensional, it is possible to employ one joint model for several
quantities and, thus, to capture their dependencies. With respect to volatility clustering and
long-range dependence CARMA processes have the same shortcomings as their discrete-
time counterparts; they serve, however, as building blocks for more complicated models
possessing these features (e. g. Barndorff-Nielsen and Stelzer, 2011; Brockwell and Marquardt,
2005; Haug and Stelzer, 2011).

A substantial part of this thesis will deal with statistical inference, or more precisely
parametric estimation, for multivariate Lévy-driven CARMA processes. Equation (1.1.1)
entails that the definition of a particular CARMA process requires the specification of the
integer-valued autoregressive and moving average orders p, g, of the coefficient matrices
A, Bj, and of the driving Lévy process L; it is thus a multi-step procedure, of which the
second and third step are treated in this thesis. To make allowance for the dominant role of
digital data processing and the fact that, for many phenomena of interest, continuous-time
observations are not available, the estimation is based on observations of the CARMA
process at discrete points in time.

To estimate the coefficient matrices A;, B]- of a discretely observed CARMA process, we
make extensive use of the linear structure of an equidistantly sampled continuous-time
state space model. We derive different ARMA and state space representations for these
sampled processes and investigate their probabilistic and analytical properties. Extending
the work of Boubacar Mainassara and Francq (2011); Francq and Zakoian (1998), we prove
asymptotic properties for the quasi maximum likelihood estimator of a very general class
of second-order linear state space models in discrete time; more precisely, we allow for
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both system and observation noise and impose only a strong-mixing assumption in the
sense of Rosenblatt (1956). These new results, together with our detailed understanding
of discretized CARMA processes, enable us to show that the same desirable asymptotic
properties, strong consistency and asymptotic normality, also hold for the quasi maximum
likelihood estimator of discretely observed CARMA processes.

Our approach to estimating the driving Lévy process is based on Brockwell, Davis and
Yang (2011), who suggested the following method for the special case of a univariate CARMA
process of order (p,q) = (2,1). If the CARMA process satisfies a minimum phase condition,
it is possible to express the values of the driving Lévy process as a function of the values of
the CARMA process observed continuously since the infinite past. Refining this observation,
one can compute a set of approximate increments of the driving process from discrete
observations on a finite time interval. Since the increments of a Lévy process are independent
and identically distributed (i.i.d.), and their common distribution uniquely determines
the whole process, these approximate increments can be used to estimate a parametric
model of the driving Lévy process by, e. g., maximum likelihood. We extend this method
in two ways: we show how to recover the driving process from a continuously observed
multivariate CARMA process of any order p > g, and instead of restricting attention to
maximum likelihood estimators, we allow the sample of approximate increments to be used
with any suitable generalized method of moments estimator as defined by Hansen (1982). So
far, asymptotic properties of this class of estimators were known when the sample is part of
a sequence which is sufficiently independent for a Central Limit Theorem to hold. We relax
this assumption and consider data that can be represented as a general additive perturbation
of an i.i. d. sequence. Without imposing weak-dependence conditions on the perturbation,
we prove that general method of moments estimators based on such a sample are consistent
and asymptotically normally distributed if the length of the sample tends to infinity, and
the noise goes to zero in a suitable way; these results are used to show that a parametric
model of the driving Lévy process of multivariate CARMA process can be estimated if
high-frequency observations are available, and to derive the asymptotic properties of the
corresponding estimators.

Sample covariance matrices of linear processes

A very broad class of stochastic processes, which generalize causal finite-order ARMA
processes, and which are also often referred to as linear processes, consists of infinite-order
moving averages of the form X; = } .2 ¢;Z;_;, for some i.i.d. sequence Z. Such processes
extend the modelling capabilities of finite-dimensional state space models by including
long-range dependent processes such as fractionally integrated ARMA processes (Granger
and Joyeux, 1980; Hosking, 1981). Much fewer and, in general, only weaker results can be
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proved for this more general class of linear processes than for ARMA processes.

A fundamental paradigm in statistics is that population quantities should be estimated
by corresponding sample quantities, which, in the theory of stochastic processes or more
general dynamical systems, is formalized by the concept of ergodicity (Krengel, 1985). In
particular, the instantaneous covariance matrix of a p-dimensional stochastic process X,
which is an important measure for dependencies between the components of X, can be
estimated by the quantity n71XX', where n denotes the length of the sample and the
columns of the matrix X are given by the individual observations; if the process X is ergodic,
this estimate will converge to the true covariance matrix as the number 1 of observations
tends to infinity. The prominent role played by the sample covariance matrix 7~ XX7 in
multivariate statistics is described in Anderson (2003); Muirhead (1982).

In practice, one is often confronted with the situation that the number of variables is of
the same order of magnitude as the number of observations, and the basic assumption in
the classical limit theorems that # tends to infinity while p remains fixed might then not be
plausible. To overcome this and similar problems, a tremendous amount of research has
been dedicated to the analysis of spectral properties of large random matrices (see, e.g.,
Bai and Silverstein, 2010, for an introduction). It is by now a classical result in random
matrix theory that the distribution of the eigenvalues of the matrix n~'XX' converge to a
non-trivial limiting measure if the entries of the p x n matrix X are i.i.d. random variables
with mean zero, and both p and n converge to infinity such that the ratio p/n tends to a
positive finite limit (Marchenko and Pastur, 1967); this behaviour is qualitatively different
from the situation where p is fixed, in which case each of these eigenvalues converges to the
common variance of the entries of X.

Building on recent results about the limiting spectral distribution of products of random
matrices (Bai and Zhou, 2008; Pan, 2010), we investigate asymptotic spectral properties of
sample covariance matrices of a special class of high-dimensional stochastic processes, the
components of which are modelled by independent infinite-order moving average processes
with identical second-order characteristics. Our main result is an explicit characterization
of the Stieltjes transform of the limiting distribution of the eigenvalues of these sample
covariance matrices in terms of the spectral densities of the underlying linear processes.
Furthermore, we obtain the same result for a related random matrix model in which the
assumption of independence between the rows is relaxed.

First-passage percolation

If one relaxes the definition of a linear process even further and defines it as an infinite-order
moving average not of an i.i.d. sequence but rather of a merely uncorrelated random

sequence, then every purely non-deterministic stationary stochastic process in discrete time
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with finite second moments is linear (Caines, 1988; Wold, 1954). Since this characterization
of linearity applies to many stochastic processes which are thought of as being genuinely
non-linear, such as GARCH or regime-dependent ARMA processes (Tong, 1990), it is usually
not used in the literature. For the important special case of Markov chains, however, which
satisfy an ergodicity condition, many interesting mathematical results, such as Central Limit
Theorems, can be obtained without a strong notion of linearity (e.g., Chen, 1999).

In the last part of this thesis, we consider a first-passage percolation problem on a random
graph as a model for a porous medium, going back to Hammersley and Welsh (1965). In
this interpretation, the geometry of the medium is approximated by a discrete graph, and its
heterogeneous permeability is represented by random weights on its edges, which determine
the time it takes a fluid to travel from a vertex of the graph to one of its neighbours. Because
of an Ergodic Theorem for subadditive stochastic processes (Kingman, 1968), it is known that,
for many first-passage percolation models, a fluid asymptotically advances into the medium
at a constant speed, often referred to as the inverse time constant, which is characteristic for
the model under consideration.

Here, we investigate an essential one-dimensional model with independent edge weights,
for which the time constant is known explicitly. By proving a Central Limit Theorem for an
associated Markov chain and performing a quantitative analysis of its multi-step transition
kernels, we provide a characterization of the finite-time behaviour of this particular first-
passage percolation model. Moreover, we establish the necessary tools to understand the
fluctuations of the asymptotic speed at which a fluid percolates through the medium in that
model.

1.2. Outline of the thesis

In the following, we outline the structure and contents of this thesis. Each of the following
six chapters is based on a paper and therefore essentially self-contained. Unified notation is
used within each of the three parts of the thesis, with a summary of generally used symbols
and abbreviations given after the bibliography on page 249.

The first part, consisting of Chapters 2 to 4, deals with the statistical analysis and estimation
of Lévy-driven multivariate continuous-time autoregressive moving average (abbreviated
MCARMA) processes which are observed on an equidistant time grid. It is based on the
three papers Brockwell and Schlemm (2011); Schlemm and Stelzer (2011, 2012).

In Chapter 2 it is shown that, similar to the discrete-time theory, the class of multivariate
CARMA processes is equivalent to the class of continuous-time linear state space models in
the sense that the output process of any state space model possesses a CARMA representation
and vice versa. The second topic of the chapter is to investigate the probabilistic properties
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of an equidistantly sampled CARMA process, which, in the univariate setting, is known to
be a discrete-time ARMA process driven by a weak white noise sequence. We generalize
this result to the multidimensional setting and show under a mild continuity assumption on
the driving Lévy process that the noise sequence is not only uncorrelated, but exponentially
completely regular (f-mixing) and, in particular, strongly mixing. It is verified that this
continuity assumption is satisfied in most practically relevant situations, including the case
where the driving Lévy process has a non-singular Gaussian component, is compound
Poisson with an absolutely continuous jump size distribution, or has an infinite Lévy
measure admitting a density around zero. We thus establish a strong notion of asymptotic
independence for the linear innovations of a sampled CARMA process, which are useful in
the development of an estimation theory for this class of stochastic processes.

Thereafter, in Chapter 3, we turn our attention to parametric inference and consider quasi
maximum likelihood (QML) estimation for general non-Gaussian discrete-time linear state
space models and equidistantly observed multivariate Lévy-driven continuous-time autore-
gressive moving average processes. In the discrete-time setting, we prove strong consistency
and asymptotic normality of the QML estimator under standard moment assumptions and
a strong-mixing condition on the output process of the state space model, but without the
requirement that its linear innovations form a sequence of martingale differences. In the
second part of the chapter, we further investigate probabilistic and analytical properties
of sampled continuous-time state space models, and we apply our results from the dis-
crete-time setting to derive the asymptotic properties of the QML estimator of discretely
recorded MCARMA processes. Under natural identifiability conditions, the estimators are
again consistent and asymptotically normally distributed for any sampling frequency. We
also demonstrate the practical applicability of our method through a simulation study and a
data example from econometrics.

Our discussion of statistical inference for multivariate continuous-time ARMA processes is
concluded in Chapter 4, where we propose a procedure for estimating a parametric model of
the driving Lévy process if high-frequency observations are available. Beginning with a new
state space representation, we develop a method to recover the driving Lévy process exactly
from a continuous record of the observed CARMA process. We use tools from numerical
analysis and the theory of infinitely divisible distributions to extend this result to allow for
the approximate recovery of unit increments of the driving Lévy process from discrete-time
observations of the MCARMA process. These approximate increments can be represented as
a perturbation of the true i.i. d. increments by a dependent noise sequence, which we analyse
in detail as a function of the inverse sampling frequency h. We establish the asymptotic
properties of generalized method of moments (GMM) estimators based on an additively
disturbed i.i. d. sample, and we use this result to show that, if # = hy is chosen dependent
on the length N of the observation period such that iy N converges to zero, then any suitable
GMM estimator based on the reconstructed sample of unit increments of the driving process
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has the same asymptotic distribution as the one based on the true increments. In particular,
these estimators are consistent and asymptotically normally distributed. We illustrate the
theoretical results by a simulation study, in which we estimate the parameters of a discretely
observed Gamma-driven CARMA process of order (3,1).

In the second part of the thesis, which incorporates material from the two papers Pfaffel
and Schlemm (2011, 2012), certain statistics of linear processes are investigated within the
framework of random matrix theory.

In Chapter 5 we derive the distribution of the eigenvalues of a large sample covariance
matrix when the data is dependent in time. More precisely, the dependence for each variable
i=1,...,pis modelled as a linear process (X;)icz = (Zf';o ¢jZit—j)tez, where the random
variables {Z;;} are assumed to be independent with finite fourth moments and to satisfy
a Lindeberg-type condition. A sample of n observations from such a p-dimensional data-
generating process is represented by the matrix X = (X;;); € RP*". If the sample size n
and the number of variables p = p, both converge to infinity such that their asymptotic
ratio y = limy,_, 1/ p, is positive, then the empirical spectral distribution of the sample
covariance matrix pleX T converges, as n tends to infinity, to a non-random distribution,
which only depends on y and the spectral density of the linear process (Xj ;)tcz. Our results
contain the classical Marchenko-Pastur law as a special case, but also apply to more general
sample covariance matrices, in particular to those derived from (fractionally integrated)
ARMA processes.

A more complicated random matrix model, which is also derived from a linear process,
and in which the entries are dependent across both rows and columns, is studied in Chapter 6.
More precisely, we investigate matrices of the form X = (X(i,l)n 41)it € RP*" derived from
a linear process (Xt)iez = (¥ ¢jZt—j)iez, where the {Z;} satisfy the same assumptions as
before. Under the assumption that both p and n tend to infinity such that the ratio p/n
converges to a finite positive limit y, we show that the empirical spectral distribution of
the sample covariance matrix p~! XX converges almost surely to the same deterministic
measure occurring in the apparently simpler model studied in Chapter 5.

The final part of the thesis consists of Chapter 7 and contains material from Schlemm
(2011). As a model for a porous medium we consider the first-passage percolation problem
on the random graph with vertex set IN x {0,1}, edges joining vertices at Euclidean distance
equal to unity, and independent exponential edge weights. We provide a Central Limit
Theorem for the first-passage times I, between the vertices (0,0) and (1,0), which can be
interpreted as the time it takes a fluid to percolate a distance n through the medium. This
extends earlier results about the almost sure convergence of the average speed /,,/n, as
n tends to infinity, given in Schlemm (2009). We use generating function techniques to
compute the n-step transition kernels of a closely related Markov chain which can be used
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to calculate explicitly the asymptotic variance in the Central Limit Theorem and to quantify
the fluctuations of the average speed at which the fluid percolates.

1.3. Open problems for future research

Finally, in order to embed the results in this thesis into the context of on-going research, I
would like to mention some natural open questions arising from the present work.

1.3.1. Estimation of CARMA processes

As described above, the complete specification of a continuous-time autoregressive moving
average model is an intricate multi-step process, which is hierarchical in the sense that later
steps depend on the results of earlier ones. The first step, the selection of the autoregressive
and moving average orders p and g, or of an alternative set of structure indices describing the
algebraic structure of vector ARMA processes, like the Kronecker indices and the McMillan
degree, is not considered in this work at all. In the discrete-time setting, order selection for
ARMA and state space models is usually performed by the minimization of an information
criterion that quantifies the trade-off between the complexity of the considered model on
the one hand, and a goodness-of-fit measure on the other hand. The inclusion of a penalty
term that depends on the number of parameters in the model prevents an over-parametrized
model, which often describes the observed data better, from being selected and ensures
that the order of the process can be estimated consistently. The most famous choices
appear to be modified versions of the Akaike and Bayesian Information Criterion, AIC
and BIC, respectively, as well as the minimum description length (MDL) approach. For
more information on these criteria the reader is invited to consult Akaike (1977); Hannan
(1980); Hannan and Rissanen (1982); Rissanen (1983, 1986); Schwarz (1978). The difficulty
in transferring these discrete-time results to the continuous-time case comes from the fact
that, while a linear state space structure is preserved under sampling, its ARMA orders
and Kronecker indices are usually not (Astrém, Hagander and Sternby, 1984; Bar-Ness and
Langholz, 1975; Hagiwara and Araki, 1988; Larsson, 2005; Soderstrom, 1990). Moreover,
the linear innovations of the sampled process are, in general, not a martingale difference
sequence, which would be necessary for the proofs of the discrete-time results to carry
over easily; however, as shown in Chapter 2, the linear innovations satisfy a strong-mixing
condition, which is likely to imply a sufficient amount of asymptotic independence for
comparable results to be established.

Once the model order is known or estimated, the second step in the specification of
a CARMA model is the determination of the coefficient matrices in the autoregressive
and moving average polynomials. Quasi maximum likelihood estimation, the asymptotic
properties of which are the subject of Chapter 3, is a robust way to perform this step which
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does not require assumptions on the distribution of the driving Lévy process except the
finiteness of certain moments. Its practical applicability would be enhanced significantly
if preliminary estimates as starting values for the maximization of the quasi likelihood
could be obtained without having to solve a computationally expensive high-dimensional
optimization problem. A potential solution to this preliminary estimation problem could be
the use of subspace identification techniques as described in Bauer (2009); Bauer, Deistler
and Scherrer (1999); Chiuso (2006); Chiuso and Picci (2005); Mari, Stoica and McKelvey
(2000); Peternell, Scherrer and Deistler (1996); van Overschee and De Moor (1996). If one is
interested in estimating heavy-tailed CARMA processes which do not satisfy the assumption
of having finite second moments, different techniques need to be developed (see, e.g.,
Klippelberg and Mikosch, 1993; Mikosch, Gadrich, Kliippelberg and Adler, 1995).

The estimation of the driving Lévy process is developed in Chapter 4 for the case that
high-frequency observations of the CARMA process are available. The total number of
observations used in the estimation procedure is proportional to the length of the observation
horizon and to the sampling frequency. In practice, resources are limited, and it is therefore of
considerable importance to investigate how one should choose the length of the observation
period and the sampling frequency such that the possibility of recording a given number of
observations is used as efficiently as possible. Another important future research project is
the development of estimation approaches that do not rely on high-frequency observations.
One possible avenue in this direction is to observe that, by the results in Chapter 2, the
linear innovations of an equidistantly sampled CARMA process are themselves a vector
ARMA process driven by an infinitely divisible noise sequence whose characteristic triplet
is related to the characteristic triplet of the driving Lévy process via the formulae given in
Rajput and Rosinski (1989). It seems therefore possible to estimate the linear innovations
using a Kalman filter as in Chapter 3, to invert the vector ARMA equations, and to estimate
the characteristics of the noise sequence. From these, one can extract information about the
characteristics of the driving Lévy process.

In the treatment of the different aspects of the estimation of CARMA processes in this
thesis, it is assumed that the results of the preceding steps are known exactly: quasi
maximum likelihood estimation of the autoregressive and moving average polynomials
requires knowledge of the McMillan degree of the true model, estimation of the driving
Lévy process cannot be carried out if one is ignorant of the coefficient matrices in these
polynomials. An important extension of the results in this thesis would be to remove this
restriction, and to allow for estimated approximate values of the McMillan degree and
the coefficient matrices to be used in subsequent steps. We expect that the asymptotic
results remain essentially unaltered for this genuinely multi-step estimation scheme, but the
proof of this conjecture appears to be non-trivial. Finally, in order to contribute to a more
widespread use of multivariate continuous-time linear processes in applications, it would
be helpful to have a ready-to-use software implementation of the results presented in this



1.3. Open problems for future research 11

thesis and the extensions just mentioned.

1.3.2. Covariance matrices of linear processes

In this section I will comment on some extensions of the random matrix model described in
Chapter 5; these extensions are motivated partly by applications, partly by their intrinsic
mathematical appeal. The main feature of the random matrix model considered in Chapter 5
is that the rows are independent with identical second-order properties, and that the
dependence within the rows is modelled by a linear process. The assumption that the rows
are independent has been relaxed in Chapter 6 by introducing a dependence between the
rows, which turned out to be weak enough not to change the limiting spectral distribution.
For a realistic model, in which the rows of a random matrix can be interpreted as, for
example, price data of individual assets recorded over time, it is necessary to allow for
matrices whose rows are neither independent nor identically distributed. While dependence
in this context is very difficult to model adequately, non-identically distributed rows can be
easily accommodated in a random matrix model of the form

RV S X = (Xiy),, Xit= Z(;)c](l)zi,t_j,
]:

where the ith row is given by an infinite-order moving average process with coefficients

()
G = (C]'

p~1XXT in terms of the spectral densities associated with the possibly non-identical filters

)j- A quantitative way to explicitly characterize the limiting spectral distribution of

¢; would constitute an important extension of our results.

In what has been said so far, the dimensions of the occurring random matrices had a
convenient interpretation as the number of variables and time, respectively. If one does not
adopt this point of view, it is perhaps more natural to model the random matrix X as the
output of a genuinely two-dimensional filter applied to an array (Z;;); of random variables,
that is

oo
RP"S X = (Xig)y, Xig= Y, CxZiojirk-
jk=—co

The model considered in Chapter 5 is a special case of this generalization, corresponding
to a filter satisfying cjx = 0, for j # 0. In the Gaussian setting, a characterization of the
limiting spectral distribution for this random matrix model has been derived in Hachem,
Loubaton and Najim (2005). In view of the paradigm that many properties of random
covariance matrices depend on the distribution of their entries only through their first few
moments (Tao and Vu, 2010), it is a natural conjecture that comparable results also hold for
non-Gaussian random fields (Z; ;);;.
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2. Multivariate CARMA Processes,
Continuous-Time State Space Models and
Complete Regularity of the Innovations of
the Sampled Processes

2.1. Introduction

Continuous-time autoregressive moving average (CARMA) processes are the continuous-
time analogues of the widely known discrete-time ARMA processes (see, e.g., Brockwell
and Davis, 1991, for a comprehensive introduction); they were first defined in Doob (1944)
in the univariate Gaussian setting and have stimulated a considerable amount of research
in recent years (see, e.g., Brockwell, 2001a, and references therein). In particular, the
restriction of the driving process to Brownian motion was relaxed, and Brockwell (2001b)
allowed for Lévy processes with a finite logarithmic moment. Because of their applicability
to irregularly spaced observations and high-frequency data, they have turned out to be
a versatile and powerful tool in the modelling of phenomena from the natural sciences,
engineering and finance. Recently, Marquardt and Stelzer (2007) extended the concept
to multivariate CARMA (MCARMA) processes with the intention of being able to model
the joint behaviour of several dependent time series. MCARMA processes are thus also
the continuous-time analogues of discrete-time vector ARMA (VARMA) models (see, e. g.,
Liitkepohl, 2005).

The aim of this chapter is twofold: first, we establish the equivalence between multivariate
CARMA processes and multivariate continuous-time state space models, a correspondence
which is well known in the discrete-time setting (Hannan and Deistler, 1988); second, we
investigate the probabilistic properties of the discrete-time process obtained by recording
the values of an MCARMA process at discrete, equally spaced points in time. A detailed
understanding of the innovations of the weak VARMA process which arises is a prerequisite
for proving asymptotic properties of various statistics of a discretely observed MCARMA
process. One notion of asymptotic independence which is very useful in this context is
complete regularity in the sense of Volkonskil and Rozanov (1959) (see Section 2.4 for a
precise definition), and we show that the innovations of a discretized MCARMA process

15
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have this desirable property. Our results therefore not only provide important insight
into the probabilistic structure of CARMA processes, but they are also fundamental to the
development of an estimation theory for non-Gaussian continuous-time state space models
based on equidistant observations.

In this chapter, we show that a sampled MCARMA process is a discrete-time VARMA
process with dependent innovations. While the mixing behaviour of ARMA and more
general linear processes is fairly well understood (see, e.g., Athreya and Pantula, 1986;
Mokkadem, 1988; Pham and Tran, 1985), the mixing properties of the innovations of a
sampled continuous-time process have received very little attention. From Brockwell and
Lindner (2009), it is only known that the innovations of a discretized univariate Lévy-
driven CARMA process are weak white noise, which, by itself, is typically of little help in
applications. We show that the linear innovations of a sampled MCARMA process satisfy
a set of VARMA equations, and we conclude that, under a mild continuity assumption
on the driving Lévy process, they are geometrically completely regular and, in particular,
geometrically strongly mixing. This continuity assumption is further shown to be satisfied
for most of the practically relevant choices of the driving Lévy process, including processes
with a non-singular Gaussian component as well as compound Poisson processes with an
absolutely continuous jump size distribution, and infinite activity processes whose Lévy
measures admit a density in a neighbourhood of zero.

Outline of the chapter The chapter is structured as follows. In Section 2.2 we review
some well-known properties of Lévy processes, which we will use later on. The class of
multivariate CARMA processes, in a slightly more general form than in the original definition
of Marquardt and Stelzer (2007), is introduced and described in detail in Section 2.3; it
is further shown to be equivalent to the class of continuous-time state space models. In
Section 2.4 the main result about the mixing properties of the sampled processes is stated
and demonstrated to be applicable in many practical situations. The proofs of the results are
presented in Section 2.5.

Notation We use the following notation. The space of m x n matrices with entries in the
ring K is denoted by M, ,(K) or M,,(KK) if m = n. AT denotes the transpose of the matrix
A, the matrices 1,, and 0,, are the identity and the zero element of M,,(K), respectively,
and A ® B stands for the Kronecker product of the matrices A and B. The zero vector in
R™ is denoted by 0, and ||-|| and (-, -) represent the Euclidean norm and inner product,
respectively. Finally, K[z] (K{z}) is the ring of polynomial (rational) expressions in z over
K, and Ig(-) is the indicator function of the set B.
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2.2. Multivariate Lévy processes

In this section we review the definition of a multivariate Lévy process and some elementary
facts about these processes which we will use later. More details and proofs can be found in,
for instance, Sato (1999).

Definition 2.1 (Lévy process) A (one-sided) R™-valued Lévy process L = (L(t)),cg+ is a
stochastic process on a probability space (2, .%,IP) with the following properties:

i) the increments of L are stationary and independent, that is the distribution of L(t +
s) — L(t) does not depend on ¢, and for every n € Nand all 0 < tp < ;... < t, < oo,
the random variables L(t;) — L(to), L(t2) — L(t1), ..., L(t,) — L(t,—1) are independent,

ii) almost surely, L(0) = 0y,
iii) the process L is continuous in probability.

Every R™-valued Lévy process(L(t))s0 can without loss of generality be assumed to be
cadlag and is completely characterized by its characteristic function in the Lévy-Khintchine
form Eel™ L") = exp{tpL(u)}, u € R™, t > 0, where the characteristic exponent ¥ has the
special form

1 ‘
vl(u) = i(ytu) — E(u, >u) + [e1<”'x) —1—i(u, x>1{|‘x”<1}} vE(dx).
]Rm
The vector 4L € R™ is called the drift, the positive semidefinite, symmetric m x m matrix 29
is the Gaussian covariance matrix and v' is a measure on R, referred to as the Lévy measure,
satisfying
v ({0,,)) = 0, / min(||x|?, 1)vE(dx) < co.
RW

We will work with two-sided Lévy processes L = (L(t))icr. These are obtained from two
independent copies (L1 (t))ts0, (L2(t))t0 of a one-sided Lévy process via the construction

Li(t), £>0,
- lims/_t Lz(S), t <O.

L(t) =

Throughout, we restrict our attention to Lévy processes with zero means and finite second

moments.
Assumption L1 The Lévy process L satisfies EL(1) = 0,, and E || L(1)||* < co.

The assumption that EL(1) = 0,, is made only for notational convenience and is not essential
for our results. The premise that L has finite variance is, in contrast, a true restriction, which
is often made in the analysis of ARMA processes in both discrete and continuous time. The
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treatment of the infinite variance case requires different techniques and often does not lead
to comparable results (see, e. g., Kliippelberg and Mikosch, 1993; Mikosch et al., 1995). It is
well known that L has finite second moments if and only if f||x||>1 l|x/|? v(dx) is finite, and
that & = EL(1)L(1)7 is then given by f\le>1 xxTvl(dx) +29.

2.3. Lévy-driven multivariate CARMA processes and state space
models

If L is a two-sided Lévy process with values in R, and p > g are positive integers,
then the d-dimensional L-driven autoregressive moving average (MCARMA) process with
autoregressive polynomial

2z P(z) =142P + AP 1+ ..+ Ay € My(Rz)) (2.3.1a)
and moving average polynomial
z+— Q(z) = Boz" + Biz7 ' + ... 4+ By € My u(R[z]) (2.3.1b)

is heuristically thought of as the solution of the formally written pth-order linear differential
equation

P(D)Y(t) = Q(D)DL(t), D = %, (232)

which is the continuous-time analogue of a set of discrete-time ARMA equations. We note
that we allow for the driving Lévy process L and the L-driven multivariate CARMA process
Y to have different dimensions and thus slightly extend the original definition of Marquardt
and Stelzer (2007). All the results we need from this paper are easily seen to continue to
hold in this more general setting. Since, in general, Lévy processes are not differentiable,
the differential equation (2.3.2) is purely formal and is, as usually, interpreted as being
equivalent to the state space representation

dG(t) = AG(1)dt + BAL(t), Y(t)=CG(t), tER, (2.3.3)

where the matrices A, B and C are given by

0o 1, 0 0
0 o 1, .
A= 0 € Mpd(]R), (2.3.4a)
o .. 0o 1,
—A, —A, _A
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T
B :( Bl - B ) € Mpgn(R), (2.3.4b)
where
’ p—j—1
5P*j:_1{01~~-,q}(]) ; AiBp—j-i = Bg—j |,
and

C :( 1, 05 ... 0 ) € My pa(R). (2.3.40)

In view of representation (2.3.3), MCARMA processes are linear continuous-time state space
models. We will consider this class of processes and see that it is in fact equivalent to the
class of MCARMA models.

Definition 2.2 (State space model) A continuous-time linear state space model (A,B,C, L) of
dimension N with values in R? is characterized by an R"-valued driving Lévy process L,
a state transition matrix A € My(R), an input matrix B € My ,(R), and an observation
matrix C € M, n(R). It consists of a state equation of Ornstein-Uhlenbeck type

dX(t) = AX(t)dt + BAL(t), t€R, (2.3.5a)

and an observation equation
Y(t) =CX(t), teR. (2.3.5b)

The RN-valued process X = (X(t)):er is the state vector process and Y = (Y (t))ser is the
output process.

A solution Y of Egs. (2.3.5) is called causal if, for all ¢, Y(t) is independent of the c-algebra
generated by the future values {L(s) : s > t}. Every solution of the state equation (2.3.5a)
satisfies ;
X(t) = eA9)X(s) + / eM=MBdL(u), steR, s<t (2.3.6)
S

The independent increment property of Lévy processes implies that X is a Markov process
(see also Protter, 1990, for more information on stochastic integration). We always work
under the following standard causal stationarity assumption.

Assumption E1 The eigenvalues of the matrix A have strictly negative real parts.

The following proposition is well known (Sato and Yamazato, 1984) and recalls conditions for

the existence of a stationary causal solution of the state equation (2.3.5a) for easy reference.
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Proposition 2.3 If Assumptions L1 and E1 hold, then the state equation (2.3.5a) has a unique
strictly stationary, causal solution X given by

t
X(t) = / eWBAL(u), teR, (2.3.7)

which has the same distribution as [;° e*BdL(u). Moreover, X (t) has mean zero,

Var(X(t)) =EX()X(t)T
_ / A BELBTeA Hdy = T, (2.3.8)
JO

Cov (X(t+h),X(t)) =EX(t + )X ()T
=Ty, h>0, (2.3.8b)

and Ty satisfies AT + I[yAT = —BXLBT.

It is an immediate consequence of Eqgs. (2.3.5b) and (2.3.8b) that the output process Y has
mean zero and autocovariance function i — yy(h) = CeToCT, h > 0, and that Y can be
written as a moving average of the driving Lévy process as

Y(t) = / Tg(t—uw)dL(u), teR; g(t) = CeM'Blg(t). (2.3.9)
These equations serve, with A, B and C defined as in Egs. (2.3.4), as the definition of a
multivariate CARMA process with autoregressive and moving average polynomials given by
Egs. (2.3.1). They also show that the behaviour of the process Y depends on the values of the
individual matrices A, B and C only through the products Ce'B, t € R. These products are,
in turn, intimately related to the rational matrix function H : z — C(zly — A)~!B, which
is called the transfer function of the state space model (2.3.5). A pair (P,Q), P € M;(R|[z]),
Q € My, (R]z]), of rational matrix functions is a left matrix fraction description for the rational
matrix function H € My,,(R{z}) if P(z)"!Q(z) = H(z) for all z € C. The next theorem
gives an answer to the question of what other state space representations besides Eq. (2.3.3)
can be used to define an MCARMA process. The proof is given in Section 2.5.

Theorem 2.4 If (P, Q) is a left matrix fraction description for the transfer function z — C(z1y —
A) 7B, then the stationary solution Y of the state space model (A, B, C, L) defined by Egs. (2.3.5) is
an L-driven MCARMA process with autoregressive polynomial P and moving average polynomial
Q.

Corollary 2.5 The classes of MCARMA and causal continuous-time state space models are equiv-
alent.

Proof By definition, every MCARMA process is the output process of a state space model.
Conversely, given any state space model (A, B, C, L) with output process Y, Caines (1988,
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Appendix 2, Theorem 8) shows that the transfer function H : z — C(zIy — A) !B possesses
a left matrix fraction description H(z) = P(z)"'Q(z). Hence, by Theorem 2.4, Y is an
MCARMA process. o

2.4. Complete regularity of the innovations of sampled MCARMA
processes

For a continuous-time stochastic process Y = (Y(¢));er and a positive constant h, the
corresponding sampled process Y = (Y,Sh))nez is defined by Y = Y(nh). A common
problem in applications is the estimation of a set of model parameters based on observations
of the values of a realization of a continuous-time process at equally spaced points in
time. In order to make MCARMA processes Y amenable to parameter inference from
equidistantly sampled observations, it is important to have a good understanding of the
probabilistic properties of Y. One such property which has turned out to be useful for
the derivation of asymptotic properties of estimators is mixing, for which there are several
different notions (see, e.g., Bradley, 2007, for a detailed exposition). Let I denote Z or
R. For a stationary process X = (X, )ne; On some probability space (Q),.#,IP), we write
Ft=0(Xj:jel,n<j<m), —oo<n<m< oo The a-mixing coefficients (a(m))er were
introduced in Rosenblatt (1956) and are defined by

a(m) = sup IP(ANB)—TP(A)P(B)|.
AeFO , BEFY
If limy, 0 «(m) = 0, then the process X is called strongly mixing, and if there exist constants
C>0and 0 < A < 1such that a,, < CA™, m > 1, it is called exponentially strongly mixing.
The B-mixing coefficients (B(m))mer, introduced in Volkonskii and Rozanov (1959), are
similarly defined as
B(m) =E sup [P(B|#°,)—P(B)|.
BeZy
If limy, o B(m) = 0, then the process X is called completely regular or B-mixing, and if there
exist constants C > 0 and 0 < A < 1 such that §,, < CA™, m > 1, it is called exponentially
completely regqular. The equivalent definition

1 L J
B(m) = > sup Y Y |P(A; N Bj) —P(A;)P(B))
1]>1 i=1j=1
(A; )1<1<I€( ) U,I 1A =0
(B1<jer €(Z5) UJ_ Bj=

given in Dedecker, Doukhan, Lang, Leén R., Louhichi and Prieur (2007, Eq. (1.2.4)), shows
that complete regularity, just like strong mixing, is preserved under sampling, aggregation
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and linear transformations. It is clear from these definitions that a(m) < p(m) and that
(exponential) complete regularity thus implies (exponential) strong mixing. It has been
shown in Marquardt and Stelzer (2007, Proposition 3.34) that every causal multivariate
CARMA process Y with a finite kth moment, x > 0, is strongly mixing and this naturally
carries over to the sampled process Y") because the relevant o-algebras, over which the
supremum is taken, become smaller by sampling. We therefore do not investigate the mixing
properties of the process Y itself, but rather of its linear innovations.

Definition 2.6 (Linear innovations) Let (Y;),cz be an R4-valued stationary stochastic pro-
cess with finite second moments. The linear innovations (&,)ncz of (Yu)nez are then defined

by
en =Yy —P,_1Yn, P, = orthogonal projection onto span{Y,: —co <v<n}, (24.1)

where the closure is taken in the Hilbert space of square-integrable random variables with
inner product (X,Y) — E(X,Y).

From now on, we work under an additional assumption, which is standard in the univariate

case.

Assumption E2 The eigenvalues Aq,..., Ay of the state transition matrix A in Eq. (2.3.5a)
are distinct.

A polynomial p € M;(C|z]) is called monic if its leading coefficient is equal to 1; and
Schur-stable if the zeros of z — det p(z) all lie in the complement of the closed unit disk. We
first give a semi-explicit construction of a weak vector ARMA representation of Y with
complex-valued coefficient matrices, a generalization of Brockwell et al. (2011, Proposition
3).

Theorem 2.7 (Weak ARMA representation) Assume that Y is the output process of the state
space system (2.3.5) satisfying Assumptions L1, E1 and E2, and that Y s its sampled version
with linear innovations "), Define the Schur-stable polynomial ¢ € C|z] by

p(z) = ﬁ (1 - ehsz> = (1 —p1z—...— (pNzN) . (24.2)

v=1

There then exists a monic Schur-stable polynomial ® € My(C|z]) of degree at most N — 1, such
that
e(B)YM =B, nez, (2.4.3)

where B denotes the backshift operator, that is, B/ Y,&h) = YI@ j for every non-negative integer j.

This result is very important for the proof of the mixing properties of the innovations
sequence &) because it establishes an explicit linear relationship between &*) and Y, A
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good understanding of the mixing properties of ") is not only theoretically interesting,
but is also practically of considerable relevance for the purpose of statistical inference for
multivariate CARMA processes. One estimation procedure in which the importance of
the mixing properties of the innovations of the sampled process is clearly visible is quasi
maximum likelihood (QML) estimation. Assume that ® C IR" is a compact parameter set
and that a parametric family of MCARMA processes is given by the mapping ® > ¢ —
(Ap, By, Cy, Ly). It follows from Theorem 2.7 and Brockwell and Davis (1991, §11.5) that the
Gaussian likelihood of observations y* = (y,,...,y;) under the model corresponding to a
particular value ¢ is given by

L ~1/2 .
Z(8,y") = (2n) 12 (H det Vg,n> exp {—; ) eganI,_,nleg,n} , (2.4.4)

n=1 n=1

where ey, is the residual of the minimum mean-squared error linear predictor of Y, given
the preceding observations, and Vy, is the corresponding covariance matrix. From a
practical perspective, it is important to note that all quantities necessary to evaluate the
Gaussian likelihood (2.4.4) can be conveniently computed by using the Kalman recursions
(Brockwell and Davis, 1991, §12.2) and the state space representation given in Lemma 2.18.
In case the observations y* are (part of) a realization of the sampled MCARMA process Yg;)
corresponding to the parameter value &, the prediction error sequence (eg, ), is — up to
an additive, exponentially decaying term which comes from the initialization of the Kalman
filter — (part of) a realization of the innovations sequence e of Yl(;;). In order to be able to

analyse the asymptotic behaviour of the natural QML estimator

AL

¢ = argmax, g -Z(8,y")

in the limit as L — oo, it is necessary to have a Central Limit Theorem for sums of the form

1 & 9 _
ﬁ Z g |:10g det Vﬂ,n + ez;,nvﬂ’r}el%n}
n=1

Existing results in the literature (Bradley, 2007; Herrndorf, 1984; Ibragimov, 1962) ensure

(2.4.5)

=ty

that various notions of weak dependence, and, in particular, strong mixing, are sufficient
for a Central Limit Theorem for the expression (2.4.5) to hold, provided that the asymptotic
independence is uniform in ¢. Theorem 2.8 below is thus the necessary starting point for
the development of an estimation theory for multivariate CARMA processes, which involves
some additional issues like identifiability of parametrizations and is thus beyond the scope
of this chapter. In Chapter 3 we will pursue this topic further and develop a quasi maximum
likelihood estimation theory for state space models in both discrete and continuous time,
which is, in particular, applicable to multivariate CARMA processes.
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Before presenting a sufficient condition for the innovations ¢) to be completely regular, we
first observe that the eigenvalues Ay, ..., Ay of the matrix A are the roots of the characteristic
polynomial z — det(z1y — A), which, by the Fundamental Theorem of Algebra, implies
that they are either real or occur in complex conjugate pairs. We can therefore assume that
they are ordered in such a way that, for some r € {0,...,N},

MER, 1<v<r, A=A €C\R, v=r+1r+3,..., N-1

By Lebesgue’s decomposition theorem (Klenke, 2008, Theorem 7.33), every measure u on
R? can be uniquely decomposed as i = i + s, where p and ps are absolutely continuous
and singular, respectively, with respect to the d-dimensional Lebesgue measure. If i is not
the zero measure, then we say that y has a non-trivial absolutely continuous component.

Theorem 2.8 (Mixing Innovations) Assume that Y is the output process of the linear continu-
ous-time state space model (A, B,C, L) satisfying Assumptions L1, E1 and E2. Denote by ) the
linear innovations of the sampled process YW, and further assume that the law of the R™N-valued
random variable

(h) — h T h T h T h T I T 17T
A _[Mg) oM MW M MW } (2.4.6)
where
T h
M = | Rem!"" M|, M= / e OMGL(W), v=1,...,N, (247)
0

has a non-trivial absolutely continuous component with respect to the mN-dimensional Lebesgue

h)

measure. Then, e™) is exponentially completely reqular.

The assumption on the distribution of .# ") made in Theorem 2.8 is not very restrictive. Its
verification is based on the following lemma, which allows us to derive sufficient conditions
in terms of the Lévy process L which show that it is indeed satisfied in most practical
situations.

Lemma 2.9 There exist matrices G € Myun(R) and H € My n(R) such that 4" equals
A (h), where (A (t))is0 is the unique solution of the stochastic differential equation

d.(t) = G (t)dt + HAL(t), .#(0) = Oyn-. (2.4.8)
Moreover, rank H = m, and the mN x mN matrix [ H GH --- GN-1H ] is non-singular.

The last part of the statement is referred to as controllability of the pair (G, H) and is essential
in the proofs of the following explicit sufficient conditions for Theorem 2.8 to hold.
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Proposition 2.10 Assume that the Lévy process L has a non-singular Gaussian covariance matrix
%Y. Theorem 2.8 then holds.

Proof By Sato (2006, Corollary 2.19), the law of .# (" is infinitely divisible with Gaussian
covariance matrix given by foh eCuHRIHTeC udu, By the controllability of (G, H) and
Bernstein (2005, Lemma 12.6.2) (see also Lemma 3.39 in the next chapter), this matrix is
non-singular, and Sato (1999, Exercise 29.14) completes the proof. O

A simple Lévy process of practical importance which does not have a non-singular Gaussian
covariance matrix is the compound Poisson Process, which is defined by L(t) = Zyl:]:(tl) I,
where (N(t));er+ is a Poisson process, and (],,),ez is an i.i.d. sequence independent of
(N(t))ter+; the law of J, is called the jump size distribution. The proof of Priola and Zabczyk
(2009, Theorem 1.1), in conjunction with Lemma 2.9, implies the following result.

Proposition 2.11 Assume that L is a compound Poisson process with absolutely continuous jump
size distribution. Theorem 2.8 then holds.

Under a similar smoothness assumption, the conclusion of Theorem 2.8 also holds in the
case of infinite activity Lévy processes. The statement follows from applying Priola and
Zabczyk (2009, Theorem 1.1) to Eq. (2.4.8), see also Bodnarchuk and Kulik (2008); Picard
(1996).

Proposition 2.12 Assume that the Lévy measure vt of L satisfies vE(R™) = oo, and that there
exists a positive constant p such that vt restricted to the ball {x € R™ : ||x|| < p} has a density
with respect to the m-dimensional Lebesgue measure. Theorem 2.8 then holds.

While the preceding three propositions already cover a wide range of Lévy processes
encountered in practice, there are some relevant cases which are not yet taken care of, in
particular the construction of the Lévy process as a vector of independent univariate Lévy
processes (Corollary 2.16 below). To also cover this and related choices, we employ the
polar decomposition for Lévy measures (Barndorff-Nielsen, Maejima and Sato, 2006, Lemma
2.1). By this result, for every Lévy measure v, there exists a probability measure « on the
(m —1)-sphere S"~ ! := {x € R" : ||x|| = 1} and a family {vz : { € 5" '} of measures on
R, such that for each Borel set B € B(R™"), the function § — vg(B) is measurable and

VL(B) = /S /0 " I (A)vg(dA)a(de), B € B(R™{0,,}). (2.4.9)

A linear subspace of a finite-dimensional vector space of codimension one is called a
hyperplane.

Proposition 2.13 If the Lévy measure v* has a polar decomposition (a,vg : & € S™1) such that
for any hyperplane H C R™, it holds that [, , Ixm 3 (&) [ ve(dA)a(dE) = co, then Theorem 2.8
holds.
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Proof The proof rests on the main theorem of Simon (2010). We denote by im H the
image of the linear operator associated with the matrix H. Since rank H = m and the pair
(G, H) is controllable, we only have to show that v ({x € R" : Hx € imH\H}) =
for all hyperplanes H C im H, and since R" = im H, the last condition is equivalent to
v (R™\H) = oo for all hyperplanes % C R™. Using Eq. (2.4.9) and the fact that for every
& € S" 1 and every A € R", the vector A¢ is in A if and only if the vector £ is, this is seen
to be equivalent to the assumption of the proposition. o

Corollary 2.14 If the Lévy measure v™ possesses a polar decomposition (a,vg : € € S™1) such
that a(S™~\H) is positive for all hyperplanes H € R™, and vg(R) = oo for a-almost every g,
then Theorem 2.8 holds.

Corollary 2.15 If the Lévy measure vt has a polar decomposition (a,vg : & € S™ 1) such that for
some linearly independent vectors &,,...,¢,, € S™=1 it holds that, fork=1,...,m, a(g) >0
and vg, (R™) = oo, then Theorem 2.8 holds.

Corollary 2.16 Assume that | > m is an integer and that the matrix R € M,,;(R) has full rank
T
m. IfL =R < Ly - L ) , where Ly, k = 1,...,1, are independent univariate Lévy processes

with Lévy measures vk satisfying v (R) = oo, then Theorem 2.8 holds.

2.5. Proofs

2.5.1. Proofs for Section 2.3

Proof (of Theorem 2.4) The first step of the proof is to show that any pair (P, Q) of the
form (2.3.1) is a left matrix fraction description of C (zlpd — A)~!B, provided A, B and C are
defined as in Eqgs. (2.3.4). We first show the relation
. T
(= A B= | wi(x)] - whiz) |, (2.5.1)
where w;(z) € My,,,(R{z}),j=1,...p, are defined by the equations

wj(z) :%(le(Z) +Bi), j=1...,p—1, (2.5.2a)

and

p—1
wy(z) :% (— Y Ay jwieia(z) + ,Bp) . (2.5.2b)
k=0

Since it has been shown in Marquardt and Stelzer (2007, Theorem 3.12) that wq(z) =
P(z)7'Q(z), this will prove the assertion. Eq. (2.5.1) is clearly equivalent to B = (z1p4 —
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T
A) [ wi(z)T - wj(2) } , which explicitly reads

Bj =zwi(z) —wja(z), j=1,...p—1,
By =zwp(z) + Apwi(z) + ... + Ajwy(2),

and is thus equivalent to Eq. (2.5.2).
For the second step we consider a given state space model (A, B,C, L). Using the spectral
representation of the matrix exponential (Lax, 2002, Theorem 17.5),

1
At _ zt . -1
et = 2m/re (zly —A) dz, teER, (2.5.3)

where I is some closed contour in C winding around each eigenvalue of A exactly once, it
follows that

t
Y(t) = / CeA=1) BAL (1)
_ L /t /ez(t_”)C(zl — A)"'BdzdL(u)
“2mi ) Jr N
— 1 ' z(t—u) -1
- /_m/re P(z)"1Q(z)dzdL (u)
1 st
- z(t—u) . 1
T /_oo/re C(z1y — A) " BdzdL(u)
t
- / CeAt—1 BAL (u),
where the matrices A, B and C are defined in terms of (P,Q) by Egs. (2.3.4). Thus, Y
is a multivariate CARMA process with autoregressive polynomial P and moving average
polynomial Q. O
2.5.2. Proofs for Section 2.4

In this section we present in detail the proofs of our main results, Theorems 2.7 and 2.8
and Lemma 2.9, as well as several auxiliary results. The first is a generalization of Brockwell
et al. (2011, Proposition 2) expressing MCARMA processes as a sum of multivariate Ornstein—
Uhlenbeck processes.

Proposition 2.17 Let Y be the the output process of the state space system (2.3.5), and assume
that Assumption E2 holds. Then, there exist vectors by,..., by € C\{0,} and s1,...,sy €
C"™\{0,,}, such that Y can be decomposed into a sum of dependent, complex-valued Ornstein—
Uhlenbeck processes as Y (t) = Y01 Y, (t), where

t
Y, (1) = ey, (s) + b, / eM!7Wd(s,, L(u)), stER, s<t (2.5.4)
S
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Proof We first choose a left matrix fraction description (P, Q) of the transfer function
z + C(zly — A)7'B such that z + detP(z) and z ~ detQ(z) have no common zeros
and z — detP(z) has no multiple zeros. This is always possible, by Assumption E2.
Inserting the spectral representation (2.5.3) of et into the kernel g(t) (Eq. (2.3.9)), we ob-
tain g(t) = 5= [ C(zly — A)~ 1Bd21[0 oo)( ) and by construction, the integrand equals
e*P(z) 'Q(2)Ijg,) (t). After writing P(z) ! = 4= P( 7 adj P(z), where adj denotes the adju-
gate of a matrix, an element-wise application of the Residue Theorem from complex analysis
(Dieudonné, 1968, 9.16.1) shows that
S 1 .
g(t) = V;e (detP) (1) adj P(Ay) Q(Av)Ijo,e) (1),

where (detP)'(A,) = 4 detP(z)|,—,, is non-zero because z + detP(z) has only simple
zeros. The same fact, in conjunction with the Smith decomposition of P (Bernstein, 2005,
Theorem 4.7.5), also implies that rank P(A,) = d — 1, and thus rankadj P(A,) equals one
(Bernstein, 2005, Fact 2.14.7 ii)). Since det P and det Q have no common zeros, the matrix
[(det P)'(Ay)]~'adj P(A,)Q(A,) also has rank one and can thus be written as b,s! for some
non-zero b, € C? and s, € C" (Halmos, 1974, §51, Theorem 1). m|

Lemma 2.18 Assume that Y is the output process of the state space model (2.3.5). The sampled
process Y") then has the state space representation
nh

X, =eX, 1 +N, N,= /( ) eAtm=npar ), vy =cxP. (2.5.5)
n—1)h

The sequence (N, )nez is i. 1. d. with mean zero and covariance matrix
h T
¥ — EN,NT = / AU BELBTeA Hdy. (2.5.6)
0

Proof Egs. (2.5.5) follow from setting t = nh, and s = (n — 1)h in the moving average repre-
sentation (2.3.6). It is an immediate consequence of the Lévy process L having independent
and stationary increments that the sequence (N, ),ez is i.1.d., and that its covariance matrix
¥ is given by Eq. (2.5.6). mi

From this, we can now proceed to prove the weak vector ARMA representation of the
process Yy,

Proof (of Theorem 2.7) It follows from setting t = nh, s = (n — 1)h in Eq. (2.5.4) that Yy
(h)

can be decomposed as Y Z - Y,, n, Where Y, 7, satisfying

nh

+ Z%/ Zv{ln = bv/( e/\y(nhiu)d«sv/ L(u)>/

Y) = ety ™ o
.

vn—1
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are the sampled versions of the MCAR(1) processes from Proposition 2.17. Analogously to
Brockwell and Lindner (2009, Lemma 2.1), we can show by induction that, for each k € INg
and all complex d x d matrices cy, ..., ¢k, it holds that

k
h h - h
R D e e B R
r=1 r=1
k—1 r . I
+ Y e Y ) Zﬁ,,b (2.5.7)
r=0 j=1

If we then use the fact that e™" is a root of z — ¢(z), which means that the expression

eNv _ (p1e(N*1)h)‘"“ — ... — ¢@n equals zero, and set k = N, ¢, = 1;¢,, then Eq. (2.5.7)
becomes
DN e k) | )
(P(B)Yv,n = Z e = Z pje ! / Zv,nfr'
r=0 j=1

Summing over v and rearranging shows that this can be written as
() _ 3~y
p(B)Y, =Y V., . (2.5.8)
v=1

where the i.i. d. sequences (V%) o ve{l,...,N}, are defined by
ne

nh N v—1
vi= " [N(v—n_z(p,(eww—x—l) MDY ). (259)
n—1)h
u=1 k=1

By a straightforward generalization of Brockwell and Davis (1991, Proposition 3.2.1), there
exists a monic Schur-stable polynomial ©(z) = 1; + ®1z + ... + On_1zV"1 with matrix--
valued coefficients and a white noise sequence & such that the (N — 1)-dependent sequence
¢(B)Y") has the moving average representation (p(B)Y,Sh) = O(B)&,. Since both ¢ and ©
are monic, and ¢ is Schur stable (by Assumption E1), & is the innovations process of Y®
and so it follows that & = £(") because the innovations of a stochastic process are uniquely

determined. O

As a corollary, we obtain that the innovations sequence &) itself satisfies a set of strong
VARMA equations, the attribute strong referring to the fact that the noise sequence is i.i.d.,
not merely white noise.

Corollary 2.19 Assume that Y is the output process of the state space system (2.3.5) satisfying
Assumptions L1, E1 and E2. Further assume that e™) is the innovations sequence of the sampled
process Y. There then exists a monic, Schur-stable polynomial ® € My(C|z]) of degree at
most N — 1, a polynomial & € M, n(R[z]) of degree N — 1, and a C*™N-valued i.i.d. sequence
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wh = (W,Sh))nez, such that
oB)e =oBYWY, nez. (2.5.10)
Proof Combining Egs. (2.4.3) and (2.5.8) gives
el 4 ®§h)€n—1 +...+ 91(\7),1571—N+1 = V@ + ngﬁfl +oF VZ(\I;,)anJrl' ne?, (2511)

and with the definitions

T
wil <[yt oy ] ee™, ez, (25.12a)
N .
9(2)229]'2171, Op=1[04 --- 05 15 05 --- 04 | €Myan(R), (2.5.12b)
=1 v—1 times N—v times

Eq. (2.5.11) becomes @(B)e,(qh) = 9(B)W£lh), showing that ") is indeed a vector ARMA
process. m

Corollary 2.19 is the central step in establishing the complete regularity of the innovations

process S(h) .

Proof (of Theorem 2.8) We define the R"N-valued random variables

" — [ pg® mT ag® T o T m T
My = [ Mn,% ... Mn,r Mf/l,ﬂrl Mn,r+3 ... Mn,Nfl } , ne4z,

where, forv=1,...,N,

h nh

T T 7T ah—
Mn,vz[ReM,(ij Im M) ] , M;S'fﬂz/(nl)he“” JdL(u), neZ.

It is clear that the sequence (///n(h))nez isi.i.d. and .Z" is equal to //ll(h). We shall now

argue that the vector W,(qh), as defined in Eq. (2.5.12a), is equal to a linear transformation of

T
. By Eq. (2.5.9), we can write wi = T ®1,] [ (blslTMX’l))T e (bNSIEMg,lz)\/)T ] ,
where I' = (7,,,) € My(C) is given by v, = eM"V=1 4 yV~1 o eMhV==1) With the
notation
by 0; ... 04
0; b
B=| " 7 € Mann(C),
04
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and
sT o 0}
ol T
S = d 2 € MN,WZN(C)/
. -. OT
- U
07 0; sy
- Tagm\ 7T T ] mT m ™17
we obtain (blsan,1> (bNSNMn,N> = BS[Mn,l Mn,N } . We

recall that, for v =r+1,7+3,..., N — 1, the eigenvalues of A satisfy A, = A,;1 € C\R,
which implies that

M) =ReM{l) +imM{) and M), = M) = Re M) — iTm M),
T
Consequently, we obtain that Mnhl)T o Mnh])\]T } =[K® lm]///n(h), where
1,
J 1
K= € My(C), J= S p
1 —i
J

so that, in total, W,(qh) = F.///,Eh) with F = [IT ® 14]BS[K @ 1,s] € Myn mn(C). It follows that
the VARMA equation (2.5.10) for ¢) becomes @(B)sﬁ,h) = 9(B)///rgh), where 8(z) = 6(z)F.
By the invertibility of ®, the transfer function k : z — ©(z) !0(z) is analytic in a disk
containing the unit disk and permits a power series expansion k(z) = Yito ‘F]-zf . We
next argue that the impulse responses ¥; are necessarily real d x mN matrices. Since
both &) and .#.") are real-valued, it follows from taking the imaginary part of the
equation el = k(B)//ln(h) that 0; = Z]?“’:OIm‘I’j//ln(}i)j. Consequently, 0 = Cov(0;) =
Yito Im‘I’jCov(///,fli)j) Im‘I’]T, and since each term in the sum is a positive semidefinite
matrix, it follows that Im ¥ Cov(///iq(}i).) Im ‘I’JT = 0 for every j. The existence of an absolutely
continuous component of the law of ,///n(li)] with respect to the mN-dimensional Lebesgue

h)

j. Hence, k(z) € M, ,,n(R) for all real z, and, consequently, k € M, ,,n(R{z}). Hannan
and Deistler (1988, Theorem 1.2.1, (iii)) then implies that there exists a stable (//n(h) JneN-
driven VARMA model for (") with real-valued coefficient matrices. It has been shown in

measure implies that Cov (.7, n( ) is non-singular, and it thus follows that Im ¥; = 0 for every

Mokkadem (1988, Theorem 1) that a stable vector ARMA process is geometrically completely
regular provided that the driving noise sequence is i.i. d. and absolutely continuous with
respect to the Lebesgue measure. A careful analysis of the proof of this result shows that the
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existence of an absolutely continuous component of the law of the driving noise is already
sufficient for the conclusion to hold. We briefly comment on the necessary modifications to
the argument. We first note that under these weaker assumptions, the proof of Mokkadem
(1988, Lemma 3) implies that the n-step transition probabilities P"(x, ) of the Markov chain
X associated with a vector ARMA model via its state space representation have an absolutely
continuous component for all n greater than or equal to some 7y. This immediately implies
aperiodicity and ¢-irreducibility of X, where ¢ can be taken as the Lebesgue measure
restricted to the support of the continuous component of P" (x, -). The rest of the proof, in
particular the verification of the Foster-Lyapunov drift condition for complete regularity,
is unaltered. This shows that &) is geometrically completely regular and, in particular,
strongly mixing with exponentially decaying mixing coefficients. m]

Proof (of Lemma 2.9) By definition, M,Sh) = M, (h), where (M, (t))s0 is the solution to

dM,(t) = AyM,(t)dt +dL(t), M,(0) = 0,,.
Taking the real and imaginary parts of this equation gives

dReM,(t) =ReA,M,(t)dt +dL(t) = [ReA, Re M, (t) —Im A, Im M, (t)] dt + dL(¢),
dIm M, (t) =ImA, M, (t)dt = [Re Ay Im M, (t) + Im A, Re M, (t)] dt,

and, consequently,
d ReMu(t) = [Ay @1y ReMu(t) ) 4, (1 dL(t),
Im M, (t) Im M, (t) O

where
A, = ReA, —ImA,
ImA, ReA,
is the matrix representation of the complex number A,. Using the fact that A, € R for v =
1,...,r,and Ay, = Ay e C\Rforv=r+1,r+3,...,N —1, it follows that yARES A (h),

where (. (t))ss0 satisfies d.#(t) = G.# (t)dt + HdL(t),and G = G ®1,; € M,,n(R) and
H=H®1, € Myn,n are given by

G = diag(/\ll sy AI’/ Ar+l/ Ar+3/ oo ,AN,l),

A=(1 --- 11010 --- 1 0)"
|

r times

Since rank H = m, the first claim of the lemma is proved. Next, we show that the
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controllability matrix ¢ = [ H GH --- GN-lH ] € Mun(R) is non-singular. With

% = [ H GH --- GN'H } and by the properties of the Kronecker product, it follows
that ¥ = € ®1,, and thus det% = [det €]™. The matrix ¢ is given explicitly by

1 M A2 s AN 1 M A2 AN
1 Ar A2 coe AN 1 A A2 ... AN
7 1 ReA,q Re)\f+1 Re)\ﬁll _ 1 A A3+1 /\i\_]ﬁl
0 ImAyq ImAZ, - ImAN! A A2 e AN
1 ReAy_1 ReA% ; -+ ReANT] 1 Ana A%, o AN
0 ImAy—1 ImA% , -+ ImANT] i iAN_1 AR, o GANTH
1
with T € My (R) givenby T = diag (1,...,1,R,...,R)and R = % ) 11 . The formula
—1

for the determinant of a Vandermonde matrix (Bernstein, 2005, Fact 5.13.3) implies that

m

det? = [(-1)"7" TT (u—=2) TT ImAud, — AP A — A2 TT 1Ax — Al
I<u<vsr uvel. N I<usr
u<v vel,N

7

where I,y == {r+1,r+3,...,N — 1}. Hence, det ¢ is not zero by Assumption E2, and the
proof is complete. 0






3. Quasi Maximum Likelihood Estimation for
Strongly Mixing Linear State Space Models
and Multivariate CARMA Processes

3.1. Introduction

Linear state space models have been used in time series analysis and stochastic modelling
for many decades because of their wide applicability and analytical tractability (see, e. g.,
Brockwell and Davis, 1991; Hamilton, 1994, for a detailed account). In discrete time they are
defined by the equations

X, =FXp 1+ Zy1, Yn=HX,+W, necz, (3.1.1)

where X = (X},), . is a latent state process, F, H are coefficient matrices, and Z = (Z,),,c5,
W = (W,), oz are sequences of random variables, see Definition 3.1 for a precise formulation
of this model. In this chapter we investigate the problem of estimating the coefficient matrices
F, H as well as the covariances of Z and W from a sample of observed values of the output
process Y = (Y;),cz, using a quasi maximum likelihood (QML) or generalized least squares
approach. Given the importance of this problem in practice, it is surprising that a proper
mathematical analysis of the quasi maximum likelihood estimation for the model (3.1.1) has

only been performed in cases where the model is in the so-called innovations form
Xn == Fanl + K€n71, Yn = HXn + 8;«1, n 6 Z, (3.1.2)

where the innovations & form a martingale difference sequence (Hannan and Deistler,
1988, Chapter 4). This includes state space models in which the noise sequences Z, W are
Gaussian, because then the innovations, which are uncorrelated by definition, form an i.i.d.
sequence. Restriction to these special cases excludes, however, the state space representations
of aggregated linear processes, as well as of equidistantly observed continuous-time linear
state space models.

In the first part of the present chapter we shall prove consistency and asymptotic normality
of the quasi maximum likelihood estimator for the general linear state space model (3.1.1)
under the assumptions that the noise sequences Z, W are ergodic, and that the output pro-

35
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cess Y satisfies a strong-mixing condition in the sense of Rosenblatt (1956). This assumption
is not very restrictive, and is, in particular, satisfied if the noise sequence Z is i.i. d. with an
absolutely continuous component, and W is strongly mixing. Our results are a multivariate
generalization of Francq and Zakoian (1998), who considered the quasi maximum likeli-
hood estimation for univariate strongly mixing ARMA processes. The very recent paper
Boubacar Mainassara and Francq (2011), which deals with the structural estimation of weak
vector ARMA processes, instead makes a mixing assumption about the innovations sequence
€ of the process under consideration, which is very difficult to verify for state space models;
their results can therefore not be used for the estimation of general discretely-observed
linear continuous-time state space models. More importantly, their proof appears to be
incomplete, because a crucial step in the proof of their Lemma 4 is claimed by the authors to
be analogous to the corresponding step in the proof of Francq and Zakoian (1998, Lemma
3). It is, however, not clear how the argument given there can be modified in order to be
compatible with the assumption of strongly mixing innovations, which is weaker than the
assumption of a strongly mixing output process as employed in Francq and Zakoian (1998).

As alluded to above, one advantage of relaxing the assumption of i.i.d. innovations
in a discrete-time state space model is the inclusion of sampled continuous-time state
space models. These were introduced in the form continuous-time ARMA (CARMA)
models in Doob (1944) as stochastic processes satisfying the formal analogue of the familiar
autoregressive moving average equations of discrete-time ARMA processes, namely

a(D)Y(t) = b(D)DW(F), D = jt, (31.3)
where a and b are suitable polynomials, and W denotes a Brownian motion. In the recent past,
a considerable body of research has been devoted to these processes (see, e.g., Brockwell,
2001a, and references therein). One particularly important extension of the model (3.1.3)
was introduced in Brockwell (2001b), where the driving Brownian motion was replaced by a
Lévy process with finite logarithmic moments. This allowed for a wide range of possibly
heavy-tailed marginal distribution of the process Y as well as the occurrence of jumps in
the sample paths, both characteristic features of many observed time series, e. g. in finance
(Cont, 2001). Recently, Marquardt and Stelzer (2007) further generalized Eq. (3.1.3) to the
multivariate setting, which gave researchers the possibility to model several dependent time
series jointly by one linear continuous-time process. This extension is important, because
many time series exhibit strong dependencies and can therefore not be modelled adequately
on an individual basis. In that paper, the multivariate non-Gaussian equivalent of Eq. (3.1.3),
namely P(D)Y(t) = Q(D)DL(t), for matrix-valued polynomials P and Q and a Lévy process
L, was interpreted by spectral techniques as a continuous-time state space model of the form

dG(f) = AG(t)dt + BAL(t), Y(t) = CG(t); (3.1.4)
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see Eq. (3.3.6) for an expression of the matrices .4, B, and C. The structural similarity between
Eq. (3.1.1) and Eq. (3.1.4) is apparent, and it is essential for many of our arguments. Taking
a different route, multivariate CARMA processes can be defined as the continuous-time
analogue of discrete-time vector ARMA models, described in detail in Hannan and Deistler
(1988); Litkepohl (2005). As continuous-time processes, CARMA processes are suited
particularly well to model irregularly spaced and high-frequency data, which makes them a
flexible and efficient tool for building stochastic models of time series arising in the natural
sciences, engineering and finance (e.g. Benth and Saltyté Benth, 2009; Fan, Soderstrom,
Mossberg, Carlsson and Zon, 1998; Na and Rhee, 2002; Todorov and Tauchen, 2006).

In the univariate Gaussian setting, several different approaches to the estimation problem
of CARMA processes have been investigated (see, e. g., Larsson, Mossberg and Soderstrom,
2006; Nielsen, Madsen and Young, 2000, and references therein). Maximum likelihood
estimation based on a continuous record was considered in Brown and Hewitt (1975); Feigin
(1976); Pham (1977). Due to the fact that processes are typically not observed continuously
and the limitations of digital computer processing, inference based on discrete observations
has become more important in recent years; these approaches include variants of the Yule-
Walker algorithm for time-continuous autoregressive processes (Hyndman, 1993), maximum
likelihood methods (Brockwell et al., 2011; Duncan, Mandl and Pasik-Duncan, 1999), and
randomized sampling (Leneman and Lewis, 1966; Rivoira, Moudden and Fleury, 2002) to
overcome the aliasing problem. Alternative methods include discretization of the differential
operator (Larsson and Soderstrom, 2002; Soderstrom, Fan, Carlsson and Mossberg, 1997),
and spectral estimation (Gillberg and Ljung, 2009; Lahalle, Fleury and Rivoira, 2004; Lii
and Masry, 1995; Masry, 1978). For the special case of Ornstein-Uhlenbeck processes, least
squares and moment estimators have also been investigated without the assumptions of
Gaussianity (Hu and Long, 2009; Spiliopoulos, 2009).

In the second part of this chapter we consider the estimation of general multivariate
CARMA processes with finite second moments based on equally spaced discrete obser-
vations, exploiting the results about the quasi maximum likelihood estimation of general
linear discrete-time state space models. Under natural identifiability assumptions we obtain
strongly consistent and asymptotically normal estimators for the coefficient matrices of a sec-
ond-order MCARMA process and the covariance matrix of the driving Lévy process, which
together determine the second-order structure of the process. It is a natural restriction of the
quasi maximum likelihood method that distributional properties of the driving Lévy process
which are not determined by its covariance matrix cannot be estimated. However, once the
autoregressive and moving average coefficients of a CARMA process are (approximately)
known, and if high-frequency observations are available, a parametric model for the driving
Lévy process can be estimated by the methods described in Chapter 4.
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Outline of the chapter The organization of the chapter is as follows. In Section 3.2 we
develop a quasi maximum likelihood estimation theory for general discrete-time linear
stochastic state space models with finite second moments. In Section 3.2.1 we precisely
define the class of linear stochastic state space models as well as the quasi maximum
likelihood estimator. The following two sections 3.2.3 and 3.2.4 contain the proofs that,
under a set of technical conditions, this estimator is strongly consistent and asymptotically
normally distributed as the number of observations tends to infinity, see Theorems 3.7
and 3.8.

In Section 3.3 we use the results from Section 3.2 to establish asymptotic properties of a
quasi maximum likelihood estimator for multivariate CARMA processes which are observed
on a fixed equidistant time grid. As a first step, we review in Section 3.3.1 their definition as
well as their relation to the class of continuous-time state space models. This is followed by an
investigation of the probabilistic properties of a sampled MCARMA process in Section 3.3.2
and an analysis of the important issue of identifiability in Section 3.3.3. Finally, we are
able to state and prove our main result, Theorem 3.50, about the strong consistency and
asymptotic normality of the quasi maximum likelihood estimator for equidistantly sampled
multivariate CARMA processes in Section 3.3.4.

In the final Section 3.4, we present canonical parametrizations, and we demonstrate the
applicability of the quasi maximum likelihood estimation for continuous-time state space

models with a simulation study and a data example from economics.

Notation We use the following notation: The space of m x n matrices with entries in the
ring K is denoted by M, »(K) or M,,(K) if m = n. The set of symmetric matrices is denoted
by S,,(K), and the symbols S, (R) (S;;*(IR)) stand for the subsets of positive semidefinite
(positive definite) matrices, respectively. AT denotes the transpose of the matrix A, im A
its image, ker A its kernel, c(A) its spectrum, and 1,, € M,,(K) is the identity matrix. The

vector space R™ is identified with M,,1(R) so that u = (u!,..

L, u™T € R™ is a column
vector. ||-|| represents the Euclidean norm, (-, -) the Euclidean inner product, and 0,, € R™
the zero vector. K[X] (K{X}) denotes the ring of polynomial (rational) expressions in
X over K, Ip(-) the indicator function of the set B, and J,,, the Kronecker symbol. The
symbols [E, Var, and Cov stand for the expectation, variance and covariance operators,
respectively. Finally, we write 0, for the partial derivative operator with respect to the mth
coordinate and V = ( o1 -+ O > for the gradient operator. When there is no ambiguity,
we use 9y, f (89) and Vyf(do) as shorthands for 9,,f (#)]s—9, and Vg f(9)|s—g,, respectively.

A generic constant, the value of which may change from line to line, is denoted by C.
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3.2. Quasi maximum likelihood estimation for discrete-time state
space models

In this section we investigate quasi maximum likelihood (QML) estimation for general
linear stochastic state space models in discrete time, and prove consistency and asymptotic
normality under a set of technical assumptions described below. On the one hand, due to the
wide applicability of state space systems in stochastic modelling and control, these results
are interesting and useful in their own right. In the present chapter they will be applied
in Section 3.3 to prove asymptotic properties of the QML estimator for discretely observed
multivariate continuous-time ARMA processes. This is possible because every such process
has a natural discrete-time state space structure, see Proposition 3.32.

Our theory extends existing results from the literature, in particular concerning the QML
estimation of Gaussian state space models (Ansley and Kohn, 1985; Jones, 1980; Stoffer and
Wall, 1991), of state space models whose innovations sequences are martingale differences
(Hannan, 1969, 1975; Reinsel, 1997), and of weak univariate ARMA processes which satisfy a
strong-mixing condition (Francq and Zakoian, 1998). The techniques used in this section are
based on Boubacar Mainassara and Francq (2011), who consider the estimation of structural
discrete-time vector ARMA models with strongly mixing innovations.

3.2.1. Preliminaries and definition of the QML estimator

The general linear stochastic state space model for which we will develop a quasi maximum
likelihood estimation theory is defined as follows.

Definition 3.1 (State space model) An R-valued discrete-time linear stochastic state space
model (F, H,Z, W) of dimension N is characterized by a strictly stationary RN*?-valued

T
sequence ( zT wt ) with mean zero and finite covariance matrix

Z, B 0 R
(w )(Z; wl >]_5’”'”<RT s>’ nmez, (32.1)

n

E

for some matrices Q € S{;(R), S € S (R), and R € My,4(R); a state transition matrix
F € Mn(R); and an observation matrix H € M; 5 (IR). It consists of a state equation

X, =FX,1+Z,.1, neZ, (3.2.2a)
and an observation equation
Y,=HX,+W,, necZ (3.2.2b)

The RN-valued autoregressive process X = (X, )ncz is called the state vector process, and
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Y = (Yy)nez is called the output process.

The assumption that the processes Z and W are centred is not essential for our results, but
simplifies the notation considerably. The following lemma collects important probabilistic
properties of the output process Y of such a state space model. Its proof is standard
(Brockwell and Davis, 1991, §12.1).

Lemma 3.2 Assume that (F,H,Z, W) is a state space model according to Definition 3.1, and that
the eigenvalues of F are less than unity in absolute value.

i) There exists a unique stationary process Y solving Egs. (3.2.2). This process has the moving
average representation Y, = W, + HY >4 1z, ..

ii) If both Z and W have a finite kth moments for some k > 0, then Y has finite kth moments as
well.

iii) If the expected value of Y, is finite, it is given by EY, = EW; + HY> ; F'"'EZ;. In
particular, if both Z and W have mean zero, then Y has mean zero as well.

Before we turn our attention to the estimation problem for this class of state space
models, we review the necessary aspects of the theory of Kalman filtering, see Kalman
(1960) for the original control-theoretic account and Brockwell and Davis (1991, §12.2) for a
treatment in the context of time series analysis. The linear innovations of the output process
Y, which are introduced in the following definition, are of particular importance for the
quasi maximum likelihood estimation of state space models. Intuitively, their role in quasi
maximum likelihood estimation is similar to the one played by the residuals in least squares
estimation.

Definition 3.3 (Linear innovations) Let Y = (Y,,),cz be an IR%-valued stationary stochastic
process with finite second moments. The linear innovations € = (&, )ncz of Y are then defined

by
en =Yy —P,_1Yy, P, = orthogonal projection onto span{Y, : —co <v<mn}, (3.2.3)

where the closure is taken in the Hilbert space of square-integrable random variables with
inner product (X,Y) — E(X,Y).

This definition immediately implies that the innovations ¢ of a stationary stochastic process
Y are stationary and uncorrelated. The following proposition is a combination of Brockwell
and Davis (1991, Proposition 12.2.3) and Hamilton (1994, Proposition 13.2).

Proposition 3.4 Assume that Y is the output process of the state space model (3.2.2), that at least
one of the matrices Q and S is positive definite, and that the absolute values of the eigenvalues of F
are less than unity. Then the following hold.
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i) The discrete-time algebraic Riccati equation
-1 T
O=FOFT +Q— [PQHT + R] [HQHT + s} [PQHT n R] (3.2.4)
has a unique positive semidefinite solution Q) € S};(R).
ii) The absolute values of the eigenvalues of the matrix F — KH € My(IR) are less than one, where

K= [FQHT + R] [HQHT n s] e Myu(R) (3.2.5)

is the steady-state Kalman gain matrix.

iii) The linear innovations & of Y are the unique stationary solution to
Xﬂ = (F - KH) Xn—l +KYy1, &=Yy— HXn, ne-. (3.2.6a)

Using the backshift operator B, which is defined by BY, = Y, _1, this can be written equiva-
lently as

£ = {1d — H[1y — (F — KH) B]*lKB} Y,
=Y,—H)Y (F-KH)" 'KY,_,, neZz. (3.2.6b)

v=1

The covariance matrix V = Eeuel € ST(R) of the innovations e is given by

V =Ee,el = HOHT + 8. (3.2.7)

iv) The process Y has the innovations representation
X,=FX, 1+Ke,_1, Y,=HX,+¢, nez, (3.2.8a)
which, similar to Egs. (3.2.6), allows for the moving average representation
Y, = {1d — H[1y - FB]™! KB} Y,

=&y, +H)Y F'"'Keyoy, nez. (3.2.8b)

v=1

We now consider parametric families of state space models. For some parameter space
® C R’, r € N, the mappings

F() O — MN(]R), H() 0 — Md,N/ (3.2.961)
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together with a collection of strictly stationary stochastic processes Z3, Wy, # € ©, with
finite second moments determine a parametric family (Fy, Hy, Zg, Wy) 4@ Of linear state
space models according to Definition 3.1. For the variance and covariance matrices of the
noise sequences Z, W we use the notation (cf. Eq. (3.2.1)) Qy = IEZMZE,H, Se = ]EWMW&”,
and Ry = EZy, Wg{n, which defines the functions

Q() 0 — S;\LI(IR), S() 0 — S;;, R() 0 — MN,d(]R). (329b)

It is well known (Brockwell and Davis, 1991, Eq. (11.5.4)) that for this model, minus twice
the logarithm of the Gaussian likelihood of ¢ based on a sample y* = (Yy,...,Y) of

observations can be written as

L L
20,y =Y lgu=Y [d log 277 + log det Vy + s},“,nvl,—lsﬂ,n} , (3.2.10)

n=1 n=1

where &4, and Vj are given by analogues of Egs. (3.2.6a) and (3.2.7), namely

Eon = {1d — Hy [1y — (Fs — KoHy) B] ' Ko B} Y, necz, (3.2.11a)
Vs =HgQeH} + Sy, (3.2.11b)

and Ky, ()y are defined in the same way as K, () in Egs. (3.2.4) and (3.2.5). In the following
we always assume that y© = (Y3,1,...,Ys,1) is a sample from the output process of the
state space model (Fy,, Hy,, Zg,, Wy,) corresponding to the parameter value ¢y. We therefore
call &y the true parameter value. It is important to note that &g, are the true innovations of Yy,
and that therefore ]Eegorn££0,n = Vj,, but that this relation fails to hold for other values of ¢.
This is due to the fact that &4 is not the true innovations sequence of the state space model
corresponding to the parameter value ¢, which could only be computed from knowledge of
the fictitious output process Yy, which is not observed. We therefore call the sequence &4
pseudo-innovations.

The goal of this section is to investigate how the value #) can be estimated from y*
by maximizing Eq. (3.2.10). The first difficulty one is confronted with is that the pseudo-
innovations &y are defined in terms of the full history of the process Y = Yy, which is not
observed. It is therefore necessary to use an approximation to these innovations which can be
computed from the finite sample y*. One such approximation is obtained if, instead of using
the steady-state Kalman filter described in Proposition 3.4, one initializes the filter at n = 1
with some prescribed values. More precisely, we define the approximate pseudo-innovations
&y via the recursion

Xou = (Fp — KoHp) Xon1+KoYu1, 2sn=Y,— HpXgn neN, (3.2.12)
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and the prescription XM = Xﬁ/miﬁal. The initial values Xﬂ,initial are usually either sampled
from the stationary distribution of Xy, if that is possible, or set to some deterministic
value. Alternatively, one can additionally define a positive semidefinite matrix  jnitia] and
compute Kalman gain matrices Ky, recursively via Brockwell and Davis (1991, Eq. (12.2.6)).
While this procedure might be advantageous for small sample sizes, the computational
burden is significantly smaller when the steady-state Kalman gain is used. The asymptotic
properties which we are dealing with in this chapter are expected to be the same for both
choices because the Kalman gain matrices Ky, converge to their steady state values as n
tends to infinity (Hamilton, 1994, Proposition 13.2).

The quasi maximum likelihood estimator 3" for the parameter ¢ based on the sample y*
is defined as

AL

¢ = argmin,_o Z(8,y"1), (3.2.13)

where .Z(#,yL) is obtained from .Z(#,y~) by substituting 24 ,, from Eq. (3.2.12) for &g ,,, that

1S

)
Ne
<
N

Il
™=
o
2

3
Il
—

I
=

[d log 27 + log det Vy + &5V, 124, - (3.2.14)

3
Il
—_

3.2.2. Technical assumptions and main results

Our main results about the quasi maximum likelihood estimation for discrete-time state
space models are Theorem 3.7, stating that the estimator 3" given by Eq. (3.2.13) is strongly
consistent, which means that f’L converges to ¢y almost surely, and Theorem 3.8, which
asserts the asymptotic normality of 3" with the usual L1/2 scaling. In order to prove these
results, we need to impose the following conditions.

Assumption D1 The parameter space © is a compact subset of R".

Assumption D2 The mappings F(,), H(,), Q(,), S(,), and R(,) in Egs. (3.2.9) are continuous.

The next condition guarantees that the models under consideration describe stationary

processes.
Assumption D3 For every ¢ € O, the following hold:

i) the eigenvalues of Fy have absolute values less than unity,

ii) at least one of the two matrices Qg and Sy is positive definite,

iii) the matrix V3 is non-singular.
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The next lemma shows that the assertions of Assumption D3 hold in fact uniformly in ¢.
Lemma 3.5 Suppose that Assumptions D1 to D3 are satisfied. Then the following hold.

i) There exists a positive number p < 1 such that, for all & € ©, it holds that

max {|A|: A € o (Fy)} <p. (3.2.15a)

ii) There exists a positive number p < 1 such that, for all ¢ € ©, it holds that
max {|A| : A € 0 (Fs —KyHy)} <p, (3.2.15b)

where Ky is defined by Egs. (3.2.4) and (3.2.5).
iii) There exists a positive number C such that HVl,_l H < C for all ¢.

Proof Assertion i) is a direct consequence of Assumption D3, i), the assumed smoothness of
¢ — Fy (Assumption D2), the compactness of ® (Assumption D1), and the fact (Bernstein,
2005, Fact 10.11.2) that the eigenvalues of a matrix are continuous functions of its entries.
The claim ii) follows with the same argument from Proposition 3.4, ii) and the fact that
the solution of a discrete-time algebraic Riccati equation is a continuous function of the
coefficient matrices (Lancaster and Rodman, 1995, Chapter 14),(Sun, 1998). Moreover, by
Eq. (3.2.7) and what was already said, the function & — Vy is continuous, which shows that
Assumption D3, iii) holds uniformly in ¢ as well, and so iii) is proved. |

For the following assumption about the noise sequences Z and W we recall the notion
of ergodicity from Durrett (2010, Chapter 6). Assume that (X, ),cz is a strictly stationary
R¥-valued process considered as a random variable on the canonical probability space
((IRk)Z ,F, IP), where % = %A ((IRk)Z) is the Borel o-algebra. An element A € .% is said
to be shift-invariant if P (A A ¢~1(A)) = 0, where A denotes the symmetric difference, and

p: (R 5 (R, (X)yez = Kuit)yez

is the Bernoulli shift operator. The class of all shift-invariant sets A € .7 is a o-algebra,
denoted by .#. The process X is said to be ergodic if .# is the trivial o-algebra, i.e. P(A) €
{0,1} for every A € .#. The fundamental result about ergodic sequences is Birkhoff’s
Ergodic Theorem (Birkhoff, 1931), which allows for time averages to be approximated by
population averages, or more precisely

1 N
N Y Xy — E[X1].7],
n=1

N—oo

both almost surely and in L. In particular, if X is ergodic, the right side equals EXj.
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T
Assumption D4 The process ( Wgo Zgo ) is ergodic.

The assumption that the processes Zy, and Wy, are ergodic implies via the moving average
representation in Lemma 3.2, i) and Krengel (1985, Theorem 4.3) that the output process
Y = Yy, is ergodic. As a consequence, the pseudo-innovations &g defined in Eq. (3.2.11a) are
ergodic for every ¢ € ©.

Our first identifiability assumption precludes redundancies in the parametrization of the
state space models under consideration and is therefore necessary for the true parameter
value ¢y to be estimated consistently. It will be used in Lemma 3.13 to show that the quasi
likelihood function given by Eq. (3.2.14) asymptotically has a unique global minimum at ¢y.

Assumption D5 For all ¢y # ¢ € O, there exists a z € C such that
Hy [1n — (Fs — KgHy) z]_l Ky # Hg, [1n — (Fg, — Ky, Hs,) z]_1 Ks,, (3.2.16a)

or
Vo # Va,. (3.2.16b)

Assumption D5 can be rephrased in terms of the spectral densities fy, of the output
processes Yy of the state space models (Fy, Hy, Zy, Wy ), which are defined as the inverse
Fourier transforms of the autocovariance functions 7yy,:

fYo [ T, ﬂ] — S+ / w = 2 e i ’YYﬂ ; ’)’Yﬂ(h) = IEYﬂ,nYz;,nJrh'
heZ

This characterization will be very useful when we apply the estimation theory developed
in this section to state space models that arise from sampling a continuous-time ARMA
process.

Lemma 3.6 If, for all 9 # ¢ € ©, there exists an w € [—m, 7t such that fy,(w) # fy, (w), then
Assumption D5 holds.

Proof We recall from Hamilton (1994, Eq. (10.4.43)) that the spectral density fy, of the
output process Yy of the state space model (Fy, Hy, Zg, Wy) is given by

fr,(w) = %% (ei“’) Vg5 (e*i“’)T, w € [—m, 7, (3.2.17)

where #3(z) = Hy [Iny — (Fs — KsHy) 2] 1Ky 4z If Assumption D5 does not hold, we have
that both % (z) = #,(z) for all z € C, and V3 = V3, and thus Eq. (3.2.17) implies that

fry(w) = fy, (w), for all w € [—m, 7], contradicting the assumption of the lemma. o

Under the assumptions described so far we obtain the following consistency result.
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Theorem 3.7 (Consistency of 3"y Assume that (Fg, Hy, Zy, W) gc@ is a parametric family of
state space models according to Definition 3.1, and let y* = (Yp,1,...,Ys,,1) be a sample of length
L from the output process of the model corresponding to &q. If Assumptions D1 to D5 hold, then
the quasi maximum likelihood estimator ¥ = argming .,S/f”\(ﬂ, yL) is strongly consistent, that is
f?L — 89 almost surely, as L — oo.

We now describe the conditions which we need to impose in addition to Assumptions D1
to D5 for the asymptotic normality of the quasi maximum likelihood estimator to hold. The
first one excludes the case that the true parameter value ¢, lies on the boundary of the
domain ©.

Assumption D6 The true parameter value ¢ is an element of the interior of ©.

Next we need to impose a higher degree of smoothness than stated in Assumption D2 and a
stronger moment condition than Assumption D4.

Assumption D7 The mappings F(., H(.), Q(.,), S, and R(.) in Egs. (3.2.9) are three times
continuously differentiable.

By the results of the sensitivity analysis of the discrete-time algebraic Riccati equation in
Sun (1998), the same degree of smoothness, namely C?, also carries over to the mapping
0 — Vy.

T
Assumption D8 The process ( WEO Zgo ) has finite (4 4+ 6)th moments for some § > 0,
that is
446 445
E ||Wenl"™° <oo, E|Zg,n| " < oo. (3.2.18)

By Lemma 3.2, ii), Assumption D8 implies that the process Y has finite (4 4 §)th moments. In
the definition of the general linear stochastic state space model and in Assumption D4, it was
only assumed that the sequences Z and W are stationary and ergodic. This structure alone
does not entail a sufficient amount of asymptotic independence for results like Theorem 3.8
to be established. Unless one is willing to restrict attention to Gaussian processes, not even
imposing that Z and W are i.i. d. sequences leads a priori to a satisfactory asymptotic theory.
It turns out that a certain degree of asymptotic independence stronger than ergodicity is
required for the output process Y. The notion of strong (or a-) mixing, which goes back
to Rosenblatt (1956), is one possibility to define asymptotic independence quantitatively.
It has turned out to be a very useful substitute for true independence allowing for many
asymptotic results in the theory of inference for stochastic processes to be established. Given
a probability space ((),.#,P) and a stationary stochastic process X = (Xt)ter on that space,
where [ is either R or Z, we introduce the o-algebras .#)" = U(X]' cjelLn<j<m),
—oo < 1 < m < o0. The strong-mixing coefficients a(m), m € I, are defined by

a(m) = sup P(ANB)—P(A)P(B)]. (3.2.19)
AeF0 ,BeFY
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If limy, 00 a(m) = 0, the process X is called strongly mixing; it is called exponentially strongly
mixing if a(m) = O(A™) for some 0 < A < 1. We assume that the process Y is strongly
mixing and we impose a summability condition on the strong-mixing coefficients, which is
known to be sufficient for a Central Limit Theorem for Y to hold (Bradley, 2007; Ibragimov,
1962).

Assumption D9 Denote by ay the strong-mixing coefficients of the process Y = Yg,. There
exists a constant 6 > 0 such that

immmﬁ<m. (3.2.20)

In the case of exponential strong mixing, Assumption D9 is always satisfied, and it is no
restriction to assume that the § appearing in Assumptions D8 and D9 are the same. It follows
from Mokkadem (1988) and the results in Chapter 2 that, because of the autoregressive
structure of the state equation (3.2.2a), exponential strong mixing of the output process Yy,
can be assured by imposing the condition that the process Zy, is an i.i. d. sequence whose
marginal distributions possess a non-trivial absolutely continuous component in the sense of
Lebesgue’s decomposition theorem, see, e.g., Halmos (1950, §31, Theorem C) or the original
account Lebesgue (1904).

Finally, we require another identifiability assumption, that will be used to ensure that
the Fisher information matrix of the quasi maximum likelihood estimator is non-singular.
This is necessary because the asymptotic covariance matrix in the asymptotic normality
result for 8" is directly related to the inverse of that matrix. Assumption D10 is formulated
in terms of the first derivative of the parametrization of the model only, which makes it
relatively easy to check in practice; the Fisher information matrix, in contrast, is related to
the second derivative of the logarithmic Gaussian likelihood. For j € IN and ¢ € O, the
vector g ; € RUTD? is defined as

T
T
(11 ® K} @ H] | (vec1y)” (vecFy)" --- (Vec F{,) } (3.2.21)

vec Vy

Yo, =

where ® denotes the Kronecker product of two matrices, and vec is the linear operator that
transforms a matrix into a vector by stacking its columns on top of each other.

Assumption D10 There exists an integer jo € IN such that the [(jo +2)d?] x r matrix Vgipg, o
has rank r.

Our main result about the asymptotic distribution of the quasi maximum likelihood
estimator for discrete-time state space models is the following theorem. Equation (3.2.23)
shows in particular that this asymptotic distribution is independent of the choice of the



48 3. QML estimation for strongly mixing state space models and MCARMA processes

initial values X3y initial-

Theorem 3.8 (Asymptotic normality of 8"y Assume that (Fo, Hy, Z3, Wy ) gce is a parametric
family of state space models according to Definition 3.1, and let y* = (Yg,1,...,Ys, 1) be a sample
of length L from the output process of the model corresponding to ¢y. If Assumptions D1 to D10
hold, then the maximum likelihood estimator # = argming e ,,2/;(19, yL) is asymptotically normally
distributed with asymptotic covariance matrix & = | 1I] 71, that is

VL (3"~ ) — 4 (0,8), (3.2.22)
where
I= lim L™ Var (vﬂg (00,yL)), J = lim L'V (ﬂo,yL). (3.2.23)

3.2.3. Proof of Theorem 3.7 — Strong consistency

In this section we prove the strong consistency of the quasi maximum likelihood estimator
3", As a first step we show that the stationary pseudo-innovations processes defined by the
steady-state Kalman filter are uniformly approximated by their counterparts based on the
finite sample y".

Lemma 3.9 Under Assumptions D1 to D3, the pseudo-innovations sequences 4 and &y defined by
the Kalman filter equations (3.2.6a) and (3.2.12) have the following properties.

i) If the initial values X initiar are such that sup g g || Xg imitiat|| is almost surely finite, then, with
probability one, there exist a positive number C and a positive number p < 1, such that

sup ||egn — &gnl| <Cp", neN. (3.2.24)
9€O

In particular, &y, , converges to the true innovations &, = &g, at an exponential rate.

ii) The sequences ey are linear functions of Y, that is there exist matrix sequences (cgy),5,, SUch

that

vx1/

eon=Yn+ ) Co¥Yny, nez. (3.2.25)

v=1
The matrices cg, are uniformly exponentially bounded, that is there exist a positive constant C
and a positive constant p < 1, such that

sup ||cav|| < Cp", veN. (3.2.26)
9€O
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Proof We first prove part i) about the uniform exponential approximation of € by &. Iterating
the Kalman equations (3.2.6a) and (3.2.12), we find that, for n € IN,

n—1

egn =Yn — Hp (Fs — KoHp)" ' Xo1— Y Ho (Fs — KoHyg)" ' KoYy
v=1

and
14 o 1
890 =Yy — Hp (Fs — KsHp)" " X initial — E Hy (Fs — KsHyg)" " KoY.
v=1

Thus, using the fact that, by Lemma 3.5, the spectral radii of Fy — KyHy are bounded by
p < 1, it follows that

sup ||eg,n — &9,n|| =sup HHﬂ Fs — KsHyg)"™ (Xa,o — X 9 initial)
8cO 8cO

<[|H|| (@) 0" " sup [ Xs0 — X initial |
#cO
where [|H|| «(g) = Supyce || Hs|| denotes the supremum norm of H.), which is finite by the
Extreme Value Theorem. Since the last factor is almost surely finite by assumption, the claim
(3.2.24) follows.
For part ii), we observe that Eq. (3.2.6a) and Lemma 3.5, ii) imply that &4 has the infinite-
order moving average representation

egn =Yy —Hy Y (Fs — KgHp)" ' KoYy, (3.2.27)
v=1

with uniformly exponentially bounded coefficients cy, = —Hy (Fg — KgHg)V_l Ky. Explicitly,
leowll < [[HI| (@) Kl L~ (@) p"~1. This shows Egs. (3.2.25) and (3.2.26). i

Lemma 3.10 Let .% and £ be given by Egs. (3.2.10) and (3.2.14). If Assumptions D1 to D3 are
satisfied, then, almost surely,

Zsup ).2 0,y") — 2,y")| =0, asL — oo. (3.2.28)
9cO

Proof We first observe that

| Zl0,4) - 200,45 = 3 [£5aVi 00— Vi ens]

n—=

[y

L
T 14 T /-1 /4
Z [ 890 — €9n) Vg on+ €91V (8o — Sﬂ,ﬂ)] :

n—=

—_
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The fact that, by Lemma 3.5, iii), there exists a constant C such that H Vy 1 H <C,foralld € O,
implies that

1 P C
Tsup | Z(8,y") - Z(9 ) <L : ZP [SHPHSMH +sup!|8an|\] (3.2.29)
#€O —1 8

Lemma 3.9, ii) and the assumption that Y has finite second moments imply that the expecta-
tion [E supy_g ||€9,1| is finite. Applying Markov’s inequality, one sees that, for every positive
number ¢,

E P (p” sup ||egn| = e) < Esup |legq]] Z p—
n=1 #cO n=1 €

9cO

because p < 1. The Borel-Cantelli Lemma shows that p" sup,_g ||€s,1|| converges to zero
almost surely, as n — co. In an analogous way one can show that p" sup,_¢ ||s,1|| converges
to zero almost surely, and, consequently, so does the Cesaro mean in Eq. (3.2.29). The claim
(3.2.28) thus follows. m]

Lemma 3.11 Assume that Assumptions D3 and D4 as well as the first part of Assumption D5,
Eq. (3.2.16a), hold. If €91 = €9,,1 almost surely, then ¢ = .

Proof Assume, for the sake of contradiction, that # # #y. By Assumption D5, there exist
matrices C; € My(RR), j € Ny, such that, for |z| <1

Hg [11\] — (Fg — KgH,y)Z]il Kg - Hgo [1]\] - (Pgo - KgOHgO Kgo Z C Z] (3230)
J=io

where Cj, # 0, for some jo > 0. Using Eq. (3.2.6b) and the assumed equality of &3, and
€9,,1, this equation implies that 0; = }2; C;Yj,—; almost surely; in particular, the random
variable C; Y is almost surely equal to a linear combination of the components of Yy, n < 0.
It thus follows from the interpretation of the innovations sequence &g, as linear prediction
errors for the process Y that Cj &3, is equal to zero, which implies that

T T _ . T _
lECjosﬂo,Ogﬂo,OC]’o = C]OVgOC» =

T =0,

Since V3, is assumed to be non-singular, this implies that the matrix C;; is the null matrix, a
contradiction to Eq. (3.2.30). O

Lemma 3.12 If Assumptions D1 to D4 hold, then, with probability one, the sequence of random
functions & — LLZ(9, yL) converges, as L tends to infinity, uniformly in ¢ to the limiting
function 2 : © — R defined by

2(9) = dlog(2m) + logdet Vy + Eej, Vy 'eg 1. (3.2.31)
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Proof In view of the approximation results in Lemma 3.10, it is enough to show that the
sequence of random functions ¢ — L~ 1.Z (8, y") converges uniformly to 2. The proof of
this assertion is based on the observation following Assumption D4 that for each ¢ € © the
sequence &y is ergodic and its consequence that, by Birkhoft’s Ergodic Theorem (Durrett,
2010, Theorem 6.2.1), the sequence L~1.Z(#,y") converges to 2(#) point-wise. The stronger
statement of uniform convergence follows from Assumption D1 that © is compact by an
argument that is inspired by the proof of Ferguson (1996, Theorem 16): for § > 0, we write
B;(#) = {#' € ©: ||’ — 8| < 6} for the open ball of radius § around 8. The sequences

) D) —5 —5 . .
o4 = o and 04 = ((T which are defined b
Y Son)cr 3 2y — Yy

0y, = inf {s/ V. ley  —Eel, V,s/l}
M & By (8) ' M ¥1'9 0,

and

Ef,,n = sup {sﬂ/ Vy s,,/,n—]Esl,,lvﬂ, 819/,1} ,
¢ €Bs(9)

are strictly stationary, ergodic and monotone in §. By Lemma 3.9, ii) there exists an integrable
random variable Z such that gf, 1 < Zfor all § and all ¢ € ©. Since, moreover, eglVJ 1819,1 is
almost surely a continuous function of ¢, and thus

5 as. T y,—1 T /-1
To,n —>5a0 e9nVy € —Eey Vg €1,

it follows from the Ergodic Theorem and Lebesgue’s Dominated Convergence Theorem
(Klenke, 2008, Corollary 6.26) that

1 L
T Y oh, o Eoh, —E {sﬂnV £ — ]Ee;lVf%} ~0, (3.2.32)

and similarly for @. Since, for any ¢’ € Bs(#), it holds that

1 & 1 &
o —0
L L Ton < Z ey, Vo o~ ey Vy € < T Y To
n=1 n=1
it follows that
1 5 1 & -
sup Zsﬂ’n v e~ Bey Vyleya| < |7 X Con| + |7 L Ton
0’685(19) n=1 n=1
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Letting L tend to infinity on both sides of this inequality, we see that, almost surely,

limsup sup

c[och |+ [ |
L—o0 19/635(19)

Z 81%1 ¥ Sﬂ’,n - ]Esﬂ/lvﬂ/ &1

By Eq. (3.2.32) one finds, for every € > 0 and every ¢ € O, a d(¢,#) > 0 such that
‘]ng,’l‘ + )]Eﬁfml < €, for all § < é(e,¥). The collection of balls {Bg(elﬂ)(ﬂ)}%@ covers ©,
and since the domain © is assumed to be compact, one can extract a finite subcover. This
means that there exist a finite number of points #;, ..., d; such that ® is covered by the
union of the &(e, 9;)-balls centred at the #;, that is ® C J\_; Bs(c,9,)(8:). Defining 5(¢) to be
the minimum of the radii é(e,¥;), i = 1,. .., k, it follows that, with probability one,

limsup sup |-
L—oco ¢cO

T /-1
ZSMV g9 — Eey 1V €90

=limsup max sup
L—oo i=1 0630( ;)

1 L
T -1
E e,,nV e9n — Eey 1 Vy €91

n=1

EF ()
8;1

< rr}ax {‘]Ea
1=

<e, Vo<(e).

Intersecting over a sequence €, which converges to zero proves the result. More precisely,

T /-1
P (sup Z &4, Vy ‘€9 —Eey Ve — O)
€@
>P [ li V! Eel, V! < =1,2
> 1msupsup £0n Eyn — 80,1 Y 91| S€n N PN
L—oo €O

T /-1
ZSM 5 legn — Eey Vy €91| < €n

=P ( N {lim supsup |-

n=1 L= 9O

-

because, by countable additivity, the probability of the intersection of a countably infinite
number of events, each having full probability, is equal to unity. o

Lemma 3.13 Under Assumptions D1 to D3 and D5, the function 2 : ® — R, as defined in
Eq. (3.2.31), has a unique global minimum at 8.

Proof We first observe that the difference €41 — €4,,1 is an element of the Hilbert space
spanned by the random variables {Y,,, n < 0}, and that &y, is, by definition, orthogonal to
this space. This implies that the expectation E (eg1 — €g,1 ) Vy tes,1 is equal to zero and,
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consequently, that 2(¢) can be written as
o@(ﬂ) = dlog(27'c) —+ IESE;OJVJngO,l +E (80,1 — 800,1)T Vl;l (80,1 — 8190,1) + log det Vﬂ.

In particular, since IEsf,}) 18, leg,1 = tr [VJO 1IE8190/18£0 1} = d, it follows that

2(89) = logdet Vy, +d(1 +log(2m)).
The elementary inequality x —log x > 1, for x > 0, implies that
trM—logdetM = ) (x—logx)>d,

x€o (M)

for all symmetric positive definite d x d matrices M € §*(R) with equality if and only if
M = 1;. Using this inequality for M = Vl,_0 1y, we thus obtain that, for all ¢ € ©,

2(9) — 2(0) =d +tr [VJl]ESgollsgoll} — log det (VJJW)
+E (819,1 — 800,1)T Vgl (80,1 — 8190,1) — IES};OJ Vﬂglsgo,l

>E (291 — €0,1) Vy ' (€81 — €0,1)

>0.

It remains to argue that this chain of inequalities is in fact a strict inequality if ¢ # .
If Vo # Vy,, the first inequality is strict, and we are done. If Vy = Vy,, the first part of
Assumption D5, Eq. (3.2.16a), is satisfied. The second inequality is an equality if and only if
£9,1 = &p,,1 almost surely, which, by Lemma 3.11, implies that # = @#¢. Thus, the function 2

has a unique global minimum at dy. o

e~ A

Proof (of Theorem 3.7) We shall first show that the sequence L~1.% (ﬂL, yl) converges al-
most surely to 2(dy) as the sample size L tends to infinity. Assume that, for some positive
number ¢, it holds that sup,_¢ )L‘lﬁﬂ, yr) — 2(8)| < e. It then follows that

L L2(8", y") <L 1280, y") < 2(80) + €,
and

LL2@" y") >2(8") —e > 2(8) — ¢,

where it was used that f?L is defined to minimize .,5?\(-,yL) and that, by Lemma 3.13, ¢
minimizes 2(-). In particular, it follows that L_ID@@L, yl) — Q(ﬂo)‘ < €. This observation
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and Lemma 3.12 immediately imply that

[ 2(8,y") - 2(9)

L—o0

P (iiﬂ\(ﬂ ,yh) P Q(ﬂo)) >P (31618

— 0> =1. (3.2.33)
To complete the proof of the theorem, it suffices to show that, for every neighbourhood U of
#o, with probability one, 3" will eventually lie in U. For every such neighbourhood U of
#, we define the real number 5(U) := infyce\y 2(8) — 2(8), which is strictly positive by
Lemma 3.13. Then the following sequence of inequalities holds:

P (@L - 190) _Pp (VUEILO dteu vL> Lo>

L—oo

>P (vu Lo : 2(8") — 2(8) < 6(U) VL > Lo)

>P <vu 3L : ‘i.,?(f’L,yL) — Q(ﬂo)‘ < 5(2u)
and H @yt — 2Y| < ‘S(ZU) VL > L0>
(vuaLo Hz(@ Lyt — 2(8)| < 5(2u) VL > L0>
+P (vu Lo : sup | 7 g(ﬂ,yL) - Q(ﬂ)‘ < 5(211) VL > L0> —1.
€

The first probability in the last line is equal to one by Eq. (3.2.33), the second because, by
Lemma 3.12, the random functions ¢ — Lil,i/”\(ﬂ, yl) converge almost surely uniformly

L—o0
theorem. m]

to the function ¢ — 2(8). It thus follows that P ¥ — 190> = 1, which proves the

3.2.4. Proof of Theorem 3.8 — Asymptotic normality

In this section we prove the assertion of Theorem 3.8, namely that the distribution of
L1/2 (f’L — 190) converges to a normal random variable with mean zero and covariance
matrix E = J~1IJ~!, an expression for which is given in Eq. (3.2.23). We first present a chain
rule and some well-known explicit formulee for the differentiation of common matrix-valued
functions for easy reference; these can be found in Horn and Johnson (1994, Sections 6.5 and
6.6).

Proposition 3.14 Assume that § : R — My, ,(R) and f : My, ,(R) — R are differentiable
functions. The following chain rule holds.

2 flgx) = [(afﬂf(m\wx)) (aaxgm)] , 6234
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where, for M = (m;;)ij € My,n(R) and x € R, we write

a]\a/ITf(M) = <a::l]lf(M)>l] S Mn,m (IR), (3235a)
and
528 = (5 180]) € Mua(R) 3.2.35b)
ij

If M € M,,(R) is invertible, the following hold:

3
a7 l0g | det M| =M1, (3.2.36a)
Maﬂ tr (AMB) =BA, (3.2.36b)
az?/fT tr (AM*lB> — _ M'BAM™, (3.2.36¢)

where A € My ,,(R) and B € My, ;(IR) are matrices of appropriate dimensions.

Next, we collect basic properties of 9,3, and 9,,&3,, where 9,, = d/99™ denotes the
partial derivative with respect to the mth component of ¢; the following lemma mirrors

Lemma 3.9.

Lemma 3.15 Assume that Assumptions D1 to D3 and D7 hold. The pseudo-innovations sequences
g9 and &y defined by the Kalman filter equations (3.2.6a) and (3.2.12) have the following properties.

i) If, for some k € {1,...,r}, the initial values Xﬂ,l‘nl‘tl‘al are such that both sup.g HX,,,imtml H and
SUPyce ||0kX s initia || are almost surely finite, then, with probability one, there exist a positive
number C and a positive number p < 1, such that

sup ||ak£g,n — akég/nH < Cpn, n € IN. (3.2.37)
ISC

ii) Foreachk € {1,...,r}, the random sequences dyey are linear functions of Y, that is there exist
matrix sequences (cl(,ki) Y such that
vz

deon =Y WYy, nez. (3.2.38)
v=1
The matrices cgf])/ are uniformly exponentially bounded, that is there exist a positive constant C
and a positive constant p < 1, such that

<Cp’, velN. (3.2.39)

su (k)
p Cﬂ,v
€O
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iii) If, for some k,1 € {1,...,

Haillxﬂ,initial ‘
probability one, there exist a positive number C and a positive number p < 1, such that

are almost surely finite, then, with

sup ||0f ;€80 — Of j8an|| < Cp", nE€N. (3.2.40)
9€0

iv) For each k,1 € {1,...,r}, the random sequences 9% &4 are linear functions of Y, that is there

exist matrix sequences (cl(,k]’/Z )) v such that
’ vz

Of a0 = 2 cl,v Y., nez (3.2.41)

(k1)

The matrices ¢y, are uniformly exponentially bounded, that is there exist a positive constant
C and a positive constant p < 1, such that

sup e || < Cp¥, veEN. (3.2.42)

[{SC)

Proof Analogous to the proof of Lemma 3.9, repeatedly interchanging differentiation and
summation, and using the fact that, by Assumptions D1 to D3 and D7, both

o [H" (Fo — K"H")Vil K"} and a%,l [Hﬂ (Fo — KﬂHﬂ)V7l Kg:|
are uniformly exponentially bounded in v. -

Lemma 3.16 For each ¢ € ® and every m = 1,...,r, the random variable 9,7 (8, y") has finite
variance.

Proof By Assumption D8 and the exponential decay of the coefficient matrices cg, and cl(,?
proved in Lemma 3.9, ii) and Lemma 3.15, ii), it follows that

E |Jegn* < !C Yo'l EIvi|* <o,
=0
and
E [|9meg||* < [c Zp E ||Y1]* < co.

Consequently, the derivative rules presented in Proposition 3.14 and the Cauchy-Schwarz
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inequality imply that, for some constant C,

2 2

=E ‘— tr [Vl,_leg,n&’g,n (amvﬂ)] +2 <3m££,n> Vs legn

1/2
<C{Elleonl+ (Eleasl E [omeanl*) "}

E (am <e$/n Vy 180,n>

<oo,

which proves that 9,2 (9, y") has finite second moments. O

We need the following multivariate covariance inequality which is a consequence of
Davydov’s inequality and the multidimensional generalization of an inequality used in the
proof of Francq and Zakoian (1998, Lemma 3). An overview of covariance inequalities for
strongly mixing processes can be found in Bradley (2007); Doukhan (1994). For a positive
real number «, we denote by |« | the greatest integer smaller than or equal to «a.

Lemma 3.17 Let X be a strictly stationary, strongly mixing d-dimensional stochastic process with
finite (4 + 0)th moments for some & > 0. Then there exists a constant C, such that for all d x d
matrices A, B, every n € Z, A € IN, and time indices v,v' € Ny, u, 4’ =0,1...,|A/2], it holds
that

A 3/(5+2)
Cov (XI_,AX, i X\ p BXyea ) < CA]l[ B [ax (M )] . (3249)

where ax denotes the strong-mixing coefficients of the process X, defined in Eq. (3.2.19).

Proof We first note that the bilinearity of Cov(;-) and the elementary inequality M;; < ||M]],
M € M;(R), imply that

Cov (XT_ AXn_V/;XLA_MBXHA_H,)

_ i s t
- E Al]Bst Cov < n— VXn v’ Xn-i—A—anjLAfy’)
ij,s,t=1

<d A B max  €Cov (Xi,X) i XiasyXiay )

Since the projection operator which maps a vector to one of its components is measurable,

it follows that, for each i, j, the random variable X;_VX]

., is measurable with respect to

F_ nfmin{v’vl} , the o-algebra generated by {Xj : —c0 < k < n —min{v,v'}}. Similarly, for each
s, t, the random variable X}, an A—p is measurable with respect to .7 S A—max{'} the o-
algebra generated by {Xj : n + A —max {y, '} <k < oo}. Davydov’s inequality (Davydov,
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1968, Lemma 2.1) implies that there exists a universal constant K such that

s t
n—v'’ AntA— an-i-A y)

) 240\ 1/(2+9)
’X n v ’ n+A—u n+A 14

x [ax (A —max {p, 1’} +min {1/,1/})}5/

<2

where it was used that A — max{y, '} + min{v,v'} > |A/2|, and that strong-mixing

Cov (X’ X]
2+(5) 1/(2+5)

(2+49)

coefficients are non-increasing. By the Cauchy-Schwarz inequality the constant C satisfies

246\ 1/(2+9) ;
( ’ n v > <]E‘XZ+Aan+Ay’

and thus does not depend on n,v,v/, u, u’, A, nor on i, j, s, t. m]

244 1/(2”)
) ek (B

The next lemma is a multivariate generalization of Francq and Zakoian (1998, Lemma 3).
In the proof of Boubacar Mainassara and Francq (2011, Lemma 4) this generalization is used
without providing details and, more importantly without imposing Assumption D9 about
the strong mixing of Y. In view of the derivative terms d,,&g , in Eq. (3.2.45) it is not clear how
the result of the lemma can be proved under the mere assumption of strong mixing of the
innovations sequence &g,. We therefore think that a detailed account, properly generalizing
the arguments in the original paper (Francq and Zakoian, 1998) to the multidimensional
setting, is justified.

Lemma 3.18 Suppose that Assumptions D1 to D3, D8 and D9 are satisfied. It then holds that,
for every & € O, the sequence L~ Var V% (8, y) of deterministic matrices converges to a limit
1(9),as L — oo.

Proof It is enough to show that, for each 4 € ©, and all kK, = 1,...,r, the sequence of

real-valued random variables I f,kLl ), defined by

1 L L
L' =1 X 1 cov (4 ). (3:2.44)

t=1

(m)

converges to a limit as L tends to infinity, where {3 " = dylg,, is the partial derivative of the
nth term in expression (3.2.10) for .Z (8, y"). It follows from the derivative rules stated in
Proposition 3.14 that

lo) = tr [VJ ' (1d — e0,€0,Vy 1) (amvﬂ)} +2 (ams&n) V, ey (3.2.45)
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By the assumed stationarity of the processes €3, the covariances in the sum (3.2.44) depend
only on the difference n — t. For the proof of the lemma it suffices to show that the sequence

D = cov (ef,’ffl,ﬁ,ﬁliw), AeZ, (3.2.46)

is absolutely summable for all k,I = 1,...,r, because then the Dominated Convergence
Theorem implies that

L
k1 1
B =1 X @—lahgd — ¥ g <. (3.247)
A=-L AEZ

In view of the of the symmetry cf,kAl) = cf,kl)A, it is no restriction to assume that A € IN. In

kl)‘

order to show that ) 5 ‘cl, /| is finite, we first use the bilinearity of Cov(-;-) to estimate

’cl(,kAl ‘ <4 ‘Cov ((ake£,n> Vl,_leg,n; (8le£,n+A> Vl,_lsg,nJrA) ’

+ ‘COV (tr [V;ls,,,negnvfakvﬂ} ;tr [vfsl,,nﬂegmﬂv;lalvg} ) ’ +
+2 ’COV (tI‘ [Vﬂ_lsg,né‘g,nvﬂ_lakvly} ; <81811;,n+A> Vﬂ_lgﬂ,n+A) ) +

+2 ‘Cov ((8;(55”) Vl,’ls,g,n;tr {Vgleg,HAsg,HAVJlalVg]> ‘ .

Each of these four terms can be analysed separately. We give details only for the first one, the
arguments for the other three terms being similar. Using the moving average representations
(3.2.25) and (3.2.38) for &4, dreg and 0;¢&y, it follows that

’Cov <<8kegn> V_lsg,n; (8185,n+A) Vl,_lea,n+A)‘

— (k),Ty,—1 T N,Ty,—1
-~ (Cov (Y Vy cou Vv Yisaucon Vi copYuea ) |-
vv’yy =0

This sum can be split into one part I in which at least one of the summation indices v, v/, u
and ;u’ exceeds A/2, and one part I~ in which all summation indices are less than or equal
to A/2. Using the fact that, by the Cauchy-Schwarz inequality,

D,Ty,—
’COV (YE ( ) VI, Ct’v/Yn vy Yn+A Vci(%;i Vﬁ 1C0rV/Yn+A—H/>’

1120 4
<|[va | ey I,

1
||Cl9,1/’ || HCI(%)V/

it follows from Assumption D8 and the uniform exponential decay of ||cg || and HC’(”Z)
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proved in Lemma 3.9, ii) and Lemma 3.15, ii) that there exist constants C and p < 1 such that

[ee]

k),T D,T+,—
"= Z ‘COV (YZ—VCE%)/ Vﬂ CouYn—vt, Yn—i—A 18 ( )y Vg lcﬁ,y’YnJrAfy’)
vV ' =0
max{v, v,y } >A/2
<Cp™2. (3.2.48)

For the contribution from all indices smaller than or equal to A/2, Lemma 3.17 implies that

LA/Z
— k), T D, Ty,—1
I~ = ’Cov( eV oY, Yoy Vi o Yoea )
vv’yy =0

A 5/ (2+6)
<C [[Xy QZJ )] . (3.2.49)

(k1)

It thus follows from Assumption D9 that the sequences ’ﬂ& A

Eq. (3.2.47) completes the proof of the lemma. O

We shall also need the following multivariate Chebyshev inequality.

Lemma 3.19 Let Z be an RY valued random variable with finite second moments. It holds that, for
every € > 0,

P (|Z—EZ| > ¢) < jztr\/ar (Z). (3.2.50)

Proof The claim is a consequence of the standard one-dimensional Chebyshev inequality.
Using the subadditivity of the probability measure I, we obtain that

d
P(|Z-EZ| >¢) = (Z

ﬁ})

d . . € d d . d
ZZ]P ‘ZZ—IEZZ >\/H> <€2;Var(zl> = SuVar(z). o

N

Lemma 3.20 Let .¥ and .Z be given by Egs. (3.2.10) and (3.2.14). Assume that Assumptions D1
to D3 and D7 are satisfied. Then the following hold.

i) Foreachm=1,...,r,

—=sup ‘am,i/”\(ﬂ, yl) —0,.2(8, yL)) — 0, in probability, (3.2.51)
xf e

as L — oo.
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ii) Forallk,1=1,...,r,

1
7 sup ak,.z(a y') — 03, Z(8,y")| — 0, almost surely, (3.2.52)
€@
as L — oo.
Proof Similar to the proof of Lemma 3.10. O

Lemma 3.21 Under Assumptions D1, D3 and D7 to D9, the random variable LY ZVg.i/”\(ﬂo, yL)
is asymptotically normally distributed with mean zero and covariance matrix I1(dp).

Proof Because of Lemma 3.20, i) it is enough to show that L~1/2V 4. (8, y*) is asymptoti-
cally normally distributed with mean zero and covariance matrix I(d). We begin the proof
by recalling the equation

9,2 (8,yL) = i {tr [V;l (1d — eonelV, ) 9; Vg} +2 (a eM) vy eM} (3.2.53)
n=1

which holds for every component i = 1,...,r. The facts that IESgO,HSE;O,n equals Vg, and
that &g, , is orthogonal to the Hilbert space generated by {Y;,t < n}, of which ais;n is
an element, show that [E9;.Z (8o, y*) = 0. Using Eq. (3.2.25), expression (3.2.53) can be

rewritten as
02 (80,9 = i[ —Ev] + i[ 2],

where, for every m € IN, the processes Y,Sf) and Z,(é) are defined by

e L) B S S AN AR M RCACS]

v =

Tv,—
+2YZ;—VCE‘}O),V Vﬂolcﬂg,vlyn—vl} s (3.2.54&)
Zign =Up + Viihn, (3.2.54b)
and
00 o - AT
= Z Z {_tr [ 0 Cl’o VY” VY V’Cg,v/vﬂgl(aivﬂo)} +2YZ1LVCI(;O),V Vaolcﬂg,v’ynfv/} ’
v=0v'=m+1
() _ vy T )Ty
vih=Y Y { [V Coon YnvY]_yiCh Vi (aivﬂo)} +2v!_ v, cﬂolv,yn_v,},

—_

v=m+1v'=0
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It is convenient to also introduce the notations
(1) N\’ 1) " \'
Vi = ( YO YD, ) and  Zy, = ( zZW o Z0, ) . (3.2.55)

The rest of the proof proceeds in three steps: first we show that, for each m € IN, the
sequence L™V2Y, [Vin — EVyn| is asymptotically normally distributed with asymptotic
covariance matrix I, and that I,, converges to I(8y) as m tends to infinity. In the second
step we prove that L2y [Zmn — EZy ] goes to zero uniformly in L, as m — oo, and the
last step is devoted to proving the asymptotic normality of L~1/2V 4. (8, y).

Step 1 Since Y is stationary, it is clear that ), is a stationary process. Moreover, the strong-
mixing coefficients ay, (k) of Yy, satisfy ay, (k) < ay(max{0,k — m}) because YV, , depends
only on the finitely many values Y,,_,,..., Y, of Y (see Bradley, 2007, Remark 1.8 b)). In
particular, by Assumption D9, the strong-mixing coefficients of the processes ), satisfy
the summability condition Y[y, (k)]%/ (2" < co. Since, by the Cramér-Wold device, weak
convergence of the sequence L-1/2 25:1 [Yinn — EVmn] to a multivariate normal distribution
with mean zero and covariance matrix X is equivalent to the condition that, for every vector
u € R’, the sequence L=1/2T Zﬁ:l [Vinn — EYyn] converges to a one-dimensional normal
distribution with mean zero and variance u”Zu, we can apply the Central Limit Theorem
for univariate strongly mixing processes (Herrndorf, 1984),(Ibragimov, 1962, Theorem 1.7) to
obtain that

1 L
E [ym,n - ]Eym,n] # e/V(Or, Im), where Im = Z Cov (ym,n,' ym,n+A> . (3256)
n=1 o

AeZ

S

L

The claim that I, converges to I(d) will follow if we can show that

Cov (Y&%L;YS,LJFA) —— Cov (E(k) o0

H—s00 190,11; to,n+A

) , YAEZ, (3.2.57)

and that )Cov (Y,%kz, ; Y}S)n A

first condition, we note that the bilinearity of Cov(-;-) implies that

) ‘ is dominated by an absolutely summable sequence. For the

Cov (Y,Sﬁ ; Y;S)n A

) — Cov (51(;2”;51(910),,1+A> =Cov (Y%L;Y,(nl,)ﬁA - gl(;o),nJrA)

+Cov (Yo = 09 04 1 ) -

These two terms can be treated in a similar manner so we restrict our attention to the second
one. The definitions of Y,(nl,)n (Eq. (3.2.54a)) and El(,l,)n (Eq. (3.2.44)) allow us to compute

i — ), -

7

_ _ )T,
Y[t Ve oo Yu s YIch Ve 0V, | — 2Y T ey VoY |

1’0,1/
v
max{v,v'}>m
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As a consequence of the Cauchy-Schwarz inequality, Assumption D8 and the exponential
bounds in Eq. (3.2.26), we therefore obtain that Var (Y,qu,)1 iy )

l?o,n

< Cp™ independent of
n. The L?-continuity of Cov(-;-) thus implies that the sequence Cov (Y,quzq — 61(9];),;1 ; Ei(,lo),n n A)
converges to zero as m tends to infinity at an exponential rate uniformly in A. The existence
of a summable sequence dominating ’Cov (Y,S‘L ; Yrg)n A

in the proof of Lemma 3.18, reasoning as in the derivation of Egs. (3.2.48) and (3.2.49).

) ‘ is ensured by the arguments given

Step 2 In this step we shall show that there exist positive constants C and p < 1, indepen-
dent of L, such that
1 L
trVar ( — Y Z,, | <Cp", Zuu givenin Eq. (3.2.55). (3.2.58)
ﬁ n=1
Since

1 & 1 & 1 &
trVar | — Zmn | <2 |trVar [ —= Uny | +trVar | — Vn ||, (32.59)

it suffices to consider the latter two terms. We first observe that

1 & 1. &
trVar | — ZZ/Im,n> =—tr Y Cov (U Upw)
( \/Z n=1 L nn'=1 "
1 L-1 Kl r Kl
—— Y T a-lah <Y YR, 6260
kl=1A=—L+1 kl=1AcZ

where

ugf/’lA) =Cov (U,Sfl)n; U,(nl,)HA)

m
-1 T T -1 T k), Ty,—1 .
= Y Cov(—tr[Valeo Yu o VI ch Ve, 9V, | + Y ,choi Vo leo,u¥o v
v,u=0

v =m+1
— - 1),Ty,—
—tr [Vﬂolcﬂo,,,yn%,yy,{ . A,M,cg,ﬂ,vﬂolalvﬁo} YT 0 oo Vl,olcl,oly,ynﬂ_y,) .
As before, under Assumption D8, the Cauchy-Schwarz inequality and the exponential
bounds (3.2.26) and (3.2.39) for ||cs, | and HC‘(;;)'V
similar to the ones used in the proof of Lemma 3.17 it can be shown that Davydov’s inequality
implies that for m < [A/2] it holds that

imply that ‘u,(f,’lA)‘ < Cp™. By arguments

0 |A/2

(k1) - : vV ! A K - vV !
WAy Y Y e w(3])] ez T e

v=0v'=m+1 p,u'=0 vy'=0 '
max{u,u'}>[A/2]
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{2 o)

It thus follows that, independent of the value of k and [,
| (k) K - 5/ 246
F it = E b+ £ ] fos £ e,
A=0 m-+1 A=0

and therefore, by Eq. (3.2.60), that tr Var (L‘l/ 2 22:1 Z/Im,n) < Cp™. In an analogous way

one can show that tr Var (Lil/ 2yh Vm,n) < Cp™, and thus the claim (3.2.58) follows with
Eq. (3.2.59).

Step 3 In step 1 it has been shown that L2y (Vin — EVin] % A (0, Iy), and that
—00

L, F) I(8p). In particular, the limiting normal random variables with covariances I,
converge weakly to a normal random variable with covariance matrix I(dy). Step 2 together
with the multivariate Chebyshev inequality (Lemma 3.19) implies that, for every € > 0,

>e)

L
lim limsup P <|| VoL 190, ) - Z (Vi — EYmn]

m—»00 L—o0
> e)

L

Z mn_ mn]

1m—00 L—o0 n:

= lim limsup P (

L
r%gr(}o limsup — 2 tr Var ( ; Z,Wz)

L—o0

Brockwell and Davis (1991, Proposition 6.3.9) thus shows that

1 L d
ﬁv,}g (190,]/ ) H—w> </V(O?’/I(ﬂo))/

which completes the proof. o

A very important step in the proof of asymptotic normality of quasi maximum likelihood
estimators is to establish that the Fisher information matrix J, evaluated at the true parameter
value, is non-singular. We shall now show that Assumption D10 is sufficient to ensure that
]! exists for linear state space models. For vector ARMA processes, formulee similar to
Egs. (3.2.62) below have been derived in the literature (see, e. g., Klein, Mélard and Saidi,
2008; Klein and Neudecker, 2000), but have not been used to derive criteria for | being
non-singular. Our arguments are similar to Boubacar Mainassara and Francq (2011, Lemma
4).
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Lemma 3.22 Assume that Assumptions D1 to D4, D7 and D10 hold. With probability one, the
matrix | = limy e L_1V12,D?(190, yL) exists and is non-singular.

Proof We note that, by Lemma 3.20, ii), it is enough to show that lim; L*1Vf,c§f (00, y*)
exists and is non-singular. As seen earlier, for everyi =1,...,r,
dilgn = tr [Vgl (1,1 - eglnsgﬂvﬁ’l) al'Vg} +2 <a,‘€£,n> Vgleg’n. (3.2.61)

Consequently, the second partial derivatives are given by

& lo =tr [V*l (a%vl,) —V, (3iV) Vy L (01Ve) — Vy epnelh  Vy ! <az.vl,)
51 (0;Vy) V! Sgnsl,n (8 V) + V! sﬁnsi,n L (0;Vy) V! (0;Va)
1(0:V) Vs (a eﬂneM)} +2 (az el,n) Vy leg +2 (a eM) V, ! (9g9)
—2tr [Vl,*lslm (aisﬂﬂ) V! (ajeg,n)} )
By Lemma 3.2, iii), Eeg,, = 04, and by Eq. (3.2.7), IESI’()/”SZ‘;O,H = Vg, The sequence &y, being
the innovations of the process Y implies that g, is orthogonal to the Hilbert space spanned

by {Y,t < n}, of which, by Eq. (3.2.25), both 9;&4,,, and 9? €00 are elements. It thus follows
that

E {31.2,].11,0,4 — tr [Viol (3:Va,) V! (ango)} +2E [(&85;«) Vy'! (ajet%n)] -

Equations (3.2.25), (3.2.38) and (3.2.41), the ergodicity of Y, and Krengel (1985, Theorem 4.3)
imply that the sequence B%jlgo is ergodic, and Birkhoff’s Ergodic Theorem shows that

1 1<
EV%E (ﬂo, yL) =7 Y Vilogn = E [V3logn] = J1+ ]2,

n=1
where
Ji = 2E [(wsﬂo,l)T v, (v,,s,,o,l)} (3.2.62a)
and
= (tr[ /2 (3,Va,) Vi (3Va,) V, ”ﬂ)ﬁ. (3.2.62b)

The matrix ], can be factorized as
=]t | (b b ) b= (Ve 2@Vl ?) vee (9nVay), (3.2.63)

and is thus positive semidefinite. Because J; is positive semidefinite as well, proving that ] is

non-singular is equivalent to proving that for any non-zero vector ¢ € R, the numbers CT]l'C,
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i = 1,2, are not both zero. Assume, for the sake of contradiction, that there exists such a
vector ¢ = (c1,...,¢;)T. The condition ¢’ J;c implies that, almost surely, Y;_; CkOk€gyn = 04,
for all n € Z. It thus follows from the infinite-order moving average representation (3.2.8b)
that

Z Z (O3, €80—v = O, (3.2.64)

where the Markov parameters .#y, are given by .#y, = —H,;Fj,”lK,y, v > 1. Since the
sequence &g, is uncorrelated with positive definite covariance matrix, Eq. (3.2.64) implies
that

r

Z ak.///ﬂov =0;, YvelN.

Using the relation vec(ABC) = (C T® A) vec B (Bernstein, 2005, Proposition 7.1.9), we see
that the last display is equivalent to Vy ([Kgo ® Hg0:| vec Ff,’o_1> c = 0, for every v € IN.
In view of Eq. (3.2.63), the condition ¢’ Joc = 0 implies that (Vg vec Vy,) ¢ = 0. By the
definition of ¢, in Eq. (3.2.21) it thus follows that Vg, jc = 0(j 2., for every j € N,
which, by Assumption D10, is equivalent to the contradiction that ¢ = 0. |

Proof (of Theorem 3.8) Since #" converges almost surely to #y by the consistency result
proved in Theorem 3.7, and ¢y is an element of the interior of ® by Assumption D6, the
estimate 3" is an element of the interior of © eventually almost surely. The assumed
smoothness of the parametrization (Assumption D7) implies that the extremal property of
3" can be expressed as the first order condition Vy.Z ( ,y%) = 0,. A Taylor expansion of
¥ VyZ (19,y ) around the point ¢y shows that there exist parameter vectors #; € © of
the form ¢; = &y + Ci(ﬁL — 1), 0 <¢; <1, such that

0, = L V2V 4. 2(80,y") + %v 28", yHLV? <19 -~ 190) (3.2.65)

where VIZ,D?\(QL, yL) denotes the matrix whose ith row, i =1,...,r, is equal to the ith row of
V%i/’”\(ﬂi, yL). By Lemma 3.21 the first term on the right hand side converges weakly to a
multivariate normal random variable with mean zero and covariance matrix I = I(#). As
in Lemma 3.12 one can show that the sequence

L~'V5.2(8,9")) 2.

(19 = LV3Z00,9N) (3.2.66)
of random functions converges almost surely uniformly to the continuous function ¢
V32(¥) taking values in the space R"*"*". Since on the compact space @ this function is
bounded in the operator norm obtained from identifying R"*"*" with the space of linear
functions from R” to M,(IR), the sequence (3.2.66) is almost surely uniformly bounded, and
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we obtain that

1 7 1 2 1 2 ..
HLvlzsf(ﬂL,yL) - ZV%X(ﬂO,yL) < sup Evgg(ﬂ/ yL) ’ HQL . 0OH La s 0,
) .

because, by Theorem 3.7, the second factor almost surely converges to zero as L tends to
infinity. It follows from Lemma 3.22 that L—lvf,.,f?(gL, yl) converges to the matrix | almost
surely, and thus from Eq. (3.2.65) that

L1/2 (f?L _ 00) L% (o,,]*llrl) ,

as L — oo. This shows Eq. (3.2.22) and completes the proof. |

—

In practice, one is interested in also estimating the asymptotic covariance matrix =,
which is useful in constructing confidence regions for the estimated parameters or in
performing statistical tests. This problem has been considered in the framework of estimating
weak VARMA processes in Boubacar Mainassara and Francq (2011) where the following
procedure has been suggested, which is also applicable in our set-up. First, J(d) is estimated
consistently by JL = L1V2.7, (f?L, yL). For the computation of f* we rely on the fact that
the Kalman filter can not only be used to evaluate the Gaussian log-likelihood of a state space
model but also its gradient and Hessian. The most straightforward, but computationally
burdensome way of achieving this is by direct differentiation of the Kalman filter equations,
which results in increasing the number of passes through the filter to r + 1 and r(r 4+ 3) /2
for the gradient and the Hessian, respectively. More sophisticated algorithms, including
the Kalman smoother and/or the backward filter have been devised and can be found in
Kulikova and Semoushin (2006); Segal and Weinstein (1989). The construction of a consistent
estimator of I = I(d) is based on the observation that I = Y sz Cov(lg,n, {9, n+a), where
lon =V {log det Vy, + 83;0,,1 Vs, 1800,4 . Assuming that (¢g, ,),en+ admits an infinite-order
AR representation ®(B)ly,, = U,, where ®(z) = 1, + 12, ®;z' and (U,),cn- is a weak
white noise with covariance matrix Xy, it follows from the interpretation of I/(27) as the
value of the spectral density of ({g,,),en+ at frequency zero that I can also be written as
[ =& 1(1)Zy®(1)~!. The idea is to fit a long autoregression to (%L,n)n:1,,,,L, the empirical

counterparts of ({g,,),en+ Which are defined by replacing ¢y with the estimate 3" in the
definition of /g, ,. This is done by choosing an integer s > 0, and performing a least-squares
regression of %L,n on E@L/n_l, cee, éaL,n_S, s+1<n< L. Denoting by ®L(z) =1, + Y5, <i>iLlszi
the obtained empirical autoregressive polynomial and by L the empirical covariance matrix

of the residuals of the regression, it was claimed in Boubacar Mainassara and Francq (2011,

8+6]

Theorem 4) that under the additional assumption E an I < oo the spectral estimator

It = (ﬁ)SL(l))il L ((iDSL(l))T’il converges to I in probability as L,s — oo if s>/L — 0. The
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. . AL . .
covariance matrix of ¢ is then estimated consistently as

AL = % <fL) T (fL) - (3.2.67)

In the simulation study performed in Section 3.4.2, this estimator for & performs convinc-
ingly.

3.3. Quasi maximum likelihood estimation for Lévy-driven
multivariate CARMA processes

In this section we pursue the second main topic of the present chapter, a detailed investigation
of the asymptotic properties of the quasi maximum likelihood estimator of discretely
observed multivariate continuous-time autoregressive moving average processes. We will
make use of the equivalence between MCARMA and continuous-time linear state space
models, as well as of the important observation that the state space structure of a continuous-
time process is preserved under equidistant sampling, which allows for the results of the
previous section to be applied. The conditions we need to impose on the parametrization of
the models under consideration are therefore closely related to the assumptions made in
the discrete-time case, except that the mixing and ergodicity assumptions D4 and D9 are
automatically satisfied (Marquardt and Stelzer, 2007, Proposition 3.34).

We start the section with a short recapitulation of the definition and basic properties
of Lévy-driven continuous-time ARMA processes; this is followed by a discussion of the
second-order properties of discretely observed CARMA process, leading to a set of accessible
identifiability conditions. Section 3.3.4 contains our main result about the consistency and
asymptotic normality of the quasi maximum likelihood estimator for equidistantly sampled
MCARMA processes.

3.3.1. Lévy-driven multivariate CARMA processes and continuous-time state
space models

A natural source of randomness in the specification of continuous-time stochastic processes
are Lévy processes. For a thorough discussion of these processes we refer the reader to the
monographs Applebaum (2004); Bertoin (1996); Sato (1999).

Definition 3.23 (Lévy process) A two-sided R"-valued Lévy process (L(t)),s, is a stochastic
process, defined on a probability space (), .#,P), with stationary, independent increments,
continuous in probability, and satisfying L(0) = 0,, almost surely.

The class of Lévy processes includes many important processes such as Brownian motions,
stable processes, and compound Poisson processes as special cases, which makes them very
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useful in stochastic modelling. Another advantage is that the property of having stationary
independent increments implies that Lévy process have a rather particular structure which
makes many problems analytically tractable. More precisely, the Lévy-Itd decomposition
theorem asserts that every Lévy process can be additively decomposed into a Brownian
motion, a compound Poisson process, and a square-integrable pure-jump martingale, where
the three terms are independent. This is equivalent to the statement that the characteristic
function of a Lévy process L has the special form

Ee!L(t) — exp{tyl(u)}, ucR", tecRT, (3.3.1)

where the characteristic exponent ¢ has the form

. 1 i .
vh(u) = i(y"u) — E(u, >9u) + oo [e‘<”'x> —1—1i(u, x>1{||xH<1}j| vl(dx). (3.3.2)
L € R™ is called the drift vector, 9 is a non-negative definite, symmetric m x m matrix
called the Gaussian covariance matrix, and the Lévy measure vl satisfies

Yy

VL ({0n)) = 0, /]R min( x|, 1)v (dx) < co.

For the present purpose it is enough to know that a Lévy process L has finite kth absolute
moments, k > 0, that is E || L(t)||* < oo, if and only if f\IXH>1 || x[|* VL (dx) < oo (Sato, 1999,
Corollary 25.8), and that the covariance matrix of L(1), if it exists, is given by Sato (1999,
Example 25.11)

L= E(L(1) — EL(1)) (L(1) —EL(1)" = 29 + xxTvl(dx).

[lx[[>1

Assumption L2 The Lévy process L has mean zero and finite second moments, which
means in terms of the characteristic triplet of L that oL + fI\XH>1 xvl(dx) is zero, and that

the integral [, ., | 2]|* v (dx) is finite.

Just like i.i. d. sequences are used in time series analysis to define ARMA processes, Lévy
processes can be used to construct (multivariate) continuous-time autoregressive moving
average processes, called (M)CARMA processes. If L is a two-sided Lévy process with
values in R”, and p > g are integers, the d-dimensional L-driven MCARMA (p, q) process
with autoregressive polynomial

2 P(z) =142 + Azl 1+ 4+ A, € My(R[z]) (3.3.3a)
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and moving average polynomial
z+ Q(z) = Boz" + Biz" ' + ...+ By € My, (R[z]) (3.3.3b)

is defined as the solution to the formal differential equation

d

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

(3.3.4)
It is often useful to allow for the dimensions of the driving Lévy process L and the L-driven
MCARMA process to be different, which is a slight extension of the original definition of
Marquardt and Stelzer (2007). The results obtained in that paper remain true if our definition
is used. In general, the paths of a Lévy process are not differentiable, so in order to make
sense of Eq. (3.3.4), we interpret it as being equivalent to the state space representation

dG(t) = AG(Hdt + BAL(t), Y(t) =CG(t), te€R, (3.3.5)

where the matrices A, B, and C are given by

0 1, 0 0
0 0 1
A= o | €Mu(R), (3.3.6a)
0 0 1,
—Ap —Apa —Aq
T
BZ(BT ﬁ?) € Mpan(R), (3.3.6b)
where
' p—j—1
Br—i=—ILo,.(j) AiPp—j—i — Bg—j|,
i—1
and

C= ( 1, 04 ... O ) € Mypu(R). (3.3.6¢)

It follows from representation (3.3.5) that MCARMA processes are special cases of linear
multivariate continuous-time state space models, and in fact, the class of linear state space
models is equivalent to the class of MCARMA models (Corollary 2.5). By considering the
class of linear state space models, one can define representations of MCARMA processes
which are different from Eq. (3.3.5) and better suited for the purpose of estimation.
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Definition 3.24 (State Space Model) An R-valued continuous-time linear state space mo-
del (A,B,C, L) of dimension N is characterized by an R"-valued driving Lévy process L,
a state transition matrix A € My(R), an input matrix B € My ,(R), and an observation
matrix C € M, n(R). It consists of a state equation of Ornstein—-Uhlenbeck type

dX(t) = AX(t)dt + BdL(t), te€R, (3.3.7a)
and an observation equation
Y(t) =CX(t), teR. (3.3.7b)

The RN-valued process X = (X(t)),.g is the state vector process, and Y = (Y(t)),.g the
output process.

A solution Y to Eq. (3.3.7) is called causal if, for all t, Y(t) is independent of the c-algebra
generated by {L(s) : s > t}. Every solution to Eq. (3.3.7a) satisfies

t
X(t) = eA9X(s) + / eMMBAL(u), Vs,teR, s<t, (3.3.8)
S

where the stochastic integral with respect to L is well-defined by Protter (1990, Theorem 3.9).
The independent-increment property of Lévy processes implies that X is a Markov process.
The following can be seen as the multivariate extension of Brockwell et al. (2011, Proposition
1) and recalls conditions for the existence of a stationary causal solution of the state equation
(3.3.7a) for easy reference. We always work under the following assumption.

Assumption E1 The eigenvalues of A have strictly negative real parts.

Proposition 3.25 (Sato and Yamazato (1983, Theorem 5.1)) If Assumptions E1 and L2 hold,
then Eq. (3.3.7a) has a unique strictly stationary, causal solution X given by

t
X(t) = / eAMtMBdL(u), teR, (3.3.9)

which has the same distribution as [;” e**BdL(u). Moreover, X (t) has mean zero and second-order
structure given by

Var(X(t)) =Ty = / e BLBTeA M dy, (3.3.10a)
0
Cov (X(t+h),X(t)) =yy(h) =Ty, h>0, (3.3.10b)
where the variance I'y satisfies
ATy +ToAT = —BxLBT. (3.3.10¢)

It is an immediate consequence that the output process Y has mean zero and autocovariance
function R > & — y(h) given by vy(h) = CeT(CT, h > 0, and that Y itself can be written
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succinctly as a moving average of the driving Lévy process as

Y(t) = / g(t—w)dL(u), tER; g(t) = CeBlp ) (b). (3.3.11)
As in Marquardt and Stelzer (2007, Proposition 3.30) one shows the following result about

the existence of moments.

Proposition 3.26 Let Y be the output process of the state space model (3.3.7) driven by the Lévy
process L. If L(1) is in L"(Q), P) for some r > 0, then so are Y (t) and the state vector X (t), t € R.

Equation (3.3.11) which, in conjunction with Eq. (3.3.6), serves as the definition of a mul-
tivariate CARMA process with autoregressive and moving average polynomials given by
Eq. (3.3.3), shows that the behaviour of the process Y depends on the values of the individual
matrices A, B, and C only through the products Ce?*B, t € R. The following lemma relates
this analytical statement to an algebraic one about rational matrices, allowing us to draw a
connection to the identifiability theory of discrete-time state space models.

Lemma 3.27 Two matrix triplets (A, B,C), (A, B, C) of appropriate dimensions satisfy Ce'B =
Ce'B for all t € R if and only if C(z1 — A)"'B = C(z1 — A)~'B forall z € C.

Proof If we start at the first equality and replace the matrix exponentials by their spectral
representations (see Lax, 2002, Theorem 17.5), we obtain

/ eC(21— A) 'Bdz = / e'C(z1— A)"'Bdz, VteR, (3.3.12)
Y Y

where 1 is a closed contour in C winding around each eigenvalue of A exactly once, and
likewise for 4. Since we can always assume that v = 4 by taking -y to be R times the unit
circle, R > max{|A| : A € 04 U0 ;}, we can write Eq. (3.3.12) as

/ e [C(z1- A) 1B~ C(z1— A)'B|dz =0, VieR. (3.3.13)
.

Since the rational matrix function A(z) = C(z1— A)~'B — C(z1 — A) !B has only poles with
modulus less than R, it has an expansion around infinity, A(z) = Y ;2 q Anz™", A, € My(C),
which converges in a region {z € C : |z| > r} containing . Using the fact that this series
converges uniformly on the compact set y and applying the Residue Theorem from complex
analysis (Dieudonné, 1968, 9.16.1), which implies fv e*'z7"dz = " /n!, Eq. (3.3.13) becomes
Yo %Anﬂ = On. Consequently, by the Identity Theorem (Dieudonné, 1968, Theorem
9.4.3), A, is the zero matrix for all n > 1, and since A(z) — 0 as z — oo, it follows that
A(z) = 0y - i

Because of its importance for the following discussion, the rational matrix function H : z —
C(z1y — A)7!B is given a special name: it is called the transfer function of the state space
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model (3.3.7) and is intimately related to the spectral density fy of the output process Y,
which is defined as fy(w) = [ e "~y (h)dh - the Fourier transform of -yy. Before we make
this relation explicit, we prove the following lemma.

Lemma 3.28 For any real number v, and matrices A, B, YL Tgasin Eg. (3.3.10a), it holds that

T

/ eAUBELRTeA Hqy — AT e~ A™?) (3.3.14)
-0
Proof We define the functions /,7 : R — My/(R) by

I(v) :/ e BELBTeA  dy,
-0
r(v) =e ATpe 4™

Clearly, both I : v — [(v) and r : v — r(v) are differentiable functions of v; taking the
derivatives yields

d
%l(v) —e A"BxLBTe A7,
%r(v) = — Ae MTpe 4" —e AT ATe A7,

Using the identity ATy + T9AT = —BXIBT, Eq. (3.3.10c), one sees immediately that

d d
—I(v) = 51’(0), Vv e R.

Hence, | and r differ only by an additive constant. Since /(0) equals 7(0) by the definition of
Ty, the constant is zero, and /(v) = r(v) for all real numbers v. i

Proposition 3.29 Let Y be the output process of the state space model (3.3.7), and denote by H :
z — C(z1y — A) !B its transfer function. Then the relation

filw) = o H(iw) 2 H(~ico)” (33.15)

holds for all real w; in particular, w — fy(w) is a rational matrix function.

Proof First, we recall (Bernstein, 2005, Proposition 11.2.2) that the Laplace transform of any

matrix A is given by its resolvent, that is, for any complex number z,

(21— A) ' = / e Helidy, (3.3.16)
0
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We are now ready to compute

1

1 1 _
—H(iw)2'H(—iw)T =—C(iwly — A) 'BEEBT (—iwly — AT) CT
27 27
1 o oo
=_C [/ eﬂ“’“eA”duBZLBT/ el“”’eAT”dv} dnCT,
21 0 0

where the last line follows from Eq. (3.3.16). Introducing the new variable 1 = u — v, and
using Lemma 3.28, this becomes

ic _/00 /OO e—iwheAheAszLBTeATvdhdv] CT
/0 —v

=—C -/oo /oo e iwheAhaAvps LBToAT0 gy + /oo /O e iwheAhoAvps LBT AT0qpqy | CT
1Jo Jo 0 J-o

1 o o

=_C / e WheAhT dh + / e_“"hl"oe_AThdh} CT.
2 1/0 —00

By Eq. (3.3.10b) and the fact that the spectral density and the autocovariance function of a

stochastic process are Fourier duals of each other, the last expression is equal to

o [ ey ndh = filw)

which completes the proof. o

One can also express the spectral density of a multivariate CARMA process in terms of its
autoregressive and moving average polynomials.

Proposition 3.30 (Marquardt and Stelzer (2007, Proposition 3.28)) The spectral density ma-
trix function fy of an MCARMA process Y with autoregressive polynomial P and moving average
polynomial Q is given by

Frlw) = %P(iw)’lQ(iw)ZLQ(—iw)T (P(-iw) )" (33.17)

A converse of Proposition 3.29, which will be useful in our later discussion of identifiability,
is the Spectral Factorization Theorem. Its proof can be found in Rozanov (1967, Theorem
1.10.1) and also in Caines (1988, Theorem 4.1.4).

Theorem 3.31 Every positive definite rational matrix function f € S (C{w}) of full rank can be
factorized as f(w) = (271) "W (iw)W(—iw)T, where the rational matrix function z — W(z) €
M; N (R{z}), called a spectral factor, has full rank. For fixed N, the spectral factor W is uniquely
determined up to an orthogonal transformation, i.e.

W(z) — W(z)O, (3.3.18)
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for some orthogonal N x N matrix O.

3.3.2. Equidistant observations

We now turn to properties of the sampled process Y = (Y,(fl))nez which is defined by
Y,(qh) = Y(nh) and represents observations of the process Y at equally spaced points in time.
A very fundamental observation is that the linear state space structure of the continuous-time
process is preserved under sampling, as detailed in the following proposition. Of particular

importance is the explicit formula (3.3.21) for the spectral density of the sampled process
Yy,

Proposition 3.32 Assume that Y is the output process of the state space model (3.3.7). Then the
sampled process Y") has the state space representation

h
X, =X, 1 +NV, N = /( ' ) AUh0par(w), Y =cx¥.  (33.19
n—1)h

h PR . . .
The sequence (N,(1 ) ) is 1. 1. d. with mean zero and covariance matrix
nez

h
7 — / A BELBTATH gy, (3.3.20)
0
Moreover, the spectral density of Y, denoted by fl(,h), is given by
. -1 . -1
AN w) =€ (e1y —e) xW (eTw1y —et™) T (33.21)

in particular, £ : [~ 7] — S+ (R {e“}) is a rational matrix function.

Proof Egs. (3.3.19) follow from setting t = nh, s = (n — 1)h in Eq. (3.3.8). That the sequence
(Z1) ey is i.i.d. as well as expression (3.3.20) for ") are immediate consequences of the
Lévy process L having independent, homogeneous increments. Expression (3.3.21) follows
from calculations analogous to the ones used for the continuous-time case (Proposition 3.29):
using a Neumann series representation for the inverse of the matrix e“1y — e?" it follows
that

C(eiwlN _ eAh)AZ(h) (efiwlN _ eATh)flcT

—C Z ei(m—l)weAlhz(h)eATmh cT

L[, meNg

—c| ¥ eikw A=Ky (W) ATl | Y Al () ATIH y eikw Al () QAT (kDR | T

ke—IN 1€Np k€N
L /€Ny 1€Np
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The observations that
h
Z eAth(h)eATlh _ Z oAl [/ eAuBZLBTeATudu:| eAlh _ To,
€Ny 1€Ny 0

and that the autocovariance function of Y") is given by Yy (k) = yy(kh), imply that the
last expression can be further simplified to

_i _ —i _AT
C Z e lkwe Akhro + 1"0 + Z e lkwroe A'kh
keIN ke—IN

CT — Z efikw,yy(h)(k) — fl(/h) (C()),
kez

which proves the claim. |

In the following we analyse further the sampled state space model (3.3.19), in particular we
will derive conditions for it to be minimal in the sense that the process Y is not the output
process of any state space model of dimension less than N, and for the noise covariance
matrix ") given in Eq. (3.3.20) to be non-singular. We begin by recalling some well-known
notions from discrete-time realization and control theory. For a detailed account we refer to
Astrém (1970); Caines (1988); Sonta g (1998), which also explain the origin of the terminology.

Definition 3.33 (Algebraic realization) Let H € M, ,(R{z}) be a rational matrix function.
A matrix triple (A, B,C) is called an algebraic realization of H of dimension N if H(z) =
C(z1y — A)7!'B, where A € My(R), B € My,»(R), and C € M, n(R).

Every rational matrix function has many algebraic realizations of various dimensions. A
particularly convenient class are the ones of minimal dimension, which have a number of

useful properties.

Definition 3.34 (Minimality) Let H € M;,,(R{z}) be a rational matrix function. A minimal
realization of H is an algebraic realization of H of dimension smaller than or equal to the
dimension of every other algebraic realization of H. The dimension of a minimal realization
of H is the McMillan degree of H.

Two other important properties of algebraic realizations, which are intimately related to the
notion of minimality and play a key role in the study of identifiability, are introduced in the
following definitions.

Definition 3.35 (Controllability) An algebraic realization (A, B, C) of dimension N is con-
trollable if the controllability matrix ¢ = [ B AB --- A"1B ] € My, mn(R) has full rank,
i.e., if rank % = N.

Definition 3.36 (Observability) An algebraic realization (A, B, C) of dimension N is observ-

T
able if the observability matrix 0 = [ ct At ... (camH } € My n(R) has full
rank, i.e., if rank & = N.
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Remark 3.37 We will often say that a state space system (3.3.7) is minimal, controllable or
observable if the corresponding transfer function has this property.

The next theorem characterizes minimality in a useful way in terms of controllability and
observability.

Theorem 3.38 (Hannan and Deistler (1988, Theorem 2.3.3)) A realization (A,B,C) is mini-
mal if and only if it is both controllable and observable.

Lemma 3.39 For all matrices A € MN(R), B € My (R), £ € S, 7 (R), and every real number
t > 0, the following linear subspaces of RN are equal:

t
im [B, AB,..., AN"B] i) im / A BEB A Hdy. (33.22)
0

Proof The assertion is a generalization of Bernstein (2005, Lemma 12.6.2). The proof
relies on two simple facts from linear algebra: first, that for any two subspaces V, W of
RN, Vis a subspace of W if and only if W+ is a subset of V1, where - denotes the
orthogonal complement; second that for any matrix M the orthogonal complement of
the range of M is equal to the kernel of MT. In order to show that i) C ii), we pick
v € ker [fot eA”BZBTeAT”du}. Then, clearly,

t

ol [/ eA”BZBTeAT”du] v=0;
0

this, together with the fact that for any u € [0,¢], eAuBYBTeA™ ig positive semidefinite

and the assumption that X is positive definite, implies that vTe/“B = 0}, for any 0 < u <

t. Differentiating with respect to u and evaluating at u = 0 yields vT A'B = 0], for all

L
i:O,l,...,N—l,whichshowsthatvisanelementofim[B AB .- AN_lB} . In

order to prove the converse, that ii) C i), we choose v € im [B, AB,..., AN_lB} L. Then, v is

an element of ker [B,AB, .. .,AN_lB] T, and therefore vTA'B = O,Tn foralli =0,1,...,N —

1. Since, by the Cayley—-Hamilton theorem, the matrix eAt Au —

Nt i(u) A, it follows that

can be expanded as e

t T t n-1 . NT
[/ e"BrBTed “du] v= / eMBY Y i(u) (vTA1B> du = Oy,
0 0 =
which means that v € ker [ fot eA”BZBTeAT”du} and thus completes the proof. o

Corollary 3.40 If the triple (A, B, C) is minimal of dimension N, and % is positive definite, then
the N x N matrix ¥ = foh eA“BE.BTeA "dy has full rank N.
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Proof By Theorem 3.38, minimality of (A, B, C) implies controllability, i.e. full rank of the
controllability matrix { B AB ... AN-1B } By Lemma 3.39, this is equivalent to ¥
having full rank. O

Proposition 3.41 Assume thatY is the d-dimensional output process of the state space model (3.3.7)
with (A, B,C) being a minimal realization of McMillan degree N. Then a sufficient condition for
the sampled process Y") to have the same McMillan degree, is the Kalman—Bertram criterion

2mik

A=N
*

V(A A) eo(A) x a(A), Vk € Z\{0}. (3.3.23)

Proof We will prove the assertion by showing that the N-dimensional state space repre-
sentation (3.3.19) is both controllable and observable, and thus, by Theorem 3.38, minimal.
Observability has been shown in Sontag (1998, Proposition 5.2.11) using the Hautus criterion
(Hautus, 1969). The key ingredient in the proof of controllability is Corollary 3.40, where we
showed that the autocovariance matrix (") of N ,Sh), given by Eq. (3.3.20), has full rank; this
shows that the representation (3.3.19) is indeed minimal and completes the proof. ]

Remark 3.42 Since, by Hannan and Deistler (1988, Theorem 2.3.4), minimal realizations
are unique up to a change of basis (A, B,C) — (TAT!,TB,CT~!), for some non-singular
N x N matrix T, and such a transformation does not change the eigenvalues of A, the
criterion (3.3.23) does not depend on what particular triple (A, B, C) one chooses.

Uniqueness of the principal logarithm (Higham, 2008, Theorem 1.31) implies the following.

Lemma 3.43 Assume that the matrices A, B € My(R) satisfy "4 = €8 for some h > 0. If the
spectra 04,08 of A, B satisfy |ImA| < 7t/h forall A € 04 Uop, then A = B.

Lemma 3.44 Assume that A € My (R) satisfies Assumption E1. For every h > 0, the linear map
h T
M : My(R) = My(R), M — / e Me? "du, (3.3.24)
0
is injective.

Proof If we apply the vectorization operator vec : My(R) — RN * and use the well-known
identity (Bernstein, 2005, Proposition 7.1.9) vec(UVW) = (WT ® U) vec(V) for matrices
U,V and W of appropriate dimensions, we obtain the induced linear operator

h
_ 2 2
veco.# ovec ' : RN — RN, VecM»—>/ e @ eA*du vec M.
0

To prove the claim that .# is injective, it is thus sufficient to show that the matrix < =
foh e @etdu € My(R) is non-singular. We write A® A = A®1y+ 1y ® A. By
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Bernstein (2005, Fact 11.14.37), & = foh e(A®A)udy and since r(A® A) = {A+u: A puc€
o(A)} (Bernstein, 2005, Proposition 7.2.3), Assumption E1 implies that all eigenvalues of the
matrix A @ A have strictly negative real parts; in particular, A @ A is invertible. Consequently,
it follows from Bernstein (2005, Fact 11.13.14) that & = (A® A)~! [e(A@A)h - 1N2} . Since,
for any matrix M, it holds that o(eM) = {e*, A € ¢(M)} (Bernstein, 2005, Proposition 11.2.3),

the spectrum of e(4®4)" (a4

is a subset of the open unit disk. Using the fact that ||M"
converges to the spectral radius of the matrix M as n tends to infinity, one sees that there

exists a natural number 7 such that ‘
AGA)

e (ADA)h H is strictly smaller than one. This implies that

el h_ 1,2 is non-singular, because

-1 -1

(e(AeaA)h . 1N2> _ <1N2 4 elA®A)h _i_e(nfl)(A@A)h) (en(A@A)h B 1N2>
The existence of the last factor follows from its convergent Neumann series representation,
which completes the proof. o

3.3.3. Overcoming the aliasing effect

One goal in this chapter is the estimation of multivariate CARMA processes or, equiva-
lently, continuous-time state space models, based on discrete observations. We are now in
the position to begin formulating precisely what assumptions we need to impose on the
parametrizations of these models in order to ensure consistency and asymptotic normality
of the quasi maximum likelihood estimator. In this brief section we concentrate on the issue
of identifiability, and we derive sufficient conditions that prevent redundancies from being
introduced into an otherwise properly specified model by the process of sampling, an effect
known as aliasing (Hansen and Sargent, 1983; McCrorie, 2003).

For ease of notation we choose to parametrize the state matrix, the input matrix, and
the observation matrix of the state space model (3.3.7), as well as the driving Lévy process
L; from these one can always obtain an autoregressive and a moving average polynomial
which describe the same process by applying a left matrix fraction decomposition to the
corresponding transfer function, see Patel (1981) and the upcoming Theorems 3.52 and 3.53.
We hence assume that there is some compact parameter set ® C R, and that, for each ¢ € ©,
one is given matrices Ay, By and Cy of matching dimensions, as well as a Lévy process Lyg.
A basic assumption is that we always work with second order processes (cf. Assumption L2).

Assumption C1 For each # € ©, it holds that ELg = 0,,, that E |[Lg(1)|)* is finite, and that
the covariance matrix £& = ELy(1)L,(1)T is non-singular.

To ensure that the model corresponding to # describes a stationary output process we impose
the analogue of Assumption E1.
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Assumption C2 For each ¢ € O, the eigenvalues of Ay have strictly negative real parts.

Next, we restrict the model class so as to only contain minimal algebraic realizations of a
fixed McMillan degree.

Assumption C3 For all ¢ € O, the triple (Ay, By, Cy) is minimal with McMillan degree N.

Since we shall base the inference on a quasi maximum likelihood approach and thus on
second-order properties of the observed process, we require the model class to be identifiable
from these available information according to the following definitions.

Definition 3.45 (L2-equivalence) Two stochastic processes, irrespective of whether their
index sets are continuous or discrete, are L2-observationally equivalent if their spectral densities
are the same.

Definition 3.46 (Identifiability) A family (Y3, ¢ € ®) of continuous-time stochastic pro-
cesses is identifiable from the spectral density if, for every @1 # ¢, the two processes Yy, and
Yy, are not L?-observationally equivalent. It is h-identifiable from the spectral density, h > 0,
( (h)

2

if, for every #; # ¢, the two sampled processes Yl,}i) and Y, are not L?*-observationally

equivalent.

Assumption C4 The collection of output processes K(©®) := (Y3, 9 € ©) corresponding to
the state space models (A, By, Cy, Ly) is identifiable from the spectral density.

Since we shall use only observations of Y at discrete points in time separated by a sampling
interval £, it would seem more natural to impose the stronger requirement that K(©) be
h-identifiable. We will see, however, that this is implied by the previous assumptions if we
additionally assume that the following holds.

Assumption C5 For all ¢ € O, the spectrum of Ay is a subset of

{zeC:—%<Imz<%}.

Theorem 3.47 (Identifiability) Assume that © D & — (Ag, By, Cg, L) is a parametrization
of continuous-time state space models satisfying Assumptions C1 to C5. Then the corresponding
collection of output processes K(@®) is h-identifiable from the spectral density.

Proof We will show that for every ¢4, 9, € ©, & # ¢, the sampled output processes Yl(;i)

and YI(,IZ) (h) are not L?-observationally equivalent. Suppose, for the sake of contradiction,
that the spectral densities of the sampled output processes were the same. Then the Spectral
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Factorization Theorem (Theorem 3.31) would imply that there exists an orthogonal N x N
matrix O such that

Cs, (ei“’lN — eAﬂlh)Zl(fi)’lmO = CﬂZ(ei“’lN — eAl’zh)Zg;)’l/z, —nT<w<TI,

where Zg;)’l/ 2, i=1,2, are the unique positive definite matrix square roots of the matrices

foh eA"i”Bgl.Z{;i Bgi eAgi“du, defined by spectral calculus. This means that the two triples
(eAlhh,Zg?’l/ZO, Cﬂ1> and (eA"zh,Zl(,’;)’l/z, ng)

are algebraic realizations of the same rational matrix function. Since Assumption C5 clearly
implies the Kalman—Bertram criterion (3.3.23), it follows from Proposition 3.41 in conjunction
with Assumption C3 that these realizations are minimal, and hence from Hannan and
Deistler (1988, Theorem 2.3.4) that there exists an invertible matrix T € My(IR) satisfying

et = T-ledolr,  yW120 = T 1g2 gy =y, T (3.3.25)

It follows from the power series representation of the matrix exponential that T~ e/ T

-1
equals T AnTh

. Under Assumption C5, the first equation in conjunction with Lemma 3.43
therefore implies that Ay, = T~ A, T. Using this, the second of the three equations (3.3.25)

gives
h T
Zgi) - /0 el (T_lBlh) Zt%z (T_1B02> eAgludU,

which, by Lemma 3.44, implies that (T‘lBgz)legz (T1Bs,)T = By, Z{;l B§1‘ Together with the
last of the equations (3.3.25) and Proposition 3.32 it follows that, for every w € [—7, 7],

fo,(w) =Cy, (iwly — Ag,) "By, 2§, By, (—iwly — Ag) ' Cy,
=Cy, (iwly — Ag,) "By, 5§, By, (—iwly — Ag,) "' Cg, = fo,(w);

this contradicts Assumption C4 that Y3, and Yy, are not L?-observationally equivalent. O

3.3.4. Asymptotic properties of the QML estimator

In this section we apply the theory that we developed in Section 3.2 for the quasi maximum
likelihood estimation of general discrete-time linear state space models to the estimation of
continuous-time linear state space models or, equivalently, multivariate CARMA processes.
We have already seen that a discretely observed MCARMA process can be represented by a
discrete-time state space model and that, thus, a parametric family of MCARMA processes
induces a parametric family of discrete-time state space models. More precisely, Egs. (3.3.19)
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show that the process of sampling with spacing i maps the continuous-time state space
models (Ag, By, Cy, Lg)ycq to the discrete-time state space models

(eAﬂh Cs, N 0 N® — (" cAmpar 3.3.26
s, Ny on — ( e 1] 19(1/!). ( e )

>l9€® ’ n—1)h

which are not in the innovations form (3.1.2). The quasi maximum likelihood estimator f’L’(h)

is defined by Eq. (3.2.14), applied to the state space model (3.3.26), that is

) argming,_q ZM (9, y (), (3.3.27a)
L
Z0 9,y ) = ; |dlog 2 + logdet V" + &) v el ], (3.3.27b)

where él(,h) are the pseudo-innovations of the observed process Y = Yg;), which are

computed from the sample y(") = (th), cee, Y(Lh)) via the recursion

Xt’,n = (eAﬂh _ Kl(,h)Cﬂ> Xﬂ,nfl + Kl(?h)y(h)

n—1’

éﬂn =Y, — CgXﬂ,n, n € IN.

The initial value X 9,1 may be chosen in the same ways as in the discrete-time case. The steady-

state Kalman gain matrices Kf,h) and pseudo-covariances Véh) are computed as functions of

the unique positive definite solution Qf,h) to the discrete-time algebraic Riccati equation

-1 T
Q) = ettt + x) — [erralch] [coalcy] [erralich]

namely
-1
Ky = [e*m0ycl] [c0y'cr] T, v = cfcy.

In order to obtain the asymptotic normality of the quasi maximum likelihood estimator
for multivariate CARMA processes, it is therefore only necessary to make sure that As-
sumptions D1 to D10 hold for the model (3.3.26). The discussion of identifiability in the
previous section allows us to specify accessible conditions on the parametrization of the
continuous-time model under which the quasi maximum likelihood estimator is strongly
consistent. In addition to the identifiability assumptions C3 to C5, we impose the following

conditions.

Assumption C6 The parameter space © is a compact subset of R".

Assumption C7 The functions ¢ — Ay, ¢ — By, ¢ — Cy, and ¢ — Z{; are continuous.
Moreover, for each # € O, the matrix Cy has full rank.
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Lemma 3.48 Assumptions C1 to C3, C6 and C7 imply that the family (eA"h,Cﬂ, Ngh),O) o
discrete-time state space models satisfies Assumptions D1 to D4.

Proof Assumption D1 is clear. Assumption D2 follows from the observation that the
functions A — e and (A,B,X) — foh eA"BY.BTeA " dy are continuous. By Assumptions C2,
C6 and C7, and the fact that the eigenvalues of a matrix are continuous functions of its
entries, it follows that there exists a positive real number € such that, for each ¢ € O,
the eigenvalues of Ay have real parts less than or equal to —e. The observation that the
eigenvalues of et are given by the exponentials of the eigenvalues of A thus shows that
Assumption D3, i) holds with p := e~¢" < 1. Assumption C1 that the matrices £} are non-
singular and the minimality assumption C3 imply by Corollary 3.40 that the noise covariance
matrices Zf, = EN, (r )N 1(, %’T are non-singular, and thus Assumption D3, ii) holds. Further,
by Proposition 3.4, the matrices ()y are non-singular, and so are, because the matrices Cy
are assumed to be of full rank, the matrices Vj; this means that Assumption D3, iii) is
satisfied. Assumption D4 is a consequence of Proposition 3.32, which states that the noise
sequences Ny are i.i.d. and, in particular, ergodic; their second moments are finite because
of Assumption C1. o

AL,(h)

In order to be able to show that the quasi maximum likelihood estimator ¢ “* " is asymp-
totically normally distributed, we impose the following conditions in addition to the ones
described so far.

Assumption C8 The true parameter value @y is an element of the interior of ©.

Assumption C9 The functions ¢ — Ay, ¢ — By, ¢ — Cy, and ¢ — Z{; are three times
continuously differentiable.

||4+(5

Assumption C10 There exists a positive number § such that E || Ly, (1) < o0.

Lemma 3.49 Assumptions C8 to C10 imply that Assumptions D6 to D8 hold for the model (3.3.26).

Proof Assumption D6 is clear. Assumption D7 follows from the fact that the functions
A — et and (A,B,X) — foh eA4BY.BTeA "dy are not only continuous, but infinitely often
differentiable. For Assumption D8 we need to show that the random variables N := Ny,
have bounded (4 + J)th absolute moments. It follows from Rajput and Rosinski (1989,
Theorem 2.7) that N is infinitely divisible with characteristic triplet (v, X, v) given by

5= / oAay (h=s) By, [,Yﬂ0+/ H Agy (h— S)Bgo

5 — /‘ en(i=s)g, $OBT o409y,

‘)—ﬁmwhm)#%m@]@,

/ [B At’o (h—s) Bs, x) Loy (dx)ds, B e Z(RN\{on}),
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where Z(-) denotes the Borel o-algebra. These formulee imply that

1 446
/ ||xu4+‘5v(dx)</ ety ds/ ][4 v g (dx).
51 Jo 51

The first factor on the right side is finite by Assumptions C6 and C9, the second by As-
sumption C10 and the well known equivalence of finiteness of the ath absolute moment
of an infinitely divisible distribution and finiteness of the ath absolute moments of the
corresponding Lévy measure restricted to the exterior of the unit ball (Sato, 1999, Corollary
25.8). The same corollary shows that E | N |7 < o0 and thus Assumption D8. i

Our final assumption is the analogue of Assumption D10. It will ensure that the Fisher

(n)

. . . . . — . AL (1) . .
information matrix of the quasi maximum likelihood estimator ¢ is non-singular by

imposing a non-degeneracy condition on the parametrization of the model.

Assumption C11 There exists a positive index jy such that the [(jo +2)d?| x r matrix

RE:
Ly @ KT @ Co [ (vecelt)™ (veced)T ... (veceds) ]

vec Vy

Vs
9=,

has rank r.

Theorem 3.50 (Asymptotic normality of f?L’(h)) Assume that (Ag, By, Cy, Lg)ysce is a para-
metric family of continuous-time state space models, and denote by y™" = (Yl(,?l,...,Yf,?L)
a sample of length L from the discretely observed output process corresponding to the parameter
value ¥y € ©. Under Assumptions C1 to C7 the quasi maximum likelihood estimator - =

argming_q Z(9,y~ M) is strongly consistent, that is

L) a5 g (3.3.29)
L—o0

If, moreover, Assumptions C8 to C11 hold, then el

1S

is asymptotically normally distributed, that

VL ({Wh) - 190) 1 (0,8), (3.3.30)
L—00
where the asymptotic covariance matrix & = |~ 1I] 1 is given by

[ =lim L! Var (v,,.,zﬂ (ﬂo,yL)> , J=limL'V3¥ (ﬂo, yL) . (3.3.31)

L—o0 L—o0

Proof Strong consistency is a consequence of Theorem 3.7 if we can show that the parametric
family (eA”h, Cs, Ny, 0) 9co
to D5. The first four of these are shown to hold in Lemma 3.48. For the last one, we observe

of discrete-time state space models satisfies Assumptions D1
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that, by Lemma 3.6, Assumption D5 is equivalent to the family of state space models (3.3.26)
being identifiable from the spectral density. Under Assumptions C3 to C5 this is guaranteed
by Theorem 3.47.

In order to prove Eq. (3.3.30), we shall apply Theorem 3.8 and therefore need to verify
Assumptions D6 to D10 for the state space models (eA"h, Cs, Ny, 0) 9co" The first three
hold by Lemma 3.49, the last one as a reformulation of Assumption C11. Assumption D9,
that the strong-mixing coefficients a of a sampled multivariate CARMA process satisfy
Y la(m)])?/2+9) < oo, follows from Assumption C1 and Marquardt and Stelzer (2007,
Proposition 3.34), where it was shown that MCARMA processes with a finite logarithmic
moment are exponentially strongly mixing. o

3.4. Practical applicability

In this section we complement the theoretical results from Sections 3.2 and 3.3 by commenting
on their applicability in practical situations. Canonical parametrizations are a classical subject
of research about discrete-time dynamical systems, and most of the results carry over to
the continuous-time case; without going into great detail we present the basic notions and
results about these parametrizations. The assertions of Theorem 3.50 are confirmed by means
of a simulation study for a bivariate non-Gaussian CARMA process. Finally, we estimate the
parameters of a CARMA model for a bivariate time series from economics using our quasi
maximum likelihood approach.

3.4.1. Canonical parametrizations

We present parametrizations of multivariate CARMA processes that satisfy the identifiability
conditions C3 and C4, as well as the smoothness conditions C7 and C9; if, in addition,
the parameter space © is restricted so that Assumptions C2, C5, C6 and C8 hold, and the
driving Lévy process satisfies Assumption C1, the canonically parametrized MCARMA
model can be estimated consistently. In order for this estimate to be asymptotically normally
distributed, one must additionally impose Assumption C10 on the Lévy process and check
that Assumption C11 holds — a condition which we are unable to verify analytically for the
general model; for explicit parametrizations, however, it can be checked numerically with
moderate computational effort. The parametrizations we are to present are well-known from
the discrete-time setting; detailed descriptions with proofs can be found in Deistler (1983);
Hannan (1971, 1976, 1979); Hannan and Deistler (1988); Luenberger (1967); Liitkepohl and
Poskitt (1996); Poskitt (1992); Reinsel (1997); Rosenbrock (1970) or, from a slightly different
perspective, in the control theory literature Gevers (1986); Gevers and Wertz (1983, 1984);
Guidorzi (1975, 1981). We begin with a canonical decomposition for rational matrix functions.
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Theorem 3.51 (Bernstein (2005, Theorem 4.7.5)) Let H € M, ,,(R{z}) be a rational matrix
function of rank r. There exist matrices Sy € My(R[z]) and S; € M,,(R][z]) with constant
determinant, such that H = 51 MS,, where

di TRy 0y 1—
M — iag {€i/ i} rm—r € My, (R{z}), (3.4.1)
Od—r,r Od—r,m—r

and €1,...€, P1,..., P € Rz| are polynomials with leading coefficient one, uniquely determined
by H satisfying the following conditions:

i) foreachi=1,...,r, the polynomials €; and ; have no common roots,

ii) foreachi =1,...,r — 1, the polynomial €; divides the polynomial €; 1, and
iii) foreachi =1,...,r —1, the polynomial ;, divides the polynomial ;.
The triple (S1, M, Sy) is called the Smith—-McMillan decomposition of H.

The degrees v; of the denominator polynomials ; in the Smith-McMillan decomposition
of a rational matrix function H are called the Kronecker indices of H, and they define the
vector v = (vy,...,14) € IN?, where we set vy = 0 fork = r+1,...,d. They satisfy the
important relation Y2, v; = dy(H), where 6)(H) denotes the McMillan degree of H, that
is the smallest possible dimension of an algebraic realization of H, see Definition 3.34. For
1<1i,j <d, we also define the integers v;; = min{v; + I (i>f}r 1/]-}, and if the Kronecker indices
of the transfer function of an MCARMA process Y are v, we call Y an MCARMA,, process.

Theorem 3.52 (Echelon state space realization, Guidorzi (1975, Section 3)) For positive in-
tegers d and m, let H € My ,,(R{z}) be a rational matrix function with Kronecker indices v =
(v1,...,v4). Then a unique minimal algebraic realization (A, B, C) of H of dimension N = 6y;(H)
is given by the following structure.

(i) The matrix A = (Ajj)ij=1,..a € Mn(R) is a block matrix with blocks A;j € My,.(R) given

by
0 -+ ei v .0 0
: : S
A= ¢ T , (3.4.23)
0O -+ i o .00 0
‘Xij,l Dcierij 0 0 0 O

(i) B = (bjj) € MNu(R) unrestricted,
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(iii) ifv; > 0,1 = ., d, then
10 0 00 ... 0 : 0
a-1),
C= 10 .0+ (=t € Myn(R). (3.4.2b)
O@—1)1
0(d—2),1, 10 0

If v; = 0, the elements of the ith row of C are also freely varying, but we concentrate here on
the case where all Kronecker indices v; are positive. To compute v as well as the coefficients
a;jx and bj; for a given rational matrix function H, several numerically stable and efficient
algorithms are available in the literature (see, e. g., Rozsa and Sinha, 1975, and the references
therein). The orthogonal invariance inherent in spectral factorization (see Theorem 3.31)
implies that this parametrization alone does not ensure identifiability. In the case m = d, one
remedy is to restrict the parametrization to those transfer functions H satisfying H(0) = H,
for a non-singular matrix Hy. To see how one must constrain the parameters a;;, b;; in order

to ensure this normalization, we work in terms of left matrix fraction descriptions.

Theorem 3.53 (Echelon MCARMA realization, Guidorzi (1975, Section 3)) For positive in-
tegers d and m, let H € My ,,(R{z}) be a rational matrix function with Kronecker indices v =
(v1,...,v4). Assume that (A, B,C) is a realization of H, parametrized as in Eqs. (3.4.2). Then a
unique left matrix fraction description P~'Q of H is given by

P(Z) = [pij(z)]i/]‘:h“/d/ (343&)
Q(z) = [4ij(2)] i=1,..a , (3.4.3b)
j=1,...m
where
Vi »
pij(z) =0;;z" Z w1, (3.4.4a)
qij(z ZKV1+ k2 (3.4.4b)
=1

and the coefficient x; ; is the (i, j)th entry of the matrix K = TB, where T = (Tj;); j—1,..a € Mn(R)
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is a block matrix with blocks T;; € My,,(R) given by

—Wijp e &y, 000 00 ... ..01
: ‘ 00 10
= | NE1 : . (345)
01 .00
0 0 10 00

The orders p, g of the polynomials P, Q satisfy p = max{vy,...,v;} and g < p — 1. Using this
parametrization, there are different ways to impose the normalization H(0) = Hy € M, (R).
One first observes that the special structure of the polynomials P and Q implies that
H(0) = P(0)~1Q(0) = —(ocijll)gl(KV1+,_.+W4+1,]-)Z-J-. The canonical state space parametrization
(A, B,C) given by Egs. (3.4.2) therefore satisfies H(0) = —CA™!B = Hj if one makes the
coefficients a;j1 functionally dependent on the free parameters a;;,,, m = 1,...v;; and b;; by
setting ajj1 = —[(Ky, 4. v +1,) ki HY 1],7', where «;; are the entries of the matrix K appearing
in Theorem 3.53 and Hj! is a right inverse of Hy. Another possibility, which has the
advantage of preserving the multi-companion structure of the matrix A, is to keep the a;;; as
free parameters, and to restrict some of the entries of the matrix B instead. Since |detK| =1
and the matrix T is thus invertible, the coefficients b;j can be written as B = T~ K. Replacing
the (v1 +...4+vi_1 +1,j)th entry of K by the (i, j)th entry of the matrix — (& 1) Ho makes
some of the b;; functionally dependent on the entries of the matrix A, and results in a state
space representation with prescribed Kronecker indices and satisfying H(0) = Hy. This
latter method has also the advantage that it does not require the matrix Hy to possess a right
inverse. In the special case that d = m and Hy = —1y, it suffices to set xy, .1y, 11, = &ij1,
fori,j =1,...,d. Examples of normalized low-order canonical parametrizations are given in
Tables 3.1 and 3.2.

3.4.2. Simulation study

In order to get a better feeling for how the quasi maximum likelihood estimation procedure
performs in reality, we present a simulation study for a bivariate CARMA process with
Kronecker indices (1,2), i.e. CARMA indices (p,q) = (2,1). As the driving Lévy process
we chose a zero-mean normal-inverse Gaussian (NIG) process (L(t))ter. Such processes
have been found to be useful in the modelling of stock returns and stochastic volatility, as
well as turbulence data (see, e. g., Barndorff-Nielsen, 1997, 1998; Barndorff-Nielsen, Bleesild
and Schmiegel, 2004; Rydberg, 1997). The distribution of the increments L(¢t) — L(ft —1) of a
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v n(v) A C
% B % % 1 0
O (193 194) <193 194> <0 1)
191 L92 0 191 02
(1,2) | 10 0 0 1 B6 v < (1) (1) 8 )
9 Uy U5 O3+ 050 04+ U597
0 1 0 Oy g 10 0
21 | 11 0 0 0 01+ 0207 03+ D20 < 0 0 1 )
9y U5 U 0y + 0507 06 + 0505
0 1 0 0 U9 b0
(2 2) 15 $ Bt 93 01+ 04011 + 9 O3+ Ot + 94012 1 0 0 O
’ 0 0 0 1 (28] 0 0 0 1 0
95 U Oy U 05 4+ 0g011 + 0609 Oy + 010 + 912
Table 3.1.: Canonical state space realizations (A, B, C) of normalized (H(0) = —1;) rational transfer

functions in M;(IR{z}) with different Kronecker indices v; the number of parameters,
n(v), includes three parameters for a covariance matrix -L.

v n(v) P(z) Q(z) (p.q)
L1 | 7 ( Z—_ﬂl:l z_—ﬁzzu ) ( g; gi ) 1.0
(1,2) | 10 < Z—_191391 z2 —;46;2— 05 < l%ZﬁJlr 3 19‘7—;912L s ) &1
21| 11 ( Zz_}lez_}j ’ 211956 > < 0721; " ﬁszﬁj " ) 21)
o[ s [(Forn ) [ i) [e

Table 3.2.: Canonical MCARMA realizations (P, Q) with order (p,q) of normalized (H(0) = —1,)
rational transfer functions in M;(IR{z}) with different Kronecker indices v; the number of
parameters, n(v), includes three parameters for a covariance matrix -.L.
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bivariate normal-inverse Gaussian Lévy process is characterized by the density

Jexp(dx) ex x)) 1+ag(x
falpn .8) = 27 ey ¥ER

where

§(0) = /R (x—pAMx—p), K=o~ (B,AB) >0,

and p € R? is a location parameter, « > 0 is a shape parameter, B € R? is a symmetry
parameter, § > 0 is a scale parameter and A € M;’ (R), detA = 1, determines the dependence

between the two components of (L(t)):cr. For our simulation study we chose parameters

_ T
P §= (3,2)T, (34.6)

5/4 —1/2 1
(S:l, :3, = 1,1 T, A: , -
e=3 gm0, a- ) s

resulting in a skewed, semi-heavy-tailed distribution with mean zero and covariance matrix

82 28 04751 —0.1622
sLo 1 ~ . (3.4.7)
3132\ —28 64 —0.1622  0.3708
A sample of 350 independent replicates of the bivariate CARMA , process (Y(t))ter driven
by a normal-inverse Gaussian Lévy process (L(t));cr with parameters given in Eq. (3.4.6)

were simulated on the equidistant grid 0,0.01,0.02, ...,2000 by applying an Euler scheme to
the stochastic differential equation

% % O % %
dX(t) = 0 0 1 X(t)dt + L3 % dL(t), (3.4.8a)
9 U U5 O3+ 050¢ U4+ 0587
1 00
Y(t) = X(t), 3.4.8b
b (1) -

making use of the canonical parametrization given in Table 3.1. For the simulation, the

parameter values

(191/ 192/ 1931 194/ 195/ 1-96/ 1-97) - (_1/ _2/ ]-/ _21 _3/ ]-1 2)1

and the initial value X (0) = 03 were used. Each realization was sampled at integer times
(h = 1). Figures 3.1 and 3.2 show one typical realization of this NIG-driven CARMA process
as well as the effect of sampling the process at discrete times.
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Figure 3.1.: Typical realization of the bivariate NIG-driven MCARMA , process given by Egs. (3.4.8)
on the interval [0,2000]

Figure 3.2.: Zoom-in of Fig. 3.1 onto the time interval [600, 650]. The thick line is the linear interpola-
tion of the values of the displayed MCARMA process at integer times, illustrating the
effect of sampling.
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Using a differential evolution optimization routine (Price, Storn and Lampinen, 2005) in
conjunction with a subspace trust-region method (Branch, Coleman and Li, 1999; Byrd,
Schnabel and Shultz, 1988), we computed quasi maximum likelihood estimates of ¢4, ..., %,
as well as (8, 09, 019) = vech XL by numerical maximization of the quasi log-likelihood
function. In Table 3.3 the sample means and sampled standard deviations of the estimates
are reported. Moreover, the standard deviations were estimated using the square roots of
the diagonal entries of the asymptotic covariance matrix (3.2.67) with s(L) = |L/log L|'/3,
and the estimates are also displayed in Table 3.3. One sees that the bias, the difference
between the sample mean and the true parameter value, is very small in accordance with
the asymptotic consistency of the estimator. Moreover, the estimated standard deviation
is always slightly larger than the sample standard deviation, yet close enough to provide
a useful approximation for, e.g., the construction of confidence regions. In order not to
underestimate the uncertainty in the estimate, such a conservative approximation to the true
standard deviations is desirable in practice. Overall, the estimation procedure performs very
well in the simulation study.

3.4.3. Application to weekly bond yields

In this section we provide an illustrative data example and apply the techniques established
in the preceding sections to the bivariate weekly series of Moody’s seasoned Aaa and
Baa corporate bond yields from October 1966 through April 2009; these data are available
from the Federal Reserve Bank of St. Louis. We first took the logarithm of the data and
the resulting series was seen to have a unit root in each component, so the next step in
the data preparation was differencing at lag 1. Using a moving window of length 52 —
corresponding to a period of one year — we removed the stochastic volatility effects displayed
by the differenced time series to obtain data with no obvious departure from stationarity.
Figure 3.3 shows the weekly bond log-yields after differencing and devolatilization.

We fitted bivariate CARMA processes of McMillan degrees n = 2,3,4 using the quasi
maximum likelihood method described in Section 3.3.4 and employing the canonical pa-
rametrizations of Section 3.4.1. The numerical values of # as well as their standard errors
estimated by the square root of the diagonal entries in the approximate asymptotic covariance
matrix &L, defined in Eq. (3.2.67), can be found in Table 3.4. The last row displays the value of
twice the negative logarithm of the Gaussian likelihood of the observations under the model
corresponding to the estimated parameter value #. The quality of the fit can be assessed
from Fig. 3.4 where we compare the autocorrelation functions of the fitted models with the
empirical autocorrelation function of the data. One sees how the fit becomes better as one
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Figure 3.3.: Weekly Aaa and Baa bond yields after differencing and devolatilization

increases the model order in accordance with an increasing value of the Gaussian likelihood;
in particular, the autocorrelations at higher lags are better captured by the higher order
models. This phenomenon is well known from the estimation of discrete-time parametric
processes where penalty terms in the likelihood together with order selection criteria like
the Akaike Information Criterion (AIC) or the Bayesian Information Criterion (BIC) are used
to formalize the trade-off between goodness of fit and model complexity. Understanding
their applicability in a continuous-time set-up remains a problem for future research.
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Autocorrelations — First component Crosscorrelations — First—-second component
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Figure 3.4.: Empirical auto- and crosscorrelations of the weekly bond data from Fig. 3.3 compared to
the theoretical auto- and crosscorrelations of estimated MCARMA,, s models, for different

Kronecker indices («, B)
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parameter | sample mean | bias | sample std. dev. | mean est. std. dev.
t -1.0001 0.0001 0.0354 0.0381
(25} -2.0078 0.0078 0.0479 0.0539
U3 1.0051 -0.0051 0.1276 0.1321
¥4 -2.0068 0.0068 0.1009 0.1202
s -2.9988 -0.0012 0.1587 0.1820
3 1.0255 -0.0255 0.1285 0.1382
(% 2.0023 -0.0023 0.0987 0.1061
g 0.4723 -0.0028 0.0457 0.0517
B9 -0.1654 0.0032 0.0306 0.0346
Y10 0.3732 0.0024 0.0286 0.0378

Table 3.3.: Quasi maximum likelihood estimates for the parameters of a bivariate NIG-driven
CARMA , process observed at integer times over the time horizon [0,2000]. The second
column reports the empirical mean of the estimators as obtained from 350 independent
simulated paths; the third and fourth columns contain the resulting bias and the sample
standard deviation of the estimators, respectively, while the last column reports the average
of the expected standard deviations of the estimators as obtained from the asymptotic
normality result Theorem 3.50.

(, B) (L1) (1,2) (2,1) (2,2)
& | o(®) 4 [ o) 4 [ o(®) & | o(®)
h -1.1326 | 0.1349 | -1.1538 | 0.1401 | -1.3776 | 0.0320 | -0.0010 | 0.0336
& 0.2054 | 0.1171 | 0.2307 | 0.1008 | -2.4033 | 0.0197 | -1.1601 | 0.5964
B 0.3316 | 0.1206 | -0.2528 | 0.1716 | 0.0228 | 0.0050 | -0.0098 | 0.0268
Oy -1.0935 | 0.1065 | -0.0362 | 0.0472 | -4.9948 | 0.1096 | 0.1829 | 0.7429
s 24105 | 0.2324 | -1.2516 | 0.1286 | -4.6276 | 0.1538 | 1.4646 | 0.3931
B 2.2483 | 0.2061 | -2.5747 | 0.4595 | -0.0153 | 0.0108 | 1.3662 | 0.4039
9, 2.7055 | 0.2116 | 1.6345 | 0.2940 | -1.2442 | 0.0391 | -0.7438 | 0.2387
g 2.8552 | 0.1966 | 0.2573 | 0.0492 | -1.7563 | 0.7209
O 3.5702 | 0.2151 | 2.4302 | 0.1370 | -2.6936 | 0.6694
Mo 49076 | 0.3888 | 2.9784 | 0.2766 | 1.7369 | 0.5381
T 4.1571 | 0.5043 | -3.6136 | 3.0265
T 2.8483 | 2.5122
A3 4.4848 | 0.3327
Da 5.5079 | 0.1803
s 7.0218 | 1.4357

| Z@,y") | 98938 9,850.4 9,853.0 9,840.7

Table 3.4.: Quasi maximum likelihood estimates of the parameters of an MCARMAa,ﬁ model for
weekly yields of Moody’s seasoned corporate bonds. The marginal standard deviations
o(0;) are estimated from the diagonal elements of the asymptotic covariance matrix in
Theorem 3.50. The parameters whose confidence region contains zero are marked in bold.






4. Parametric Estimation of the Driving Lévy
Process of Multivariate CARMA Processes
from High-Frequency Observations

4.1. Introduction

Continuous-time autoregressive moving average (CARMA) processes generalize the widely
employed discrete-time ARMA process to a continuous-time setting. Heuristically, a multi-
variate CARMA process of order (p,q), p > ¢, can be thought of as a stationary solution Y
of the linear differential equation

[D’” +ADF 4+ A,,} Y(t) = [Bo+BiD+...+BDI|DL(t), D= jt, (4.1.1)
where L is a Lévy process and A;, B; are coefficient matrices, see Section 4.3 for a precise
definition. They first appeared in the literature in Doob (1944), where univariate Gaussian
CARMA processes were defined. Recent years have seen a rapid development in both the
theory and the applications of this class of stochastic processes (see, e.g., Brockwell, 2004,
and references therein). In Brockwell (2001b), the restriction of Gaussianity was relaxed and
CARMA processes driven by Lévy processes with finite moments of any order greater than
zero were introduced (see also Brockwell and Lindner, 2009). This extension allowed for
CARMA processes to have jumps as well as a wide variety of marginal distributions, possibly
exhibiting fat tails. Shortly after that, Marquardt and Stelzer (2007) defined multivariate
CARMA processes and thereby made it possible to model a set of dependent time series
jointly by a single continuous-time linear process. For further developments of the concept,
which led to fractionally integrated CARMA (FICARMA) and superpositions of CARMA
(supCARMA) processes, and allow for long-memory effects, we refer the reader to Barndorff-
Nielsen and Stelzer (2011); Brockwell and Marquardt (2005); Marquardt (2007). In many
contexts, continuous-time processes are particularly suitable for stochastic modelling because
they allow for irregularly-spaced observations and high-frequency sampling. We refer the
reader to Barndorff-Nielsen and Shephard (2001b); Benth and éaltyté Benth (2009); Todorov
and Tauchen (2006) for an overview of successful applications of CARMA processes in

economics and mathematical finance.
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Despite the growing interest of practitioners in using CARMA processes as stochastic
models for observed time series, the statistical theory for such processes has received little
attention in the past. One of the basic questions with regard to parameter inference or model
selection is how to determine which particular member of a class of stochastic models best
describes the characteristic statistical properties of an observed time series. If one decides to
model a phenomenon by a CARMA process as in Eq. (4.1.1), which can often be argued to
be a reasonable choice of model class, this problem reduces to the three tasks of choosing
suitable integers p, g describing the order of the process; estimating the coefficient matrices
Aj, Bj; and suggesting an appropriate model for the driving Lévy process L.

In this chapter, we address the last of these three problems and develop a method
to estimate a parametric model for the driving Lévy process of a multivariate CARMA
process, building on an idea suggested in Brockwell et al. (2011) for the special case of a
univariate CARMA process of order (2,1). The strategy is to observe that the distribution
of a Lévy process L is uniquely determined by the distribution of the unit increments
AL, = L(n) — L(n — 1); if one therefore had access to the increments (AL, ),—1, N Over a
sufficiently long time-horizon, one could easily estimate a model for L by any of several well-
established methods, including parametric as well as non-parametric approaches (Figueroa-
Lopez, 2009; Gugushvili, 2009, and references therein). It is thus natural to try and express
the increments of the driving Lévy process — at least approximately — in terms of the
observed values of the CARMA process, and to subject this approximate sample from the
unit-increment distribution to the same estimation method one would use with the true
sample. One difficulty arising in this step is that one usually does not observe a CARMA
processes continuously but that one instead only has access to its values on a discrete, yet
possibly very fine, time grid; in fact, as we shall see in Section 4.4, it is this assumption of
discrete-time observations that prevents us from exactly recovering the increments of the
Lévy process from the recorded CARMA process.

In the following, we concentrate on the parametric generalized moment estimators (see,
e.g., Hansen, 1982; Newey and McFadden, 1994), and we prove that the estimate based on
the reconstructed increments of L has the same asymptotic distribution as the estimate based
on the true increments, provided that both the length N of the observation period and the
sampling frequency h~1 at which the CARMA process is recorded, go to infinity at the right
rate. In fact we obtain the quantitative high-frequency condition that & = hy must be chosen
dependent on N such that Nhy converges to zero as N tends to infinity. The generalized
method of moments (GMM) estimators contain as special cases the classical maximum
likelihood estimators as well as non-linear least squares estimators that are based on fitting
the empirical characteristic function of the observed sample to its theoretical counterpart.
In view of the structure of the Lévy—Khintchine formula, the latter method is particularly
well suited for the estimation of Lévy processes. We impose no assumptions on the driving
Lévy process except for the finiteness of certain moments that depend on the particular



4.1. Introduction 99

moment function used in the GMM approach. In our main result, Theorem 4.34, we prove
the consistency and asymptotic normality of a wide class of GMM estimators that satisfy a
set of mild standard technical assumptions.

It seems possible to relax the assumption of uniform sampling as long as the maximal
distance between two recording times in the observation interval tends to zero. More
important, however, is the natural question if there exist methods to estimate the driving
Lévy process of a CARMA process that do not require high-frequency sampling but still
have desirable asymptotic properties. Another interesting topic for further investigation
is the behaviour of non-parametric estimators for the driving Lévy process when they are
used with a disturbed sample of the unit increments as described in this chapter. Maximum
likelihood estimation of continuously observed Gaussian diffusions and one-dimensional
Lévy-driven Ornstein-Uhlenbeck processes has been considered in Liptser and Shiryaev
(2001); Mai (2009). An extension of their methods to multivariate CARMA models remains
an important open problem.

Outline of the chapter The chapter is structured as follows. In Section 4.2 we take a closer
look at multivariate Lévy processes and infinitely divisible distributions, the fundamental
ingredients in the definition of a multivariate CARMA process. First, we briefly review
their definition and some important basic properties. In Section 4.2.2 we obtain a new
quantitative bound for the absolute moments of an infinitely divisible distribution in terms
of its characteristic triplet, which is essential for many of the subsequent proofs. We also
derive the exact polynomial time-dependence of the absolute moments of a Lévy process in
Proposition 4.3. As a further preparation for the proofs of our main results, Theorem 4.4
in Section 4.2.3 establishes a Fubini-type result for double integrals with respect to a Lévy
process over an unbounded domain.

The definition of multivariate CARMA processes as well as important properties, such
as moments, mixing and smoothness of sample paths, are presented in Section 4.3. In
Theorem 4.6 we prove an alternative state space representation for multivariate CARMA pro-
cesses, called the controller canonical form, which lends itself more easily to the estimation
of the driving Lévy process than the original definition.

In Section 4.4 we show that, conditional on an initial value whose influence decays
exponentially fast, one can exactly recover the value of the driving Lévy process from a
continuous record of the multivariate CARMA process. The functional dependence is explicit
and given in Theorem 4.11.

Since such a continuous record is usually not available, Section 4.5 is devoted to discretiz-
ing the result found in Theorem 4.11. To this end, we analyse how path-wise derivatives and
definite integrals of Lévy-driven CARMA processes can be approximated from observations
on a discrete time grid, and we determine the asymptotic behaviour of these approximations
as the mesh size tends to zero. To our knowledge, this is the first time that numerical differ-
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entiation and integration schemes are investigated quantitatively for this class of stochastic
processes. The results of this section are summarized in Theorem 4.25.

In Section 4.6 we prove consistency and asymptotic normality of the generalized method of
moments estimator when the sample is not i.i. d., but instead disturbed by a noise sequence,
which corresponds to the discretization error from the previous section. Theorem 4.28 shows
that if the sampling frequency hy' goes to infinity fast enough with the length N of the
observation interval, such that Nhy converges to zero, then the effect of the discretization
becomes asymptotically negligible, and the limiting distribution of the estimated parameter
is identical to the one obtained from an unperturbed sample. Finally, in Theorem 4.34, we
apply this result to give an answer to the question of how to estimate a parametric model of
the driving Lévy process of a multivariate CARMA process if high-frequency observations
are available.

Finally, in Section 4.7, we present the results of a simulation study for a Gamma-driven
CARMA(3,1) process, which illustrate our theoretical results and demonstrate their practical
applicability.

Notation We use the following notation. The natural, real, complex numbers, and the
integers are denoted by IN, R, C, and Z, respectively. Vectors in R" are printed in bold,
and we use superscripts to denote the components of a vector, e.g., R" 3 x = (x!,...,x™).
We write 0, for the zero vector in R, and we let ||-|| and (-) represent the Euclidean norm
and inner product, respectively. The ring of polynomial expressions in z over a ring K is
denoted by K|[z]. The symbols M,, ,(K), or M,,(K) if m = n, stand for the space of m x n
matrices with entries in K. The transpose of a matrix A is written as AT and 1,, and 0,,
denote the identity and the zero element in M,,(K), respectively. The symbol ||-|| is also
used for the operator norm on M, ,(R) induced by the Euclidean vector norm. For any
topological space X, the symbol Z(X) denotes the Borel o-algebra on X. We frequently use
the following Landau notation: for two functions f and g defined on the interval [0, 1], we
write f(h) = O (g(h)) if there exists a constant C such that || f(h)| < Cg(h) for all h < 1. We
use the notation ||-||;, for the norm on the classical L? spaces. The symbol Leb stands for
the Lebesgue measure, and the indicator function of a set B is denoted by I3(-), defined to
be one if the argument lies in B, and zero otherwise. We write Py and i) for convergence in
probability and convergence in distribution, respectively, and use the symbol 2 to denote
equality in distribution of two random variables. Finally, for a positive real number a, we
write («)o for the smallest even integer greater than or equal to «.
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4.2. Lévy processes and infinitely divisible distributions

4.2.1. Definition and Lévy-It6 decomposition

Lévy processes are the main ingredient in the definition of a multivariate CARMA process
and an important object of study in this thesis. In this section we review their definition and
some elementary properties. A detailed account can be found in Applebaum (2004); Sato
(1999).

Definition 4.1 (Lévy process) A (one-sided) R™-valued Lévy process (L(t)),, is a stochastic
process, defined on the probability space (Q),.%,P), with stationary, independent increments,
continuous in probability and satisfying L(0) = 0,, almost surely.

Every R"-valued Lévy process (L(t)),,, can without loss of generality be assumed to be
cadlag, which means that the sample paths are right-continuous and have left limits; it is
completely characterized by its characteristic function in the Lévy—Khintchine form

IEei<u’L(t)> = exp{tl[]L(u)}, ucR™, t=0,

where L has the special form

1 .

IPL(u) = i<'yL, u> — §<u, Zgu> + [e1<u,x> —-1- i(u, x>I{”xH<1}:| VL(dx>. (421)
RW

The vector 4L € R is called the drift, the positive semidefinite, symmetric m x m matrix 29

is the Gaussian covariance matrix and vr is a measure on R, referred to as the Lévy measure,

satisfying

vE{0u}) =0, [ min(]lx|?,1)vH(dv) < oo

Put differently, for every t > 0, the distribution of L(t) is infinitely divisible with characteristic
triplet (tyL,t29, tvl). By the Lévy-Itd decomposition, the paths of L can be decomposed
almost surely into a Brownian motion with drift, a compound Poisson process, and a purely
discontinuous L2-martingale according to

L(t) = 9t + (29) v wt+/

[l €] >1

/ xN(ds, dx) +hm/ / xN(ds,dx), (4.2.2)
N0 Je<]|x||<1

where W is a standard m-dimensional Wiener process and (Zg)l/z is the unique positive
semidefinite matrix square root of X9 defined by functional calculus. The measure N is
a Poisson random measure on R x R"\{0,,}, independent of W with intensity measure
Leb @vl describing the jumps of L. More precisely, for any measurable set B € #(R x
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R"™\{0x}),
N(B) =#{s>0: (s L(s) — L(s—)) € B},

where L(s—) := lim; »; L(t) denotes a left limit of L. Finally, N is the compensated jump
measure defined by N(ds,dx) = N(ds,dx) — dsvt(dx). We will work with two-sided
Lévy processes L = (L(t)),cg- These are obtained from two independent copies (Li(t)),s,
(L2(t)) s of a one-sided Lévy process via the construction

P O £>0,
—Lz(—t—), t <O0.

In the following we present some elementary facts about stochastic integrals with respect
to Lévy processes, which we will use later. Comprehensive accounts of this wide field
are given in the textbooks Applebaum (2004); Protter (1990). Let f : R — M, ,,(R) be a
measurable, square-integrable function. Under the condition that L(1) has finite second
moments, the stochastic integral

= /R F(s)dL(s)

exists in Lz(Q, IP). Moreover, the distribution of the random variable I is infinitely divisible
with characteristic triplet (7, X, v¢) which can be expressed explicitly in terms of the
characteristic triplet of L via the formulae (Rajput and Rosinski, 1989, Theorem 2.7)

v = [0 [+ [ (1o FOxD ~ ol @] a5, w230

¥ = /IR F(s)Z9 £ (5)7ds, (4.2.3b)
and

/ CIg(f(s)x)vt(dx)ds, B € B(RN\{04}). (4.2.3¢)

4.2.2. Bounds for the absolute moments of infinitely divisible distributions and
Lévy processes

In this short section we derive some bounds for the absolute moments of multivariate
infinitely divisible distributions and Lévy processes which will turn out to be essential for
the proofs of our main results later. It is well known (Sato, 1999, Corollary 25.8) that the
kth absolute moment of an infinitely divisible random variable X with characteristic triplet
(7, %,v) is finite if and only if the measure v, restricted to {||x|| > 1}, has a finite kth absolute
moment. We need the following stronger result, which establishes a quantitative bound
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for the absolute moments of an infinitely divisible distribution in terms of its characteristic
triplet.

Lemma 4.2 Let X be an infinitely divisible, R™-valued random variable with characteristic triplet
(v,%,v), and let k be a positive even integer. Assume that the constants c;, C;, i = 1,2, satisfy

/ x| v(dx) < Cocl, r=2,...,k (4.2.4a)
<1

/ x| v(dx) < Cicl, r=1,...,k (4.2.4b)
51

Then there exists a constant C > 0, depending on m and k, but not on (v, X,v), such that

k k k
E|IXI < C [l lf+ 21> + e+ ] (4.25)

Proof Denote by 19 = v||x<1} and v1 = v|{|y>1) the restrictions of the measure v to
the unit ball of R™ and its complement, respectively. It follows from the Lévy—Khintchine
formula (4.2.1) that we can construct a standard normal random variable W and two infinitely
divisible random variables X, X1, with characteristic triplets (0, 0y, v0), (0, O, v1), and
distributions po, y1, respectively, such that X 4 v+ V2W 4+ X + X;. Using the notation
n!! for the double factorial of the natural number n as well as Bauer (2002, Eq. (4.20)) for the
absolute moments of a standard normal random variable, the kth absolute moment of the

>k

< (k=) mk,

Gaussian part is readily estimated as

k m .
E|z2w| <= E W]t < |2 E (Z W
i=1
k
<||Z| ke | W
which implies that

E|X| <4 [ly]f +m k=D )+ B 1% + EIX )] @26

The first two terms in this sum are already of the form asserted in Eq. (4.2.5). We next
consider the fourth term. By construction, the characteristic function of X; is given by

i (u) = Eel™X1) = exp {/ | [ei<”’x> - 1} v(dx)} , uecR"
x||>1

By assumption (4.2.4b) and Sato (1999, Corollary 25.8), the integral [ (¥ 311 (dx) is finite,
and Sato (1999, Proposition 2.5(ix)) shows that the mixed moments of X; of order k are given
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by
4 : ‘ : 1 o
1 1 o 1, LAl = -~ .
IE(Xll-...-Xl")—/mx1 xk;ul(dx)—ik —auh-....auik”l(”> u:0m’ ij=1,...,m
It is easy to see by induction that
= w@lE L TT [ (TTe] eeu(a)
oult -... - Jul nePy Ben [[x[1>1 jE€B

where Py denotes the set of partitions of {1,2,...,k}, a partition being a subset of the power
set of {1,...,k} with pair-wise disjoint elements such that their union is equal to {1,...,k}.
We write #71 for the number of sets in a partition 77 and |B| for the number of elements in
such a set. Setting u = 0,,, specializing to i; = i, and making use of the assumption that k is
even, the last display yields the explicit formula

|B\ ,
_]E<X1 = H/ l:1,...,m.

neP, Ben

||

Using the fact that x’ < ||x|| for every x € R™ as well as assumption (4.2.4b), we thus obtain
that

m Ak
B < B [X]
1=

<m0 Y T / |x[|Plv(dx) < fmF/21 Y cim (4.2.7)

nep, Ber ’ I1x>1 TEP;

The third term in Eq. (4.2.6) can be analysed similarly: the characteristic function of Xy has
the form

fio(u) = Eel(#X0) — exp {/I

With vy having bounded support, all moments of Xy are finite, which implies that iy

[ei<”’x> -1- i(u,x>] v(dx)} , ueR™

x||<1

is infinitely often differentiable and that the mixed moments of X, are given by partial
derivatives of fip, as before. The additional compensatory term i(u, x) in the integral ensures
that the first derivative of jip vanishes at zero, which leads to

k A k
:IE Xl = / dx) i:1,...,m.
( 0) TIGZPk ;;!:T xH<1
min{|B|,Bemn}>2

IE‘Xf,
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Using assumption (4.2.4a), we can thus estimate

m 1k
]E||Xo||k<mk/ZZJE‘X6
i=

Y] / el Blu(dy) < gm0 Y i (42.8)

neP; Ben/lIxl<1 neP;
min{|B|,BEmn}>2 min{|B|,Bemn}>2

The bounds (4.2.6) to (4.2.8) show that the claim (4.2.5) holds with

C=a|m k-1 +m>1 | Y v+ Y d|]. o
TEPy tePy
min{|B|,BEn}>2
Since the marginal distributions of a Lévy process L are infinitely divisible, the behaviour
of their moments can be analysed by the previous Lemma 4.2. We prefer, however, to give
an exact description of the time-dependence of E || L(t)||* for even exponents k and derive
from that the asymptotic behaviour as t tends to zero.

Proposition 4.3 Let k be a positive real number and L be a Lévy process.

i) If k is an even integer and IE | L(1) Hk is finite, then there exist real numbers my, ..., my such
that
E||L(H)|* = myt+ ...+ mtt, t>0. (4.2.9)

ii) IFE ||L(1)||%" is finite, then E | L(h)||* = O(h/®)0), as h — 0.

Proof For the proof of i) we introduce the notation K (L (t),...,Li(t)), 1 <iy,...,ix <m
for the mixed cumulants of L(t) of order k. They are defined in terms of the characteristic
function of L as

k
K (Lfl(t) Lik(t>) = g Reil®L®)
e iy -+

7

u=0y,
and are homogeneous functions of ¢ of degree one, which is most easily seen from the
Lévy—Khintchine formula. There is a close combinatoric relationship between moments and
cumulants, which was used implicitly in the proof of Lemma 4.2, and which explicitly reads
(see Shiryaev, 1996, §12, Theorem 6)

ELi(t)-----Lik(t) = Y TTK (Llf je B)

nePy Ben

ko
= Y T TIK(L9(1) j e B) =} miyhe,
k=1

mePy Bern
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where

i = Y TTK(L(1):j€B).
’ nePy Ben
#r=x

Writing k = 21, the Multinomial Theorem implies that
2 : I n . 21,
ol =[(w) v arer] = ©

...,
0<ly, ... <l I! msi—q
Loty =l

and thus it follows, by what was just shown and linearity of the expectation operator, that

. 211 times 2l times
I! Tl i
IEHL(t)Hk: Z Z Lilee... 1 |mk,1,< S N
k=1 | 0<ly,... Ip<l 1° m:
LA =1

This proves Eq. (4.2.9). Assertion ii) follows for even k directly from the polynomial time-
dependence of E || L(t) Hk which we have just established. For general k, we use Holder’s
inequality which implies that

k

E|L(t)|" < (IE HL(t)H(k)o) o

and since (k) is even by definition, the claim follows again from part i). m

4.2.3. A Fubini-type theorem for stochastic integrals with respect to Lévy
processes

The next result is a Fubini-type theorem for a special class of stochastic integrals with respect
to Lévy processes over an unbounded domain.

Theorem 4.4 (Fubini) Let [a,b] C R be a bounded interval and L be a Lévy process with finite
second moments. Assume that F : [a,b] X R — My, (R) is a bounded function, and that the
family {u — F(s,u)}scpqp) is uniformly absolutely integrable and uniformly converges to zero as
|| — oo. It then holds that

b b
A/H{F(s,u)dL(u)ds=/]R/u F(s,u)dsdL(u), (4.2.10)
almost surely.

Proof We first note that, since L has finite second moments and F is square-integrable, both
integrals in Eq. (4.2.10) are well-defined as L2-limits of approximating Riemann-Stieltjes
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sums. We start the proof by introducing the notations

I:/ab/IRF(s,u)dL ds, IN—// F(s,u)dL(u)ds,

as well as

// (s,u)dsdL(u / / (s,u)dsdL(u).

It follows from Kailath, Se?}l and Zakai (1978, Theorem 1) (see also Protter, 1990, Theorem

64) that, for each N, Iy = Iy almost surely. We also write

Av=I—Iy, M=T-% N>o

The strategy of the proof is to show that both Ay and E\; converge to zero as N tends to
Aperg

infinity, and then to use the uniqueness of limits to conclude that I must equal I . We first

investigate IE ||Ay||*. Clearly,

b
AN:/u /|u|>NP(s,u)dL(u)ds. 4.2.11)

Consequently, in order to analyse the absolute moments of Ay it suffices to consider the

absolute moments of the infinite divisible random variables f‘ F(s,u)dL(u), s € [a,b].

u|>N
By Egs. (4.2.3), their characteristic triplets (v} , Z¢ y, Vi y) satisfy

Irinll< [, JEGdelat ]+ [ IF I [l o (G, )%l (dx)a

+ [[F (s, u)| [12[] Tjo,0y (I[E (s, ) x| )v* (dx)du
u|>N x]|>1

<[ IFwlde|lat+ [ i),
u[>N x[|>1

for all N exceeding some Ny which satisfies ||F(s,u)|| < 1 for all |u| > Ny, s € [a, b]; such an
Ny exists by assumption. Similarly, one obtains that

Iinl <|=9] [ IEGwIPdes<|zf] [ IEs s, 9N > N,
|u[>N |u|>N

and

/x|<1 ]2 v5  (dx) :/WN [ Loy (1B (s, w)x]) [ (s, )| v*(dv)du

</ HF(s,u)Hdu/ |x]*vE(dx), VN > N,
[u|>N R4
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[ i) = [ [ (1G] G, ] v ()
<[ ST (1P sy 1) TG )1 ) ()t

</ ||F(s,u)||du/ 1 x|t (dx), r=1,2.
u|>N [ ll=max{ 1, || Fll oo 16,4 xr) b

Applying Lemma 4.2 with k = 2 and using the assumed uniform absolute integrability of
the family {u — F(s, ) }sc[s), we can deduce that

2
sup]EH/ F(s,u)dL(u)|| — 0, asN — oo.
u|>N

s€(a,b]

Together with Eq. (4.2.11) and Jensen’s inequality, this implies that

2
E |Ay]|? <E (/ oy Fo0aL0) ds>
2
F(s,u)dL(u)| ds
|u|>N
2
<(b—a) sup IE‘/ F(s,u)dL(w)|| — o, 4.2.12)
s€la,b [u|>N

as N — oo, showing that Ay converges to zero in L2. In order to prove the same convergence

PN b
TN: I —E):/M>N/a F(s,u)dsdL(du),

we first define the function F : R — M, ., (R) by F f F(s,u)ds. Since, for all u € R,

also for

Hf (u) H is smaller than (b — a) [|F|| (4,5 xr) the functlon F is bounded. It is also integrable
because the normal variant of Fubini’s theorem and the assumed uniform integrability of

{F(s, ") }sefap) imply that

[ [P du s [ IEGs ) duds

<(b—a) sup |F(s,u)]|du — 0, N — oo.
N

selab) / 1ul>

Similar arguments to the ones given above then show that TN converges to zero in L? as
well. It thus follows by the triangle inequality that, for every N and every ¢,

P(=T]>e) < ({ir-miz 3o {7 - 1> 3})
P({1r=mi> ) + 2 ({7 =T > 3}).
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where we have used the subadditivity of IP as well as the fact that Iy is equal to ?N> almost
surely. Since L2-convergence implies convergence in probability (Jacod and Protter, 2003,
Theorems 17.2), it follows that the probability of the absolute difference between I and T
exceeding € is equal to zero for every positive €. This means that I equals T almost surely,
and completes the proof. |

4.3. Controller canonical form of multivariate CARMA processes

Multivariate, continuous-time autoregressive moving average (abbreviated MCARMA) pro-
cesses are the continuous-time analogue of the well known vector ARMA processes. They
also generalize the much-studied univariate CARMA processes to a multidimensional setting.
A d-dimensional MCARMA process Y, specified by an autoregressive polynomial

P(z) =2F + AizP 1+ ...+ A5 € My(R[2]), (4.3.1)
a moving average polynomial
Q(z) = Bo+ Biz+ ...+ BszT € My, (R[z]), (4.3.2)

and driven by an m-dimensional Lévy process L is defined as a solution of the formal
differential equation

N ~ d

P(D)Y(t) = Q(D)DL(t), D= ar teR, (4.3.3)
the continuous-time version of the well-known ARMA equations. Equation (4.3.3) is only
formal because, in general, the paths of a Lévy process are not differentiable. It has been
shown in (Marquardt and Stelzer, 2007) that an MCARMA process Y can equivalently be
defined by the continuous-time state space model

dX(t) = AX()dt + BAL(t), Y(t) =CX(t), tER, (4.3.4)

where the matrices A, 8 and C are given by

0 1, 0 ... 0
0 0 1
A o | e Mu®), (4.3.5)
0 . 0 1y
A, —A; _y#

1
T
B=(p - BF) €Muu(®), (4.3.5b)
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where

and

cz(u %.”(y)emem. (4.3.50)

This is but one of several possible parametrizations of the general continuous-time state
space model and is in the discrete-time literature often referred to as the observer canonical
form (Kailath, 1980). For the purpose of estimating the driving Lévy process L, it is more
convenient to work with a different parametrization, which, in analogy to a canonical state
space representation used in discrete-time control theory, might be called the controller
canonical form. It is the multivariate generalization of the parametrization used for univariate
CARMA processes in Brockwell et al. (2011). We first state an auxiliary lemma which we
could not find in the literature.

Lemma 4.5 Let r and s be positive integers. Assume that R(z) = z" + Myz' ' +... + M, €
M;(R[z]) is a matrix polynomial and denote by

[0 1, 0 0 |
0 0 1 0
M = : : : TR € M;s(R) (4.3.6)
0 0 0 - 1
| -M, -M,_1 ~M,» -+ —M |

the associated multi-companion matrix. The rational matrix function
S(z) = [Sij(z)]1<ijer = (21ys — M) ! e My(R{z}), Sij(z) € Ms(R{z}), (4.3.7)
is then given by the following formula for the block S;j(z):

Zr—1+i—jls +ZI:;]1 Mer_l_k+i_j, ]'> i,

) — -1
) = RE) S Mk j<i
=r— 7 .

(4.3.8)

Proof We compute the (i, j)th block of S(z) (z1,s — M). Assuming i < j, this block is given
by

[S(z) (z1ys — M)]z'j
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Y 54(2) (21 — M),
k=1

=25ij(2) = Sij-1(2) + Sir(2) My—j1

o r—j o o r—j+1 o ‘
:R(Z)fl Zr+zf]15 + Z Mkzr*k+l*] - Zr+zf]15 . Z MkZI’*IGH*] + Zlier—j-l—l —0.
k=1 k=1

A similar calculation shows that for i > j, [S(z) (z1;s — M)];; = 0. For the blocks on the
diagonal we obtain, for i > 2,

[S(z) (z1ys — M)];; :krzl Sik(z) (z1ys — M)y,
=25ii(z) — Sii—1(z) + Sir(z2) Mr_i1

r—i r
=R(z)7! 215 + Z Mz F + Z Mz F + zler_iH] =1,
k=1 k=r—i+2

and finally
[S(Z) (ers - M)]ll = Z Slk(z) (ers - M)kl :ZS“(Z) + Slr(Z)Mr
k=1

=1s.

r—1
=R(z) ' [ZL+ Y Mz F + M,
k=1

This shows that S(z) is the inverse of z1,s — M and completes the proof. O

Theorem 4.6 (Controller form) Assume that L is an R™-valued Lévy process, and that Y is a
d-dimensional L-driven MCARMA process with autoregressive polynomial P € My(R[z]) and
moving average polynomial Q € My ,,(R[z]). Then there exist integers p > q > 0 and matrix
polynomials

z— P(z) =2F + AizP 1+ ...+ A, € Mu(R[Z]), (4.3.9a)
z+— Q(z) =Bo+ Biz+ ...+ Byz7 € My, (R[z]) (4.3.9b)

satisfying P(z)7'Q(z) = Q(z)P(z) ! forall z € C, and det P(z) = 0 if and only if det P(z) = 0.
Moreover, the process Y has the state space representation

Q.
Ja
[

AX(t)dt + E,dL(t), tER, (4.3.10a)
BX(t), teR, (4.3.10b)

=

—~
~~

S—
I
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where
[0 1, 0 0 |
0 0 1, 0
A= : : RTINS € Mpu(R), (4.3.11a)
0 0 0 1,
L Ay —Ap1 —Ap2 o AL
T
Epz[o 0 ... 0 1,11} € My (R), (4.3.11b)
and
B=[By Bi - Byy|€Mypn(R), Bi=04p q+l<j<p—1 (43110

Proof The existence of matrix polynomials P € M,,(R[z]) and Q € M, ;(R[z]) with the
asserted properties has been shown in Kailath (1980, Lemma 6.3-8). In order to prove
Egs. (4.3.10), it suffices, by Theorem 2.4, to prove that the triple (A, Ey, B), defined in
Egs. (4.3.11), is a realization of the right matrix fraction QP71 that is

B [z1pm — A] B

E, =Q(z)P(z)"!, VzeC.
Using Lemma 4.5 and the fact that right multiplication by E, selects the last block-column,
one sees that

-1

T
[z1pm — A] Ep:{l z e zpfl} ®P(z)7},

where ® denotes the Kronecker product of two matrices. By definition it holds that
T
5{ 1z ... g1 ] = Bo+Biz+...+ B,z = Q(2),

and so the claim follows. |

In view of Theorem 4.6 one can assume without loss of generality that an MCARMA process
Y is given by a state space representation (4.3.10) with coefficient matrices of the form
(4.3.11). We make the following assumptions about the zeros of the polynomials P, Q in
equations (4.3.9). The first one is a stability assumption guaranteeing the existence of a
stationary solution of the state equation (4.3.10a).

Assumption A1 The zeros of the polynomial det P(z) € R]z| have strictly negative real
parts.

The second assumption corresponds to the minimum-phase assumption in classical time
series analysis. For a matrix M € M, ,(R), any matrix M1 satisfying MM =1, is
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called a left inverse of M. It is easy to check that the existence of a left inverse of M is
equivalent to the conditions m < d, rank M = m, and that in this case M1 can be computed
as M~ = (MTM)~'MT.

Assumption A2 The dimension m of the driving Lévy process L is smaller than or equal to
the dimension of the multivariate CARMA process Y, and both B, and BqT By have full rank
m. The zeros of the polynomial det B;'Q(z) € R|[z] have strictly negative real parts.

It is well known that every solution of Eq. (4.3.10a) satisfies
t
xm:eWﬂX@+/eMﬂmmu@ steR, s<t
S

Under Assumption Al, the state equation (4.3.10a) has a unique strictly stationary, causal
solution given by

t
X(t) = / eAWE AL(n), tER (4.3.12)

and consequently, the multivariate CARMA process Y has the moving average representation

ﬂﬂ:/wghmmum,tek g(t) = BeME, Tig o (1). 43.13)
In the next section we will express the increments of the driving Lévy process L in terms
of the multivariate CARMA process Y. In particular, we will need to know that the paths
of Y and also of the state process X are sufficiently often differentiable. We recall that we
denote by X'(t) the ith component of the vector X(t), and we define, for j = 1,..., p, the jth
m-block of X by the formula

T

T x|, teR. (4.3.14)

X(j)(t) — [ X(j—l)m+1(t>

A very useful property, which the sequence of approximation errors <ALn — ﬁn> N
ne

might enjoy, is asymptotic independence, which heuristically means, that AL, — AL, and
AL, — AL, are almost independent if |[n — m| > 1. One possibility of making this concept
precise is to introduce the notion of strong (or a-) mixing, which has first been defined in
Rosenblatt (1956). Since then it has turned out to be a very powerful tool for establishing
asymptotic results in the theory of inference for stochastic processes. For a stationary
stochastic process X = (Xt)te1, where [ is either R or Z, we first introduce the o-algebras
Fy =0(Xj:jen<j<m), where —co <n < m < oco. Form € I, the strong mixing
coefficient a(m) is defined as

a(m) = sup |[P(ANB) —P(A)P(B)|. (4.3.15)

AeF0, BEFE
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The process X is called strongly mixing if lim,,_co a(m) = 0; if a(m) = O(A™) for some
0 < A <1, itis called exponentially strongly mixing.

Lemma 4.7 Assume that L is a Lévy process, and that Y is an L-driven multivariate CARMA
process given by the state space representation (4.3.10) and satisfying Assumption Al. Then the
following hold.

(i) The process Y is strictly stationary.

(ii) The paths of Y are p — q — 1 times differentiable. Moreover, for j = 1,...,p, the paths of the
jth m-block of the state process X are p — j times differentiable.

(iii) For any k > 0 and any t, € R, finiteness of E | L(1) || implies finiteness of both E || X (t)||*
and E ||Y(t)||*. Conversely, finiteness of the kth moment of X (t) implies finiteness of L(1).

(iv) IfE | L(1)||* is finite for some k > 0, then the process Y is strongly mixing with exponentially
decaying mixing coefficients.

Proof The first claim is an immediate consequence of the moving average representation
(4.3.13). Part ii) follows from Marquardt and Stelzer (2007, Proposition 3.30) and the
observation that E, is injective. The assertion iv) follows from Masuda (2004, Theorem 4.3),
see also the proof of Marquardt and Stelzer (2007, Proposition 3.34). o

The following lemma relates strong mixing of a continuous-time process to strong mixing

of functionals of the process.

Lemma 4.8 Let X = (X;);er be an R*-valued (exponentially) strongly mixing stochastic process.
If, for each n € Z, the random variable Y,, is measurable with respect to o(X; : n —1 < t < n) then
the stochastic process (Yy)ncz is (exponentially) strongly mixing. In particular, if f : R¥*101) —
R™ is a measurable function, then the R™-valued stochastic process ( f ((anlﬂ)te[o’”))nez is
(exponentially) strongly mixing.

Proof This follows immediately from Eq. (4.3.15), the definition of the strong mixing

coefficients. O

4.4. Recovery of the driving Lévy process from continuous-time
observations

In this section we address the problem of recovering the driving Lévy process of a multi-
variate CARMA process given by a state space representation (4.3.10), if continuous-time
observations are available. We assume that the order (p, q) as well as the coefficient matrices
A and B are known. If they are not, they can first be estimated by, e. g. maximization of the
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Gaussian likelihood, although the precise statistical properties of this two-step estimator
are beyond the scope of the present work. More precisely, we show that, conditional on
the value X (0) of the state vector at time zero, one can write the value of L(t), for any
t € [0, T], as a function of the continuous-time record (Y(t) : 0 <t < T). In particular, one
can obtain an i.i.d. sample from the distribution of the unit increments L(n) — L(n — 1),
1 < n < T, which, when subjected to one of several well-established estimation procedures,
can be used to estimate a parametric model for L. It can be argued that most of the time a
continuous record of observations is not available. The results of this section will, however,
serve as the starting point for the recovery of an approximate sample from the unit increment
distribution based on discrete-time observation of Y, which is presented in Section 4.5. The
strategy is to first express the state vector X in terms of the observations ¥, and then to
invert the state equation (4.3.10a) to obtain the driving Lévy process as a function of the
state vector. We first define the upper g-block truncation of X, denoted by X, as

T
xom' |, teRr,

where the m-blocks X!) have been defined in Eq. (4.3.14).

Lemma 4.9 Assume that L is a Lévy process, and that Y is a multivariate CARMA process given
as the solution of the state space equations (4.3.10). If Assumption A2 holds, the truncated state
vector X, satisfies the stochastic differential equation

dX,(t) = BX,(t)dt + E;Y(t)dt, t€ER, (4.4.1)
where
[0 1, 0 0 1
0 0 1, 0
B = : : : € Muy(R), (4.4.22)
0 0 0 1,
| —B'By —By'Bi —By'By --- —B;'B; i |
T T
E;=| 00 -« 0 (3;1) ] € Myga(R), (4.4.2b)

and B;l denotes the left inverse of B;. Moreover, the eigenvalues of the matrix B have strictly
negative real parts.

Proof Equation (4.4.1) follows easily from combining the first g block-rows of the state
transition equation (4.3.10a) with the observation equation (4.3.10b). The assertion about
the eigenvalues of B is a consequence of the well-known correspondence between the

eigenvalues of a multi-companion matrix and the zeros of the associated polynomial (see,
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e.g., Marquardt and Stelzer, 2007, Lemma 3.8). By this correspondence, the eigenvalues of B
are exactly the zeros of the polynomial function

2 det <1mz”’ + By Bzl B;lBO) )
whose zeros have strictly negative real parts by Assumption A2. o

As before, we see that Eq. (4.4.1) is readily integrated to
t
X, (t) = eBI9X,(s) + / BWE Y(u)du, s teR, s<t. (4.4.3)

The remaining blocks X7, g < i < p, are obtained from X, and Y by differentiation. The
existence of the occurring derivatives of the state process X and the MCARMA process Y is

guaranteed by Lemma 4.7.
Lemma 4.10 For 1 <n < p — q, the block X9+ is given by
n—1
XUtn(t) = E] |B"X,(t) + Y B 'VED'Y(t)|, teR. (4.4.4)
v=0

Proof We first observe that Egs. (4.3.10) and Eq. (4.4.1) imply that

X+ (1) = DX (p), DX, (t) = BX,(t) + E;Y(¢).

Therefore, the claim is true for n = 1. Assuming it is true for some 1 < n < p — g, it follows
that

x (q+n+1) () —DXx(a+n) (t)
n—1

B"X,(t)+ Y_B" 'VE,D'Y()
v=0

_npT
=DE,

n—1
=E] [B”“Xq(t) +BEY () + ) B"—l—VEqDV“y(t)]
v=0

n
=E] [B””Xq(t) + ) B"VE,D'Y(t)| . o
v=0

Equations (4.4.3) and (4.4.4) allow to compute the value of X(t) based on the knowledge of
the initial value X (0) and the continuous-time record {Y(s) : 0 < s < t}. In order to obtain
the value of L(t), we integrate the last block-row of the state transition equation (4.3.10a) to
obtain ,

L(t) = X () — X (0) + A /0 X(s)ds, (4.45)
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where A = [ Ap ... A ] . We also write Aq = Ay ... Ap_q+1

Theorem 4.11 (Recovery of AL,) Let Y be the multivariate CARMA process defined by the state
space representation (4.3.10) and assume that Assumption A2 holds. The increment AL, = L(n) —
L(n — 1) is then given by

p—q-1 p—q—2
AL, = ) !EqTB”‘q‘l‘VEq+ kz Ap,q,k,lEqTBk—VEq [D'Y(n) —D'Y(n —1)]
=V

v=0

+

p—q
-1 Tpk—1 Tpp—
AB T+ k}fl Ay gri1EgB - E B q] [Xy(n) — Xy(n —1)]

1 n
+ 4, [B7'Bo] B} / Y(s)ds, (4.4.6)

n—1

and

v

X, (1) =ePX,(n— 1) + / EUIE Y(u)du, > 1. (4.4.7)
n—1

Proof Substituting Eq. (4.4.4) into Eq. (4.4.5) leads to

—q-2
Tpk—v
Ap—g-k-1E4B
v

p—q-1 P
AL, =Y |EjB/ 717V 4
v=0

E,[D"Y(n) — D'Y(n —1)]

k=

+ EqTBP*‘i [Xq(n) — X,(n—1)] +

rP—1 n
Trk
A+ kE 1Ap_q_kJrlEqB ] /nil X,(s)ds

pP—q
+ Y Ay g e EJBUE [ Y(s)ds.
k=1

n
n—1
Assumption A2 implies that BqN 1By is invertible and, by Lemma 4.5, the matrix B is invertible
as well. Thus, integration of Eq. (4.4.1) shows that

/nnl X,(s)ds = B! [Xq(n) —X,(n—1) - E, /nnl y(s)ds] .

Inserting this equation into the last expression for AL, and using the equality AfolEq =

—1
Ap [B; 1Bo} By 1 proves Eq. (4.4.6). Equation (4.4.7) follows from setting t =n,s =n —1
in Eq. (4.4.3). O

In order to keep the notation simple, we restrict our attention to unit increments AL. In all
our arguments and results, AL, can be replaced by A;L, := L(nd) — L((n — 1)¢) for some
J>0.
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4.5. Approximate recovery of the driving Lévy process from
discrete-time observations

In this section we consider the question of how to obtain estimates of the increments AL,
of the driving Lévy process based on a discrete-time record of the multivariate CARMA
process Y. The starting point is Eq. (4.4.6), which expresses the increment AL, in terms
of derivatives and integrals of Y. In order to approximate AL,, it is therefore necessary to
approximate these derivatives and integrals. We always assume that values of Y are available
at the discrete times (0,%,2h,...) only. For notational convenience, we also assume that
h~! € IN; our results continue to hold with minor modifications if this restriction is dropped.

4.5.1. Approximation of derivatives

Throughout, we will approximate derivatives by so-called forward differences, which can be
interpreted as iterated difference quotients. For a general introduction to finite difference
approximations, see LeVeque (2007, Chapter 1). For any function f and any positive integer
v, we define
1 ¢ _ifv ,
AfI(E) = 7 Yo (1) l<i)f(t + ih). (4.5.1)
i=0

It is apparent from this formula that knowledge of f on the discrete time grid (0,4,...,T)
is sufficient to compute A} [f](t) for any t € [0, T — vh] N hZ. The following lemma collects
some useful properties of forward differences; in particular, it shows that if the function f is
sufficiently smooth, then the derivative D" f(t) is well approximated by A} [f]().

Lemma 4.12 For h > 0 and a positive integer v, let the forward differences A} [f](t), t € R, be
defined by Eq. (4.5.1). The following properties hold.:

i) For every positive integer k < v and every function f, one has AY[f] = Ak {A;ka[f] ()}

ii) If the function f : R — R™ is v + 1 times continuously differentiable on the interval [t, t 4+ vh],
then there exist t¥ € [t,t +vh]|, i =1,...,m, such that

h

AJ[f1(£) = D' f(t) = SDLE(E), (4.5.2)

where D' f (t*) is the vector whose ith component equals the ith component of DVTLf(t). In
particular, for every polynomial p of degree at most v, one has A} [p] = D"p.

iii) If the (v + 1)th derivative of f is not assumed to be continuous, it holds that

|85A® =D F@l <h sup [D1£(s)]|. (453)

se(t,t+vh]
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Proof Property i) is immediate from the definition (4.5.1). The assertions of ii) and iii) follow
from a component-wise application of Taylor’s theorem (Apostol, 1974, Theorem 5.19). O

In the next lemma we will show that the supremum of an Ornstein—Uhlenbeck-type process
has finite absolute kth moments if and only if the driving Lévy process has finite kth
moments. This will allow us to effectively employ the error bound (4.5.3) for multivariate
CARMA processes.

Lemma 4.13 Let (L(t)),,, be an m-variate Lévy process, and let A € My(R), B € M, (R) be
given coefficient matrices. Assume that all eigenvalues of A have strictly negative real parts, and
that X = (X(t)),s is the unique stationary solution of the stochastic differential equation

dX(t) = AX(t)dt + BAL(t), t€R. (4.5.4)

Further denote by
X*(t) = sup || X(s)| (4.5.5)

O<s<t

the supremum of || X|| on the compact interval [0, t]. It then holds that, for every t € R and every
k > 0, the kth moment E (X*(t))" is finite if and only if E ||L(1)||" is finite.

Proof If E ||L(1)| is infinite, it follows from Lemma 4.7, iii) that E ||X(¢)||" is infinite as
well for every t € R, and that therefore [E (X* (t))k must be infinite. The other implication
requires more work.

We first note that X*(t) < YN ; X7 (t), where X} (t) = sup.,; | X'(s)| is the supremum of
the ith component of X over the interval [0, {]. Since each X' is a semi-martingale, Protter
(1990, Theorem V.2) shows that there exists a universal constant c; such that [E (X* (t))k <

Ck “Xi“%k, where the norm ||[| .+ is defined by

¢ _ o k
— inf 1E</O ‘dVi(s)‘HMi,Mi]}/2>.

|«
A Xi=Vi+M,

Here, the infimum is taken over all decompositions of X! into a local martingale ]\7L~ and
an adapted, cadlag process V; with finite variation and [+, -] denotes the quadratic variation
process. In our situation, Eq. (4.5.4) defines a canonical decomposition of X’,i =1,...,N,
into the finite variation process V; = (V;(t)),5, given by

Vi(t) = e [X(O)—k/otAX(s)ds—HBIEL(l) ,

where e; denotes the ith unit vector in RV, and the martingale M; = (M;(t)),,, given by

M;(t) = el B[L(t) — tEL(1)].
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Since clearly,

k/2 k
(X*(1)* = sup (Xl(s)z ot XN(S)Z) <X+ ..+ X3 (022
O<s<t
<NF/2 max X (t)*

1<i<N

N
<KNF2 Y X7 (1),
i=1

it suffices to bound the kth moments of X’ (¢) in order to obtain a bound for the kth moment
of X*(t). The former can be estimated as

E (X (1) < o HXl

k<ck

; k
]E</O \dVi(s)|> +1E[Mi,Mi]’§/2]. (4.5.6)

The first term in this expression is seen to satisfy

IE(/Odei(s)\)k@E (f JBL(l)\)k

t
k k k k
<2k [||A|| /0]E||X(s)|| ds+tk||B|| E ||L(1)]| } < 00,

e;IAX(s)’ ds +t

where the finiteness of the integral fot E | X(s) ||k ds follows from the assumption that the
absolute moment E || X(s) Hk is finite and the strict stationarity of X. For the second term in
Eq. (4.5.6) one obtains the bound

k/2
E[M;, M{}/* = E (e BIL, L]:B"e;) " < ||BII'E |[[L, L]:|[*">

¢ k/2
/ / xxTN(ds,dx) } ,
Jo Jrm

where we have used Jacod and Shiryaev (2003, Theorem 1.4.52) to compute the quadratic

k/2
<zk|\suk{Hng tk/2+IE’

variation of the Lévy process L with characteristic triplet ('yL,Zg,vL). To see that this

expression is finite, we observe that

¢ t k/2
/ / xx'N(ds, dx) <m*/?E </ / || x]|* N(ds, dx)>
0 m O IRY”

t k/2
— <lim / / ||xHZN(ds,dx))
e=0.Jo Jyx|se

; k/2
— "2 im E ( / / HxHZN(ds,dx)) = "2 lim EY/?,
0 Jix|se e=0

k/2
E

e—0

where we have applied the Monotone Convergence Theorem (Klenke, 2008, Theorem 4.20) to



4.5. Approximate recovery of the Lévy process from discrete-time observations 121

interchange the order of expectation and passing to the limit. By Sato (1999, Proposition 19.5),
for each € > 0, the random variable Y, = fot fHXH% ||x]|* N(ds, dx) is infinitely divisible with
characteristic measure p. = (Leb |(g ) ® VE|{|x|se} )Pe ', where ¢ : [0, 1] x {[|x]| > e} — R"
maps (s, x) to ||x||%>, and with characteristic drift ¢, = Jr ¥oe(dy). From this it follows that,
for every positive €,

| v ectan =t [ v <t [

| ||x||21/L(dx)—i—t/ %[ vE (dx) < oo,

x|<1 [[x]|>1

and
°° 2 2 2
o= [ wpedy) =t [ xPrby) <t [ xPrbn) < [l vt(ds) < .
0 [[x[|>€ flx[]<1 [[x]|>1
Lemma 4.2 then implies that lim._;o ]EYé‘/ 2 is finite, which completes the proof. O

Next, we consider the differentiation of integrals of functions, for which we introduce the
notations

I/(t) = /O ' £(s)ds. 4.5.7)

The corresponding approximation error is denoted by

h
egf,)n = By [If] () = f(n). (4.5.8)
In the next lemma we analyse this approximation when f is a Lévy process.

(h)

Lemma 4.14 The sequence of approximation errors e; ° is i.i.d. Moreover, for every w € () and

(h)

IL,l’l
integer k, the absolute moment E HL(l)H(k)O is finite, then E He%?n
where the constant implicit in the O(-) notation does not depend on n.

for every integer n, the approximation error e; ' converges to zero as h — 0. If, for some positive

k
= O(W/®0), as h — 0,

Proof We first observe that

1+~ 1)~ il = | [ 126 - Lol as| < [ L) - Lon)as

The right continuity of t — L(t) implies that for, every integer n and each € > 0, there exists
a d¢ such that |L(n+t) — L(n)|| <€, for all 0 < t < bc,. This means that the difference

I(n+h) — Ip(n) — hL(t) is less than he in absolute value, provided h is smaller than Je .
(h)

IL,H

Dividing by h thus proves that e
(h)

IL,TZ

converges to zero as h tends to zero. The proof also

shows that e; ' is a deterministic function of the increments {L(s) — L(n),n <s <n+ h}.

(h)

Since the increments of a Lévy process are stationary and independent, this implies that e},

is an i.i. d. sequence.
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(h)

I for small A, it is

For the second claim about the size of the absolute moments of e
no restriction to assume that n = 0. Successive application of the triangle inequality and
Holder’s inequality with the dual exponent k’ determined by 1/k + 1/k’ = 1 shows that

1
=—F

h k
_ L(s)d
= /0 (s)ds

<t ([ 1L ds)k < LE (( A ||L<s>||’<ds)1/k (f 1ds)1/k/)k.

Using k/k’ = k — 1, it follows that

‘ k

(i)
E e

e[|

1_ [ .
< EIE/O IL(s)|* ds.

Since ||L(s) ||k is positive, we can interchange the expectation and integral. By Proposition 4.3,
k
E ||L(s) Hk is of order O(s¥/(¥)o), which implies that Hegl,)OH = O(hK/ (ko). i

Lemma 4.14 was dedicated to the analysis of the error of approximating the first derivative
of the integral of a Lévy process. We will also need analogous results for higher order
derivatives of iterated integrals of Lévy processes. The proofs are similar in spirit and only
technically more complicated. For a positive integer v, we generalize the notations (4.5.7)
and (4.5.8) to

IY(t) = /O t I (s)ds, INE) = /O ' £(s)ds 45.9)

for the v-fold iterated integral of the function f, and
,(h
e‘;},fn) = Al m (n) — f(n). (4.5.10)

Clearly, if the function f has only countably many jump discontinuities, then D"IV[f](t) =
f(t) almost everywhere. We first prove the following locality property.
(h)

Lemma 4.15 For every positive integer v > 2 and every function f, the approximation error e}/{,ﬂ

is a function only of the increments {f(t) — f(n) : n <t < n+vh}. This function is independent
of n. In particular, eﬁ(h) is an i.1.d. sequence.

Proof The claim can be shown by direct calculations: Lemma 4.12, i) implies that
ay 18] ) =ahan (1] ()
1= (v—1
_Al -1- ;

vl v — n+(i+1)h
:% Z (_1)1/7171 (V l 1) / I}/fl(s)ds

i=0

()
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1 v=d v —1 n+(i+1)h
=— Y (-1 “l( . >/ [/ t,_1)dt, q---dt | ds.
h g( ) i n-+ih o<tv,1<-~<t1<sf( v-1)dfy-1 !

Using that the set {t,_1 < t,_» < -+ < #; < s} is congruent to the (v — 2)-dimensional
simplex in the hypercube with side lengths s — t,_;, and that thus

1
dt, 5---dt; = s—t, )2
/tv—1<fvz<~'~<t1<s v ! (1/—2)!( v-1)

we obtain that

1 s Sy —1\ DR s
vTY - - _1\yv—1—i B V2
Ah |:If:| (1’[) _hv(v _ 2)[ Z;O ( 1) ( i ) /rz+ih /() (S tV—l) f(tv—l)dtv—]ds
_ 1 i v—1—i [V — 1 n+(i+1)h VD
_hv<1’_2)!/0 [zg(;) (=1) < i > /n+ih (s = t-1) ds] f(ty—1)dty,
1 s (v =1\ DR s o
ez Y ( i ) [ NCET T s (RS

It is easy to see that f:ﬁgﬂ)h(s — t,-1)""2ds is equal to p, (1 — t,_1 + ih) for some polyno-

mial p, , of degree v — 2. It then follows from Lemma 4.12, ii) that

v=1 j

(V= 1 ﬂ+(l+1)h _ B
Y (—1)Y ! l( ; ) /+‘h (s —ty—1)"2ds = A) Hp,u] (n—t,1) =0, Vt,_1 € [0,n],
i=0 nti

which implies that the first term in the last expression for A; [I v

f} (n) vanishes. It is similarly
easy to see that

1 vl sl v =1\ [ s o
-2y & Y ( i )/n /n(s—tv_l) dt, 1ds = 1.

“+ih

Consequently,

ety = O |17] (m) = f(n)

1 v—1

vel—i v—1 (i+1)h  ps e
w5 < l, )/h | =ty 2 fn+ ta) = )] by,

(4.5.11)

which completes the proof of the first part of the lemma. The fact that Lévy processes
have stationary and independent increments together with the last display implies that the
sequence e’;é(h) isii.d. a]

L . (h
Lemma 4.16 For every positive integer v > 1 and every integer n, the error ep(n) converges to zero
L’
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k
as h — 0. If, moreover, E ||L(1)]|*° ez(,z) = O/ 00)), gs

h— 0.

Proof Let € > 0 be given. By the right-continuity of L there exists a positive number & ,
such that ||L(n +t) — L(n)|| < € for all t € [0, d¢,n]. Hence, assuming vh < ¢, Eq. (4.5.11)
implies that

v, (k) € (i+1)h v
81{,71 <m < > / / s—t,_ 1 Zdt]/ 1dS
e’ /v—1 , .
:17!1':0 < i > [(l—’_l)V_ZV].
v,(h v,(h
elen) (n).

Again it entails no loss of generality to assume that n = 0. Equation (4.5.11) and the triangle
inequality lead to

k

E

v ||* _
eIZ,O H =E

o0 /i,fiﬂ)h /OS“—””L“)‘MS

0

<[rwal 55 (7L fieo-ermas).

An application of Holder’s inequality with the dual exponent k' determined by 1/k+1/ K =
1 shows that the last line of the previous display is dominated by

<[] (B ()L freoreaw) ([ o)

:%]E </0Vh(1/h _ HL(t)det> ,

where the constant C depends only on v and k and is given by

1 1 v=1 7, 1\ ¥ ’ . . k—1
[(v—Z)!]"[[k’(v—z)+2][kf(u—2)+1];,( i > [(1+1)"< 242 _ K 2>+z}] _

Proposition 4.3 asserts the existence of a constant C’ such that E || L(t)|| < C't*/®)o for all
t < vh. Consequently

E|le

v () ||* - cc’ /V 1 A Rog — CC'yk/ (k)o+2 1K/ (K)o
Ip.0 H S on2 o (vh =) (k/(k)o+1][k/(k)o + 2] ’
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k
ez(,g) H = O(K*/(®))) and thereby completing the proof of the lemma. O

showing that E

With these auxiliary results finished, we turn to approximating derivatives of the multivariate
CARMA process Y. This is the first big step towards discretizing Eq. (4.4.6).

Proposition 4.17 Let Y be an L-driven multivariate CARMA process satisfying Assumption Al,
let n > 0 be an integer, and denote by e;’,(nh) = A}[Y](n) — D"Y(n) the error of approximating the
vth derivative of Y by the forward differences defined in Eq. (4.5.1). Assume that, for some k > 0,

E|L(1) H(k)o < o0. Then the following hold.

el]/(,(h)

v,(h)
n eY

M

DIfl<v<p—q—2 then E
O(ht/ ),

‘ k

is strictly stationary and strongly mixing with exponentially decaying mix-

k
’ = O("). Ifv =p—q—1, then E

(n)

.. v,
ii) The sequence e,/
ing coefficients.

Proof We first prove the assertions i) about the behaviour of the absolute moments of
(1)

e;,n for small values of h. If 1 < v < p — g — 2, it follows from Lemma 4.7 that the paths

of Y are at least v + 1 times differentiable; therefore, Lemma 4.12 implies that He;’g)

| <
hsup, ccovn HDVHY(S) H To prove the claim, it is thus sufficient to show the finiteness
of Esup, .c,.un DV Y(s) Hk By the defining observation equation (4.3.10b), Y is a linear
combination of the first ¢ + 1 m-blocks of the state process X; the state equation (4.3.10a)
implies DX =x"*1i=1,..., p — 1, and since v is assumed to be no bigger than p — g — 2, it
follows that DV1Y is a linear combination of the first p — 1 m-blocks of X, say D'ty = AX,
for some matrix A € Mg ,,,(R). We can then apply Lemma 4.13 to estimate

E sup

n<s<n+vh

1 k k k
DY Gs)|| < JAIPE sup 1X(5)] < o,

n<s<n—+vh

which proves the first claim. If v = p — g — 1, we start again from the observation that Y is a
linear combination of the first g4 + 1 m-blocks of X, namely,

Y(t) =B Xq(t) +BqX(q+1)(t), teR, Bq — [ By --- Bq_1 } .

q
By solving the last p — q + 1 block-rows of the state equation (4.3.10a), one can express
X+ as

1 gp—a-1 _ a1
XTH(t) = XU0) = AT () + 1),

(p—q-1)
where the notation Ig for the v-fold iterated integral of a function f has been introduced
in Eq. (4.5.9). By linearity and the fact that Aj[p] — D"p = 0 for polynomials p of degree v
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(Lemma 4.12, ii)), it follows that

e 7 = AP Y] (n) — DPIY (n)
=B, A} X, ] (n) = DX ()|
— ByA [A]T 7] () — P ()|

+B, [Aﬁ*q” [1{*1} (n) — Dpqullffq*(n)] .

Both X, (by Lemma 4.7) and I 7 are p — g times differentiable so we can apply Lemma 4.12,
iii) to bound the differences in the first two lines of the last display by & times the supremum
of the (p — q)th derivative of X, and I , respectively. The contribution from the last line
is the approximation error for the (p — g — 1)th derivative of the (p — g — 1)-fold iterated
integral of the Lévy process L, which has been investigated in Lemma 4.16. We thus obtain
that

e ™)) < [HBq sup [DPIX ()] + |Bll Al sup [X(1)]
n<t<n+(p—q—1)h n<t<n+(p—q—1)h
—g—1,(h
) e

As before, one shows that the first term has finite kth moments which is of order O (/). The
second term has been shown in Lemma 4.16 to have finite kth moment of order O(h*/(*)o)
which dominates the first term for & < 1; this completes the proof of i).

(h)

In order to prove that the sequence ey is strongly mixing, it is enough, by virtue of

Lemma 4.7, iv) and Lemma 4.8, to show that the approximation error ei{,”(:) is measurable
with respect to #;"t'", the o-algebra generated by {Y(t) : n <t < vh}. Clearly, AY[Y](t) is
measurable with respect to the o-algebra generated by {Y(t),Y(t+h),...,Y(t+vh)}. By the
definition of derivatives as the limit of different quotients and the assumed differentiability
of t — Y(t), the derivative D{Y () is the w-wise limit, as s goes to zero, of the functions
w — AY[Y,](t), where w is an element of Q). Each of these functions is measurable with
respect to o(Y(t),Y(t+s),...,Y(t+vs)), and therefore in particular with respect to the
larger c-algebra %", Since point-wise limits of measurable functions are measurable
(Klenke, 2008, Theorem 1.92), the claim follows.

(h)

The claim that the sequence ey """ is strictly stationary is a consequence of the fact that the

multivariate CARMA process Y is strictly stationary (Lemma 4.7, i)). By the definition of
stationarity, it is enough to show that for every natural number K, all indices ny,...,nx € Z,

and every integer k, the two arrays (e;,,%)' e, ell/,(:]z) and (e’{/”(nhl) ke el{/’gjz +k) have the same

distribution. We first observe that for each n € Z and each w € (), e;’(h) = limg_ g+ e;’(h’s),

M ;
v,(h,s)

where ey, " = Aj[Y](n) — A{[Y](n). In particular, since w-wise convergence implies con-
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vergence in distribution, it holds that

(ev,(h,s) ev,(h,s)) i>( v,(h) v,(s))

Y 7€Yg €y g s r €y g )y

v,(h,s) v,(h,s) d , v,(h) v,(s)
( Y4k eY,nK—I—k) _>( Ynﬁ-k’ Tt eY,nK+k)’

as s tends to zero. For every finite s, the strict stationarity of Y implies that the tuple

v,(h,s) v,(h,s) v,(h,s) v,(h,s)
(eyn ey )i €Yy ks 7 €Y gtk

from the fact that in Polish spaces weak limits are uniquely determined (Klenke, 2008,
Remark 13.13). O

is equal in distribution to (e, ). The assertion then follows

4.5.2. Approximation of integrals

This section is devoted to the approximations of the integrals appearing in Eq. (4.4.6),
namely f s)ds and f (1=5)y (s)ds. One of the simplest approximations for definite
integrals is the trapezo1da1 rule, see, e. g., Deuflhard and Hohmann (2008, Chapter 9) for an
introduction to the topic of numerical integration. For any function f : R — M with values
in a metric space M, it is defined as

b— +f(b) K2l b—
Thuf = "%~ f(a>2f()+k21f( )|, KeN, (45.12)

and is meant to approximate the definite integral | ab f(s)ds. We will usually set [a,b] =
[n—1,n],n € N, and = h=1. Tt is clear that T{;:Ln] f can be computed from knowledge
of the values of f on the discrete time grid (0,4,2h,...). The following result provides a
quantitative bound for the accuracy with which the trapezoidal rule approximates a definite
integral if the integrand is a smooth function.

Proposition 4.18 Let [a,b] C R be an interval, and let K be a positive integer.

i) Assume that f : [a,b] — R is a twice differentiable function. Then
[ )

ii) Assume that F : [a,b] — R? is a twice differentiable function. Then

_(b—a)PvVd
12K2

GIF (4.5.13)

sup ||[F"(1)||- (4.5.14)
te(a,b]

b
/ﬂ F(s)ds — Ty F| <
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iii) Assume that F : [a,b] — M;(R) is a twice differentiable function. Then

Proof Part i) is Deuflhard and Hohmann (2008, Lemma 9.8). To see that ii) holds, it is
enough to apply i) component-wise to obtain that

(b— a)3d®/2
12K2

=<

b
/ F(s)ds — TK 4 F
a

sup |[F"(t)]|. (4.5.15)
te(a,b)

b b
‘/ F(s)ds—T[I;b]F <Vd max [/ F(S)ds—T[I;b]F]
a / i=1,..d a , :
(b B a)3 \/E "
gi .max Sup Fl <tl)
12K2 i=1,.... d tie[a,b] ’ }
(b—a)®Vd )| < L= Vd ’
=-—— 75— sup max |F'(t)| <-——575— sup |[F'(t)|.
12K% =1 d‘ | 12K2 ey | H

The claim (4.5.15) about matrix-valued integrands follows from the fact that M;(R) is
canonically isomorphic to R? and that the operator norm and the Euclidean vector norm
induced by this isomorphism satisfy

1
i Mgz < [|M]] < | M| sz,

for all M € M;(R) (Stone, 1962). i

The last proposition can be used to derive properties of the approximation error of convolu-
tions of vector-valued functions with matrix-valued kernels. For any compatible functions
f:[0,00] = R¥and g : [0,1] — M4(R), we use the notation

n

el =Th g = f() = [ gln—s5)f(s)ds (45.16)

n—1

for the difference between the exact value of the convolution integral and the one obtained
from the trapezoidal approximation with sampling interval /. In the next proposition we
analyse this approximation error if f is a multivariate CARMA process; this is the second
big step towards discretizing Eq. (4.4.6).

Proposition 4.19 Assume that L is a Lévy process. Let Y be a d-dimensional L-driven MCARMA

process satisfying Assumption Al, let F : [0,1] — My(R) a twice continuously differentiable

function, and denote by S(Fll)y,n the approximation error of the trapezoidal rule, defined in Eq. (4.5.16).

k
IfE|L(1) ||k is finite, then E Hsg?y,n = O(h?), as h — 0. Moreover, the sequence sgé)y is strictly
stationary and strongly mixing.
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Proof By the definition of sggy (Egs. (4.5.12) and (4.5.16)), we can write

eFan h sz —1+ih) — / F(n—s)Y(s)ds,
n—1
where F(1 £(0
all) = 2) w1 = (2) o) =F(1—ih), i=1,..0n7" —1

Using Dirac’s §-distribution, which is defined by the property that [ f(x)dy,(x)dx = f(xo)
for all compactly supported smooth functions f, as well as the moving average representation
(4.3.13) of Y, we obtain that

Y(s)ds

SFOY —/ [ZD‘ n— 1+1h F(” - S)
- /nn_l [h Zalgh)énflﬂh(S) —F(n—s)

/ BeACWE,dL(u)ds.

Theorem 4.4 allows us to interchange the order of integration so that we obtain

sl(fho)l/,n = [ / [thxl(h)(SnHih(s) — F(n— s)] BeA(S_”)Epdde(u)

oo Jmax{un—1}
n—=1 rn (1) Als—
:/ / —hY a8, 14in(s) — F(n—s)| Be (s ”)Epdde(u)
—00 n—1 i
+ / / [h Zocl(h)én,1+ih(s) —F(n— s)] QeA(s_”)Epdde(u).
n—1Ju i
With the notations

T — / [ hza 1—s)] BeAsds (4.5.17)

and

G . { 01] = Myn(R), (4.5.18)

t = fot {h Y “5h>5t—1+ih(5) — F(t— s)] BeASdsE,,

we can rewrite the previous display as

S(Fho)y,n = T(h)X(” -+ /nﬂ G (n —u)dL(u), (4.5.19)
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where we have used the moving average representation (4.3.12) of the state vector process
X. This equation and the strict stationarity of X asserted in Lemma 4.7, i) immediately
imply that the sequence e(F@Y is strictly stationary and strongly mixing. By Proposition 4.18
there exists a constant C such that Hf(h) H < Ch? and HG(h)(t) H < Ch? for all t € [0, 1], which

implies that

k
E HSI(TZ)Y

k n
‘ < W*CRFE | X (n — 1) |F + 28E H/ G (n — u)dL(u)
n—1

The kth moment of X (n — 1) is finite by Lemma 4.7, iii), so it suffices to prove that the second
term is of order O(h?"). To this end we use the fact that [ | G (n —u)dL(u) is an infinitely
divisible random variable whose characteristic triplet ('ygl),Zgl),vgl)) can be expressed
explicitly in terms of the characteristic triplet (4%, 29, vL) of the Lévy process L. Using the

= 0(h?)

explicit transformation rules (4.2.3), one sees that the condition H G (s) L(0.1)Leb)
*(10,1],Le

implies that

|+&|| o),
2| <o

/|x||<1 x| v (dx) =0(h¥), r=2,3...,

r (h ,
/x>1|!x|| v (dx) =0(h¥), r=2,...k

k
so that we can apply Lemma 4.2 to conclude that E annfl G(n—u)dL(u) H =0(h*). o

If one is willing to make the assumption that the jump part of the driving Lévy process has
(n)

finite variation, then the norm of the approximation error ¢y , can be bounded by path-
wise defined quantities. In our forthcoming treatment of the general method of moments
estimation in Section 4.6 we only rely on the moment bounds given in Proposition 4.19,
but a path-wise understanding of the approximation error of convolution integrals of Lévy
process might be useful in other contexts and is of interest in its own right. We will consider
the three components in the Lévy-It6 decomposition (4.2.2) of a Lévy process separately.
For the Brownian part, the Holder norms will play an important role, which, for any

function f : [a,b] — M with values in a metric space (M, d), and any 0 < a < 1, are defined

A(f(s), F(1))

|5 —t]*

as

HfHA,X([a,b}) = Ssup

s,t€(a,b]

Lemma 4.20 Assume that Wg is an m-dimensional Brownian motion with covariance matrix ¥9,
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and that F : [0,1] — M,,(R) is a twice continuously differentiable function. Then, for every
0 € (0,1/2), there are constants c1, ¢ such that

et <1727 et IWl oy + 2 IWlla v ] (4.5.20)

where W = (Zg)_l/z Wy is a standard m-dimensional Brownian motion. Moreover, for every
k>0,

= O(H/2=9), ash — 0. (4.5.21)

E HSFOWQ,I’[

Proof We note that it has been proven in Cruz-Uribe and Neugebauer (2002, Theorem 1.1)
that for any a-Holder continuous function f : [4,b] — R,

b K (b )1+o¢
‘/a f(s)ds —Tp p f| < (1 +a)(2K® 11 A (a.00) (4.5.22)

It is well known that, for any « strictly between 0 and 1/2, paths of Brownian motion are
x-Holder continuous with probability one (Morters and Peres, 2010, Corollary 1.20), and,
consequently, so are the paths of W : t — F(n —t) (Zg)l/z W (t). We therefore only need to
generalize Eq. (4.5.22) to vector valued functions to obtain

n
| weas-1,, W

[/ W(s)ds — T M]w]

HSFOWQ/” <\F max »
i . i ¢
Vi g DY
(14_“)2« - dste[ab} |S_t|a
vmo o
<mh Wl A ((a,0)) - (4.5.23)

The a-Holder norm of WV can be estimated as

Wl A, (r—1,))
‘F(n —5) (29) P W(s) — F(n —t) (29)""? W(t)”
sup i
ste[n—1,n] |S t|
|(F1=5) = Fn = 1) (29)" 2 Ws)|| + | Fn — 1) (29)" 2 (W (s) — W]
<stes[lijf)l n] ’S - t’lx

1/2 1/2
<Flngoay | (22) | I hicinny + 1oy | (22) [ 1Whasny - 4520

By assumption, both [|F|[, (j17) and [[F|[« (1) are finite, so combining displays (4.5.23)
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and (4.5.24), and setting « = 1/2 — J proves Eq. (4.5.20) with

N o\ 172 N o\ 172
gz Flaon |(29) Ay Fl=gony | (7))

To show the claim (4.5.21), it suffices to argue that the kth moments of the x-Holder norm of

1 = 7 0=

W are finite. By the last display, these moments are bounded by
k ~ k ~ k
E Wl A, (n=1,1)) < EE W1 (1) + CEWIA, (1-1,]) -

for some positive constants ¢; and &. The first term on the right is finite by Klenke (2008,
Theorem 21.19). With respect to the second term it has been shown in Kwapier and Rosiriski
(2004, Example 3.3), using the theory of majorizing measures that, for a univariate Brownian

motion W, there exists a constant C such that

W) —W(s)P )} e

E ex C su
P{ ooy e s|log(e/]t — 3|

We shall use this result to show that for any a € (0,1/2) there exists a constant C’ such that
the exponential moment E exp {C’ HWHE\Q([O,H)} is finite, which implies that all ordinary
moments of |W/|| Ad([0,1]) AT€ finite as well. For convenience, we write « = 1/2 — § for some
5 € (0,1/2). We first note that, for all 6§ € (0,1),

1 (ed)~1
: S
di=¢ = dlog(e/d)’

vd € (0,1],

which can be shown by elementary calculus. Using the fact that the components of W are
independent standard Brownian motions, denoted by W, it follows that

’t_5’1725

W(t) — W(s)|?
E exp {C/ HWHil/Z,J([OJ])} =Eexp {C’S?;(}))l] I H

m Wi(t) — Wi(s)|]?
<HIE9XP{C/ sup | \(t)—s\1—255)| }
i=1

s,te[0,1]
- (rog) -1 [Wi(t) — Wis)[?
<E1Eexp{C(2e(5) sup 75| log(e/Tt — 5))

s,t€[0,1]

<00,

if C’ is less than or equal to 2edC. o
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In the next lemma we derive a path-wise bound for HSI(!;)f " H for the case that the function f

is a pure jump Lévy process. Every pure jump Lévy process L! has the representation

Li(t)y= ) 6Li(s), t>0,
O<s<t
where JLi(s) = Li(s) — Li(s—) denotes the jump size of the process L! at time s, and
Li(s—) = lim, », Li(r). If L is of finite variation, the sum of jumps is even absolutely

convergent.

Lemma 4.21 Assume that L' is an m-dimensional pure jump Lévy process with Lévy measure
vl satisfying St |x||[vE(dx) < oo, and that F : [0,1] — My (R) is a twice continuously
differentiable function. Then there is a constant C such that

Hs(h)- H<Ch Y |6Li(s)|, OLi(s) = Li(s) — Li(s—). (4.5.25)

FoLl,n
n—1<s<n

If L possesses a finite kth absolute moment, then

Ele® | = ot h—0 4.5.26
HsFoLi,n =O0(h*), ash—O0. (4.5.26)

Moreover, there exists an i.1.d. sequence E(PZ)U and a matrix MW € M,,(R), such that

(h)

_ z(h) h)7i
popin = & + MW Li(n). (4.5.27)

€ FoLin

Proof It is enough to give the proof for the case n = 1. For some integer 1 <k <h~! —1, we
consider the interval [kh, (k + 1)h]. Writing Li(s) = Y- ,<s 6L!(#) it is clear that

(k+1)h ,
Ik ::/ F(1—s)L!(s)ds
k

h
(k+1)h ) . (k4+1)h
- F(1—s)dsLi(kh)+ Y oLi(t) / F(1 - s)ds
kh kh<t<(k+1)h t

The simple trapezoidal approximation of that integral on the other hand is given by

Ji == [F(1— (k+ 1)h)Li((k + 1)h) 4+ F(1 — kh)Li(kh)]

F(1— (k+1)h) + F(1 — kh)

i
> hLi(kh),

F(1—(k+1)h) Y 6SLi(t)+
kh<t<(k+1)h

NI NS
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and it thus follows that

(k+1) — — .
Hlk—]kH:“[/khk+1hF(1—s)ds_F(1 (k+1)2)+P(1 kh)h] Li(kh)

(k+1)h I ,
+ ) [/ F(1—s)ds— =F(1— (k—l—l)h)} SLI(t)]|.
kh<t<(k+1)h L7t 2

By Proposition 4.18 and the assumed differentiability of F, the error of the simple trapezoidal
approximation in the first term in this expression is bounded by some constant C;, which is
independent of k, times h2. For the second term we observe that for everyk=1,..., h1-1
and every t € [kh, (k4 1)h],

< /t(M)h IF(1—s) — F(1 = (k+1)h)|| ds + [(k+ 1) h— t] IEQ = (k+1)h)]|

/t(kﬂ)hm ~s)ds = 3P~ (k+ 1)h)H

, (k-+1)h
<|[F HLoo([o,u)/t [(k+1)h —S] ds + = HFHLw ((01))
1
=5 [F'[| o o,y [k + 1) = 1 + 5 HFHL""([OJ])
L
<3 |F

h
o1y 72+ 5 IFllso < Coh,  forallh<1,

where C, = 1[||F|| =(0a)) T I1F'llL=((o,17)]- The triangle inequality then implies that

11 — Jxll < C1b? ||Li(kh)|| + Coh )~ ||6Li(t)
kh<t<(k+1)h

and the claim (4.5.25) follows from the following chain of inequalities:

Hgl(fho)ﬂ,lH = Hhil [ — Jk] <WZ_1 T — Tl
k=1 k=1

h1-1 h1-1
<Cil? Lol [SLI ()| + Cah LY ol
=1 0<t<kh =1 kh<t<(k+1)h
h7171 . .
Y. ) oL@ +Cah Y oL
0<t<l—hk=t/h 0<i<1
<Gl Y L=t |lsLi(t)|| + Gl Y [I6Li(1)]
0<t<1 0<t<1
<Ch ) [l6Li(1)],
0<t<1

for some constant C which only depends on C; and C;. In order to quantify the absolute
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(h)

moments of the approximation error & . L1

we observe that the last display and the Lévy-It6
decomposition imply that

E Hfg?muk <CH'E ( )3 ||5Li<t>||>k

0<t<1
1 1
:Chk/ // / lxi]l - [|X [EN(dx1,dst) - - - ... - N(dxg, dsy).
0 0 JR4 R4

From here, the proof proceeds along the same lines as the proof of Lemma 4.2; in order not
to repeat the same arguments, we only give a heuristic explanation here. Using the facts
that the random variables N(dx;, ds;) and N(dx;,ds;) are independent for s; # s;, and that
they satisfy N(dx;,ds)N(dx;,ds) = dx,x;N(dx;, ds), it follows that the last integral can be
decomposed according to which of the s; are equal. We denote by Py the set of partitions
of {1,2,...,k}; for € P, we write #r for the number of blocks in 7 and the number of
elements in such a block B is denoted by |B|. With these notations we can write the integral
as

#1 1
Y ITE [ [ Iwll®IN(dw, ds).
0 JR4

mePy i=1

The expectations in this expression are finite by the assumption of finite variation and finite
kth moment of L'. To prove Eq. (4.5.27), it is enough to note that

£ :/:F(n—s) [Lis) — Li(n)] ds+ [ F(n—s)dsLi(n)

FoLin n—1

—h[F(O)U(n)_F(l)Li(n_l) bl . (4528)

_ (1 —
> +k:21F(1 kh)Li(n — 1+ kh)

Introducing the approximation error

" F(0) — F(1) he?
(n) — A Bl A St —
M /n 1F(n s)ds h[ 5 + ) F(1—kh)|,
which is clearly independent of n, Eq. (4.5.28) becomes

) /"1 F(n—s) [Li(s) — Li(n)] ds + MM Li(n)

gFoLi,n
_h[—m) [Li(n—1) - Li(n)] "&1 . ]

2 + Y F(1—kh) [Li(n—1+kh) — Li(n)]
k=1

The sequence sg;)Li — M (W Li(n) is therefore i.i. d. by the stationarity and the independence
of the increments of L. o

Proposition 4.22 Assume that L is a Lévy process with characteristic triplet (4F, £, vL). Let Y
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be a d-dimensional L-driven MCARMA(p, q) process, F : [0,1] — My(R) a twice continuously
differentiable function, and denote by gf?ho)y,n the approximation error of the trapezoidal rule.

i) If p — q > 3, then there exists a constant C such that

Wl < cn? D'y . 4529
HeFOYr" < i:%,;,Z H L ([n—1,n]) ( )
ii) If p — q = 2, then there exists a constant C such that
(h) i
H%mn<ca§Upymw”mw (4.5.30)

iii) If p —qg = 1 and fllx\|<1 || x|| vE (dx) < oo, then, for every 0 < & < 1/2, there exists a constant
C such that

eyl <c |n ¥ oy ey T L 1T
i=0,1 ’ n—1<s<n
2 W ey + IW a1 ]| (4531)

where the function | is defined below in Eq. (4.5.32).

Proof If p —q > 3, the function I : s — F(n —s)Y(s) is twice differentiable, so Proposi-
tion 4.18 implies that

Vd
<ih2 sup ||D?I(t)||
te[n—1,n]

H Sg:))l/,n

Vd

<5 sup [co DY (1) + G HDly(t) H +GC ||y(t)|\},
te[n—1,n]

where for i = 0,1, 2, the number C; is defined as HD’T H £ (fn—11])" The claim thus follows

with C == Vd/12 max;—012{Ci}. If p — g = 2, the paths of I are one time differentiable with

discontinuous, yet bounded derivative, so they are in particular locally Lipschitz and we can
apply Cruz-Uribe and Neugebauer (2002, Corollary 1.4), and obtain

(h) i < E it _ 1 i(t. | —
HSFOY,H] <3 nisltgl)'gnDI (t:) n—{rsl{i@DI (t)|, i=1,...4,
for each component of sgg)yln. This implies that
h n 7
el V2 ma, | e
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<h\/ﬁ max [ sup DI(t;) — inf DI(t)
8 i d | y_1<ti<n n—1<t;<n
hd

<™ qup 1))

n—1<t<n

DI'(t;)

max sup
i=1,.... d l’l*thlSl’l

Noting that |DI(t)|| < Co ||DY(¢)|| + C1 ||Y(#)]|, the assertion of ii) follows with C equal
to vd/4max;—o1{C;}. If p —q = 1, the paths of Y, and thus of I, are in general, not

differentiable. Using the abbreviation Eq = { By ... By }, we can, however, write
Y(t) =B,X,(t) + B,,X(p)(t)
zﬁqxq(t)JrBX BA/ s)ds + B,L(t)
—B_X,(t) + B,;X' BqA/ s)ds + Byylt + BELW(t) + BLi(H), O

where the last line is an application of the Lévy-It6 decomposition. We can now analyse
how the different terms in the last expression contribute to the approximation error sgé)y.
The function

J it B,X,(t) + B,X")(0) — B A/ 5)ds + Byt (4532)

is differentiable, and one therefore sees by the same argument used to prove ii) that its

(h)

contribution to H‘C’FoY,n

‘ is bounded by a constant multiple of / times }_;_o; || D'J|| L ([n—1])"
In Lemma 4.20 it has been shown that the contribution from the Gaussian part is of order
h'/2=% times the sum of the Holder and the supremum norms of W on the interval [n — 1, 7].
Finally, the approximation error for the pure jump Lévy process L' with summable small
jumps has been shown in Lemma 4.21 to be bounded by a constant multiple of / times the
sum of the absolute sizes of the jumps in the integration interval. Combining these partial
results proves part iii) of the proposition.

It remains to estimate X, (). In view of the AR(1) structure given in Eq. (4.4.7), we compute
estimates

o (h &(h ~(h &(h o(h
) =XV m -1+ 1, £P0) =%, n=1, (4.5.33)

where [\ = T[}; 11 € Bn=)E,¥() is the trapezoidal rule approximation to the integral

fn"_l eB(”_S)EqY( )ds, and X [(1,0) is a deterministic or random initial value. We introduce the
notation

el = X,(n) — Xy(n). (4.5.34)

It is easy to see that the sequence eg?) satisfies eg?)n = eBegl)n_1 + sgf))y . 1 € IN, where

F:tws ePE; and sffé)y,n is of the form analysed in Proposition 4.19. For the following result
we recall the notion of an absolutely continuous measure. By Lebesgue’s decomposition
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theorem (Klenke, 2008, Theorem 7.33), every measure p on R” can be uniquely decomposed
as 4 = yc + us, where p. and p; are absolutely continuous and singular, respectively, with
respect to m-dimensional Lebesgue measure. If j. is not the zero measure, we say that y has
a non-trivial absolutely continuous component.

Proposition 4.23 Assume that L is a Lévy process. Let Y be a d-dimensional L-driven MCARMA
process satisfying Assumptions Al and A2. The sequence eg?) defined by Egs. (4.5.33) and (4.5.34)
converges almost surely to a stationary and ergodic sequence which is independent of X glo) . f, for

k
some integer k, I ||L(1)||* is finite, then the absolute moment E He@q is of order O(h%) as

h — 0. If, moreover, the distribution of the random variable

1 . T
/0 G(1-s)dL(s), Gls)=( G(s)T (exp(As)E,)" ), (4.5.35)

where G(s) is defined in Eq. (4.5.18), has a non-trivial absolutely continuous component, then the
(n)

process ey’ is exponentially strongly mixing.

Proof We first observe that

R RO = X0

_ n— %

ex, =€ ex1t Y e Epoy v N21
v=0

and define the sequence ég?) by

[ee)

~(h) _ vB _(h)

exy = Z € ey sy NE Z.
v=0

(h)

By this definition, &y’ is obviously independent of X ")

gzo) . Since &y is strongly mixing by
Proposition 4.19, it is in particular ergodic (Klenke, 2008, Exercise 20.5.1). The sequence ég?)

is the unique stationary solution of the AR(1) equations

~(h) _ Bs(h) (h)
eX,n =e eX,n—l + SFOY,H’ ne Z’

and an application of Krengel (1985, Theorem 4.3) to the infinite-order moving average
representation of é&? ) shows that this last sequence is ergodic as well. It remains to prove

(n)

that eg?,zq converges to &y, almost surely as n — oo. This follows from

e, — &,

7

e el + | 5 enett
=n—

1

the fact that by Lemma 4.9 the eigenvalues of the matrix B have strictly negative real parts,
and the almost sure convergence of the last sum (Brockwell and Davis, 1991, Proposition
3.1.1). For the proof that the kth moments of egg)n are of order O(h%) we use the following
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generalization of Holder’s inequality, which can be proved by induction: for any k random
variables Zj, ..., Zy and positive numbers py, ..., pr such that } 1/p; = 1, it holds that

k
E(Zi-...-Z) <[] (BZ")""". (4.5.36)
i=1
Choosing p; = 1/k,i =1,...,k, and using that, by Proposition 4.19, there exists a constant

k
C, independent of 1, such that IE Hsl(f;)y,n < Ch%, it follows that

E Hég?)n ¢ <V§0- - .Vgo e1B ‘ ce||enB ’]E (H‘gg?l/,nfvl HSI(FZ)Y,nw )
<Ch* <i eVBDk,
v=0

which is of order O(h?*) because the sum is finite due to the eigenvalues of B having strictly
(h)

negative real parts. In order to show that the sequence ey’ is strongly mixing, we note that

T
the stacked process ( eg?)T xT ) satisfies the AR(1) equations

(h) B (h)
eX,n — e r eX,n—l + Zn/ ne Z,
X(n) 0 et X(n—1)
o G(n—s)
Z, _/n_l ( eA(”_s)Ep ) dL(s), ne€Z,

where (Z,),ez is an i.i.d. noise sequence. An extension of the arguments leading to
Mokkadem (1988, Theorem 1), which is detailed in the proof of Theorem 2.8, shows that
ARMA, and in particular, AR(1) processes are strongly mixing with exponentially decaying
mixing coefficients if the driving noise sequence has a non-trivial absolutely continuous
component, which is precisely what is assumed in the proposition. o

Remark 4.24 Sufficient conditions for the assumption made in the previous proposition
to hold can be obtained from the observation that the random variable fol G(1—s)dL(s)
is infinitely divisible, and that its characteristic triplet can be obtained as in Egs. (4.2.3).
Sufficient conditions for an infinitely divisible random variable to be absolutely continuous,
in terms of its characteristic triplet, can be found in Tucker (1965) and Sato (1999, Section 27).
Since mixing is not our primary concern in this chapter, and our results hold without it, we
do not pursue this issue further here.
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4.5.3. Approximation of the increments AL,

If we combine what we have so far, it follows that we can obtain estimates ﬁn of the
increments of the Lévy process L by discretizing Eq. (4.4.6), that is

sl -y [ETBP g, Y AL ETE Eq] (AL[Y)(n) — A} [Y)(n — 1)
=0 k=v

—~
=
=

1 e Trk—1 | £T o () o ()
+ |AB ~|—2Ap_q_k+1EqB_ +EIBP [X,, (n)— X (n—1)]

+A, [B;;lBO] BT LY, (4.5.37)

where the forward differences A}[Y](n) are defined in Eq. (4.5.1), the estimates Xf]h) are
computed recursively by Eq. (4.5.33), and the formula for the trapezoidal approximation

Th

[ 1H]Y is given in Eq. (4.5.12). Writing

ALY — AL, + &, (4.5.38)

(h)

the approximation error ¢, ’ is given by

i "N prgrgvp L N Tokve | [y _ v
el = 20 E'B E, + kZ Ap g i ENBVE | [ey) — ey
v= =v

K TRk-1 . pTgp—a| [,0) _ ()
+|AB -I—EAp_q_kHEqB +ETB [eX,n—eX,nfl}

+ A,B;'B, 1£§(,)1

The following theorem summarizes the results of the previous two subsections about the
probabilistic properties of the sequence of approximation errors &), both for fixed values of
h and as h tends to zero.

Theorem 4.25 (Properties of AL ) Assume that L is a Lévy process, and that Y is an L-driven
multivariate CARMA process given by the state space representation (4.3.10) and satisfying As-
sumptions A1 and A2. Denote by AL, = L(n) — L(n — 1) the unit increments of L and by
ﬁ,gh) the estimates of the unit increments of L obtained from Eq. (4.5.38). The stochastic process

(n)

e = AL" — AL has the following properties:

i) There exists a stationary, ergodic stochastic process ") such that Heﬁlh) - é,(qh) H — 0 almost
surely as n — oo. If the random variable defined in Eq. (4.5.35) has a non-trivial absolutely
continuous component with respect to the Lebesgue measure, then £ is exponentially strongly
mixing.
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ii) IfE||L(1)]| Ko < oo, for some positive integer k, then there exists a constant C > 0 such that,
forxk=1,...,kand 0 < h<1,

K
) ] < CH\2. (4.5.39)
nelN
Proof Both claims follow directly from Propositions 4.17, 4.19 and 4.23. O

For the purpose of estimating a parametric model of the Lévy process L based on the noisy
observations E\L(h), it is important not only to have a sound quantitative understanding of
the extent to which the true increments AL differ from the estimated increments ﬁ, but also
to know how strongly this difference is affected when a function is applied to the increments.
This issue is investigated in the next lemma.

Lemma 4.26 Let f : R™ — RY be a function with bounded kth derivative, and let | be some fixed
positive integer. Assume that E ||L(1) H(kl)o < oo, and further that, for any integer 1 < r < k—1
and any integers 1 < iy, ...,i, < m, the moments of the partial derivatives of f satisfy

E |9y, - i, f (L(1))]¥ < oo, (4.5.40)

It then holds that l
sup E H f (EL,S“) ~F(AL)| =om?), (4.5.41)

nelN

where the approximate increments E\szh) are defined by Eq. (4.5.37).

Proof By Taylor’s theorem (Apostol, 1974, Theorem 12.14) we have that
—~(h
f <AL§1 )> — f(AL,) =f (ALn + s,(j”) — f(ALy)
_ 1 .
Z SdOf (AL (&) +R (ALuiel),

where

4t )f (AL,) (sn ) Z Zah f(ALy) e MO ‘“81(111),1'7

=1

defines the action of the rth derivative of f. We note that

|

7

jrsion ()< £+ £ o | = favson
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and assumption (4.5.40) implies that

E Hd(’)f (ALy)

1= i,=1

ik v - ki
<m™ Y - Y B9y, -0, f (AL |
1 1

<00,

It follows from the boundedness of the kth derivative of f that the remainder R (AL,1 ; s,gh) )

satisfies L

7

h)

HR (ALn;e,(qh)) H <C e,(1

for some constant C. In particular,

1

£ (5") - ro1)

<F (kzjl [a (aL,) (sff))ru)l +2E R (s |

k=1 k=1 1t tr

<! Z ..... Zrl'lrl'IE <Hd(r1)f(ALn) ""'Hd(r’)f(ALn) E,gh) 1+ +1>
| ot
+C2'E || ‘kl

By Theorem 4.25, the assumption that L(1) has a finite (kI)oth absolute moment implies that
K

E ‘ el H is of order O(h*/*) as h — 0 for all 1 < x < k, where the constant implicit in the

O(-) notation does not depend on . It thus follows by an application of the generalized

Holder inequality (4.5.36) with exponents p1 = ... = p; = ki, pjy1 = k/(k — 1) that

7 (88) - st |

k-1 I 5 . K\ f
Y [1M1E<Hd( s on)|)

r,..0=1 [i=

E

k-1

(rp+..+rpk T ”
E(e,&h)\ - ) +O(h<k’>o>.

rt At
=0 (h [(ry+..+rk/(k=T)g >

N

Since for any a € [0,2] and any positive integer r it holds that (ra)g < rag, the dominating
term in this sum is the one corresponding to r; = ... = r; = 1, which is of order O(hl/ 2).
Thus Eq. (4.5.41) is shown. O
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4.6. Generalized method of moments estimation with noisy data

In this section we consider the problem of estimating a parametric model Py if only a
disturbed i.i.d. sample of the true distribution is available. More precisely, assume that © is
some parameter space, that (IPy : ¢ € ®) is a family of probability distributions on R™, and
that

XN = (Xy,...,Xn), R"™3>X,~Py, (4.6.1)

is an i.1i.d. sample from Py . The classical generalized method of moments (abbreviated as
GMM) is a well-established procedure for estimating the value of #¢ from the observations
XN, see for instance Hall (2005); Hansen (1982); Newey and McFadden (1994) for a general
introduction. After introducing some relevant notation and taking a closer look at two
particularly important special cases of this class of estimators, we state the result about the
consistency and asymptotic normality of GMM estimators for easy reference in Theorem 4.27.
Our goal in this section is to extend this result to the situation where the sample X" from
the distribution Py, cannot be observed directly. Instead, we assume that, for each, 1 > 0
there is a stochastic process &) not necessarily independent of XV, which we think of
as a disturbance to the i.i.d. sample XV, and the value of 9 is to be estimated from the
observations (X1 + 8(111), o, XN+ E(Nh)). In Theorem 4.28 we prove under a mild moment
assumption that the asymptotic properties of the GMM estimator, as N becomes large and h
becomes small, are not altered by the inclusion of the noise process /). Finally, we use this
result in Theorem 4.34 to answer the question of how to estimate a parametric model for the
driving Lévy process of a multivariate CARMA process from high-frequency discrete-time
observations.

Underlying the construction of any GMM estimator is the existence of a function g :
R™ x ©® — RY such that for X; ~ Py,

Eg (X1,8) =0 < ¢ = 9. (4.62)

The analogy principle, that is the philosophy that unknown population averages should be
approximated by sample averages, then suggests that an estimator " of % based on the
sample XN, given by Eq. (4.6.1), can be defined as

A

¥ = argmin , (4.6.3)
gMin, g

Wn

5
< 2 8 (Xu, ?)
N n=1

where Wy is a positive definite, possibly data-dependent, g x g matrix defining the norm

||'||wN :RT — RY, ||95||wN = (xTWNx)Uz, x € RY.
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As we will see shortly, the choice of Wy influences the asymptotic variance X of the
estimator f?N, given in Eq. (4.6.5). The optimal choice of weighting matrices Wy is described
in Corollary 4.33.

The advantage in considering a GMM approach to the estimation problem is that it
contains many classical estimation procedures as special cases. Here, we only mention two
such special cases which are particularly useful in the context of estimating a parametric
model for a Lévy process. It is an immediate consequence of the Definition 4.1 that a Lévy-
process L is uniquely determined by the distribution of the unit increments L(n) — L(n — 1),
which, in turn, is characterized by their common characteristic function E exp{i{u, L(1n) —
L(n—1))} = exp{y(u)} in its Lévy—Khintchine form (Eq. (4.2.1)). It is therefore natural
to specify a parametric model for L by parametrizing the characteristic exponents, which
amounts to defining, for each ¢ € ©, a function u — y(u) of the form (4.2.1). A promising
estimator for ¢ in such a model is that value of ¥ that best matches the characteristic function
u — exp {Ps(u)} with its empirical counterpart. This leads to choosing the function g in
Eq. (4.6.3) as

Re ei<uer) — eIIJﬂ(uk)
g:R"xO®—-RT: (X,9)+—

4

Im ei<uk/X> — etl"ﬂ(uk)
k=1,...,9/2

where uy,...,u,/, are suitable elements of R™ at which the characteristic functions are
to be matched. The value of g € 2IN as well as the particular u; are chosen such that
condition (4.6.2) holds, which means that the model is identifiable. Another special case of
the generalized method of moments estimator of considerable practical importance arises
if © is a subset of R”, and the parametric family of distributions IPy is given as a family
of probability densities ps(-). Denoting by V = < a/98! .- 9/9¢ )T the differential
operator and choosing the moment function g as

g:R"xO® >R : (X,9)— Vylogps(X),

one obtains the classical maximum likelihood estimator, which, under some regularity
assumptions about the densities py, enjoys well-known desirable asymptotic properties
(van der Vaart, 1998, Section 5.5).

In order to be able to state the classical result about the asymptotic properties of the
generalized method of moments estimator for a general moment function g, we introduce

the notations

Qo = lEg(Xl, ﬂo)g(Xl,ﬂo)T, and Go = —IEVﬂg(Xl,ﬂo)

for the covariance matrix of the moments and the generalized score matrix, respectively.
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Theorem 4.27 (Newey and McFadden (1994, Theorem 2.6 and Theorem 3.4) ) Assume that
(Py)gco is a parametric family of probability distributions, and let XN = (Xq,...,Xy) bean i.i.d.
sample from the distribution Py, of length N. Denote by 8" the GMM estimator based on XN
defined in Eq. (4.6.3). Assume that the following conditions hold.

i) The domain ® of & is a compact subset of R", and & is in the interior of ©.

ii) For each ¢ € ©, the function x — g(x,®) is measurable; for almost every x € R™, the function
¢ — g(x,9) is continuous on © and continuously differentiable in a neighbourhood U of .
Moreover there exists a function « : R™ — R satisfying Ea(Xy) < oo such that, for every
1,0, € U, it holds that || Vg (x,81) — Veg(x, %2)| < a(x) || — 92|

iii) Eg (Xq,9) = 0 if and only if & = 9.

iv) E||g (X1,8)|* < oo for all 8 € ©, O is a positive definite q x q matrix, and Go is a q X r
matrix of rank r.

v) Wy are q X q matrices converging in probability to a positive definite matrix W.

vi) There exists a function a : R" — R satisfying Ea(X1) < oo such that ||g(x, 9)g(x, 9)T|| <
a(x) and ||Vag(x,9)| < a(x).

It then holds that &" is consistent and asymptotically normally distributed, that is
N2 — 99) & #(0,,%), N — oo, (4.6.4)

where the asymptotic covariance matrix X is given by
T “lr T -
= [GO WGO} GIWQWG, [GO WGO} . (4.6.5)

A result analogous to Theorem 4.27 holds in the more general set-up, where we do not
have access to the sample XN but only to a noisy variant. We first introduce the necessary
notation, which we will need in the proof. The generalized method of moments estimator
NI of ¥ based on the disturbed sample XN = (X; + sgh), oo, XN+ 8%)) is defined as

NI — argming g Qn i (?), (4.6.6)

where the random criterion function Qy 5 : ® — R™ has the form

Qni(8) = [lmn ()l (4.6.7)
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and my j : @ — RY is given by

N
my (0 Z ( o+l ,19), g:R"x O — RI.

Again, Wy ;, is a positive definite 4 X g matrix, which might depend on the sample XN, As
before, we write Q(#) = Eg (X1,8) g (X1,8)", and

Oy (2 % (X 4l ,ﬂ)g(XnJreSf),ﬂ)T

for the covariance matrix of the moments ¢ and its empirical counterpart. The sample
analogue of the score matrix G(¢) = —EVyg (X3, 9) is defined as

G (8 ivﬂg (X +s$f”,0>.

Theorem 4.28 (GMM with noisy data) Assume that (IPy)sce is a parametric family of proba-

bility distributions, that XN is an i.i.d. sample from the distribution Py, of length N, and that, for

each h > 0, there is a stochastic process e") = (s(nh )) N Denote by 8N the GMM estimator
ne

based on XN defined in Eq. (4.6.6). In addition to the assumptions of Theorem 4.27 assume that
the following hold.

vii) There exists a function p: R™ — R satisfying B(h) — 0, as h — 0, such that
sup E | (X, + ¢l 80) — 2(X 90| = O (B(h)), (4.6.8)

as h tends to zero.

viii) For all ¢ € ©, it holds that sup,, E Hg (Xn + s,(qh),z?) — 9 (X, 9) H2 —0,ash — 0.

ix) Forall & € ©, the derivative of g satisfies sup, E HViyg (Xn + s?,ﬂ) — Vg (X31,9) H — 0,
as h — 0.

Ifh = hy is chosen dependent on N such that N'/2B(hy) — 0as N — oo, then it holds that NN
is consistent and asymptotically normally distributed with the same asymptotic covariance as 3",
given in Eq. (4.6.5).

The proof of Theorem 4.28 closely follows the arguments in Newey and McFadden (1994).
We give a detailed proof in order to clarify the impact of the additional parameter / and the
difficulties arising from the need to take the double limit N — co and i — 0. We first lay
ground for the proof by recalling a sequence of auxiliary lemmata.
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Lemma 4.29 For sequences (Yy)ns1, (Zn)ns1 of vector- or matrix-valued random variables the
following hold:

i) For every constant ¢, Yy, LN if and only if Yy, e
i) If Yn % Yoo and Zy — Y 55 0, then Zy % Yoo,

iii) Denote by supp Yy, the support of Yy,. If Yy, L Yo, for some Yoo, and the function f is defined
on (1 supp Yy and continuous on an open set containing supp Yeo, then f(Yy) 4 f(Yeo).

Proof Parts i) and ii) are proved in van der Vaart (1998, Theorem 2.7). Assertion iii) is
Klenke (2008, Theorem 13.25)). O

The next result that we will need is a uniform version of the weak law of large numbers,
given by (Newey and McFadden, 1994, Lemma 2.4).

Lemma 4.30 Assume that, for every ¢ € ©, © a compact subset of R", there is a sequence
(Yn(8)),,51 of independent identically distributed random variables with finite expectation (8) =
EY;(8) < oo. Further assume that, for each ' € ©, the random function ¢ — Y1(9) is al-
most surely continuous at ¢ and that there exists a random variable Z satisfying EZ < oo,
such that supy.q ||[Y1(8)|| < Z. It then holds that the function ¢ — §(8) is continuous, and
that the time averages Yn(8) = Y0, Y, (®) converge uniformly in probability to ¢(®), that is
SUPyeo |[Yn(®) — w(8)|| £ 0.

Lemma 4.31 Foreach ¢ € ©, let (Y,,(8)),5; be a sequence of random variables. If Y, (¢) 2 Yoo (8)
uniformly in 9, the sequence (8,),s1 of random elements of © converges in probability to some Ve,
and the mapping & — Yoo () is almost surely continuous at 8eo, then Yy, (8,) LN Yoo (Peo ).

Proof For any € > 0, it holds that

P (|[Y(82) = Yoo (8o) | < €) 3P ([[Ya(8) = Yoo (8)]] < 5 andl | Yes(81) = Yool 8o) ]| < 7 )

NI DN

>P (ym(ﬂn) — Yeo(B)]| <

P (|[Yeo(B) ~ Yoo Beo)]| < 5 ) — 1

—1L
The first probability in the last line converges to one as 1 tends to infinity by the assumption

of uniform convergence of Y, to Y, the second because Y, is almost surely continuous at
3 and 8, L Voo 0

We can now give the proof of the asymptotic properties of GMM estimators with noisy data.
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Proof (of Theorem 4.28) The proof consists of four steps. In the first step we show that
NY2my 5 (8) is asymptotically normally distributed with mean zero and covariance matrix
Qo, that my ,(8), Gy (8) and Qy ;,(8) converge uniformly in probability to Eg (X5, ), G(¢)
and Q(#), respectively, and that N Qy (#9) is bounded in probability. The second step
consists in showing that any estimator 3" that approximately minimizes the criterion

function Qy ;, in the sense that m Nlh(f’N’h)

2o, converges in probability to #. In step 3
we prove that stochastic boundedness of N QN,h(f?N’h) implies the stochastic boundedness
of N1/ 2(@N’h — 9). We will see that steps 2 and 3 imply the consistency of N for any
sequence of weighting matrices Wy j,. In the last step the mean-value theorem is applied to

the first-order condition for 3N to prove the asymptotic normality of N'/2(9N" — #).

Step 1 In order to prove that N'/2my () is asymptotically normally distributed, we
observe that

1/2 1 ¥ )
N " myp(90) = N1/2 Y 8(Xu, B N1/2 Z [ (X + &) ,190) S(anﬁo)]
n=1

The first term in this expression is asymptotically normal by the Lindeberg-Lévy Central
Limit Theorem (Klenke, 2008, Theorem 15.37) since the summands g(X,, #) are i.i.d. with
finite variance. It therefore suffices to show that the second term converges to zero in
probability as N — oo if h = hy satisfies N'/28(hy) — 0. For convenience, we introduce the
notation Y." = (X7 + s(lh), %) — g(X1,0); by the linearity of expectation and assumption
vii), it follows that

N
N2y Yl
n=1

N
<NV2YE HY,Sh) H < CNY2B(h), for some C > 0. (4.6.9)
n=1

This proves that N -1/2 2,11\]:1 Yr(th ) converges in L', and hence in probability, to zero, thereby
showing the asymptotic normality of N'/2my ; (), that is

O ANy (80) = Unp 5 U ~ A(0,,1,), as N — oo, h — 0, N'/2B(h) — 0.
(4.6.10)
We now turn to the uniform convergence in probability of my j,(8), Gy (#) and Qp ,(9):
point-wise convergence of my ,(#) to Eg (X;,#) follows from the observation that

N

i (9 % (X, ®) + % Y g (X +el,8) — g (X 9)].
= n=1

As a sample average the first term converges to Eg (X1, #) as N — oo by the law of large
numbers (Klenke, 2008, Theorem 5.16). As in Eq. (4.6.9) one sees that the second term



4.6. Generalized method of moments estimation with noisy data 149

converges in L! and therefore in probability to zero, as N — o and & — 0. Analogously,

% i [wg (Xn + s&h),ﬂ) — Vag (Xnﬂ’)]

n=1

1 N
Cnn(8) = Y Vg (Xu, 8) +
n=1

converges point-wise in probability to G(¢) = —EVg (X3, ¢) by assumption ix). Finally,

W ()

g (X, 19

Onu(8) = g (X, 9) g (X, 8)"

i %, 0) ()" + z

Z| =
1=

Z\Hﬁ

where we have again used the notation Y,gh) =g (Xn + eg’), 19) — g (Xy, #). The first term in
this expression for Qy ,(#) converges to Q(#) = Eg (X1,8) g (X1,8)" by the law of large

numbers, the second term converges to zero in L! and in probability due to assumption viii).
An application of the Cauchy-Schwarz inequality to the third term shows that

N

Z (X0, 8) ( ())T

1 N
Aehen ()]

n=1

< sup E Hg (X, 8) (Y(h)>

nrs

|

2
<\/1E lg (X1, 9)[1% [sup E [[vi”]|"
n

The first factor is finite by assumption iv), the second one converges to zero as h — 0

by assumption viii). By assumptions ii) and vi), the limiting functions ¢ — Eg (X;,9),
¥ — G(¢) and ¢ — Q(¥) are continuous and dominated, and since the domain © is
compact by assumption i), we can apply Lemma 4.30 to conclude that the convergence is
uniform in ¢. Taking into consideration the assumed convergence in probability of Wy
(assumption v)) as well as Eq. (4.6.10), Lemma 4.29 implies that N Qy ; () is bounded in
probability.

Step 2 In this step the consistency of any estimator v satisfying QN,h(f’N’h) 2 0is
proved. In the first step we have established the uniform convergence in probability of
my () to Eg (X3,9). In conjunction with assumption v) this implies that the sequence
SUPyco ‘QN,h(ﬂ) — Eg(X3,8) H%N’ converges to zero in probability. To establish consistency

of 3N’h, we shall show that, for any neighbourhood U of ¢y and every € > 0, there exists an

Ne(U) and an he(U) such that P (f?N’h € U) >1—eforall N > Ne(U) and h < he(U). For
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given U, we define 6(U) := infyce\ s ||IEg (X1, 8)|]}y which is strictly positive by assumptions
i) to iii). Choosing N (U) and he(U) such that

P (QN,h({vN'h) < 5(u)/2) >1—¢€/2,

P (sup |Qua(8) — [ Eg (X1, 8)|ly| < 5<u>/z) >1-¢/2,
[£S(C)

for all N > N¢(U) and h < he(U), it follows that

P (3" cu)>p (HlEg(Xl,f’N’h)HW <s(u))

s(U) o(U)
2

~N,J
>P <QN,h(19N ) < and sup |Qn(8) — [[Eg (X1, 8) || < 5
LISC)

>1—e¢,

where in the last line we used the relation P(ANB) > P(A) +P(B) — 1.

Step 3 This step is devoted to the implication that if N Qy (@N’h) is bounded in probability,
then the sequence N1/ 2(3N’h — ¥) is bounded in probability as well. The assumption

N QN,h(f?N’h) = Op(1) implies that QN,h(f’N’h) 2, 0 and therefore, by the previous step, that

f?N’h LN %o. By the mean-value theorem, there exist parameter values ¢; € ®,i=1,...,r, of
the form 97 = 9y + Cl-(f’N’h —8), 0 < ¢; <1, such that we can write

Nk

* "'N,h
NY2my p(877") =NY2my 1, (80) + Vemy (87 )NY2(37" — 8)

% ~N,h
—0L Uy, — Gy p (8N — 8y), (4.6.11)

where Gy ;(8") denotes the matrix whose ith row coincides with the ith row of G(¢;]), and
Uy, is defined in Eq. (4.6.10). By applying the triangle inequality of the norm |-|;y_ to the
vector

Gup(@)NY2@V" — 80) = QL 2Uy , — N2y, (3™

one obtains that

2

ot <]l

2 <N,h

+2NQnu(® ).
Wi
Since Uy j, converges in distribution to a standard normal and Wy} converges in proba-
bility, the first term on the right hand side of the last display converges in distribution by
Lemma 4.29 and is in particular bounded in probability. By our hypothesis, N Q N,h(f?N’h) is
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bounded in probability, and so it follows that

[Guate N 2™ — ay)

= 0,(1). (4.6.12)

It follows from the uniform convergence in probability of Gy (#) to G(¢), the fact that
o7 2, 99, and Lemma 4.31 applied to the rows of Gy, that

GN (ﬁ*)TWN,hGN,h (9") LN GOTWGO;
this in turn implies together with Eq. (4.6.12) that N1/ 2(3N’h — ¥p) is bounded in probability.

Step 4 In this last step we prove that the estimator INE = argming_q Qn i (#) is asymp-
totically normally distributed. The definition of HN implies that QN,h(éN’h ) < Qnu(do).
We have shown in the first step that N Qn (%) is bounded in probability and hence so
is N QN,h(ﬁN'h). This implies by step 2 that N is consistent and that N1/ 2(31\”’ — ) is
bounded in probability. Since IV is an extremal point of Qnj, we obtain by setting the
derivative equal to zero that GN,h(f?N'h)TWN,hN 1/ sz,h(f?N "y = 0. By combining the Taylor
expansion (4.6.11) with this first-order condition it follows that

0 = G (") Wi Q8 2Un i — G (") T Wi 4 G (87 ) N2 (8N — ).

As before one sees that Gy j, (f?N MTWy ,Gn 1 (8*) converges in probability to the non-singular
limit Gg WGy, which means that the vector

A A -1 A
NVZ2(@NI — 9) = {GN,h(ﬂN,h)TWN,hGN,h(Q*)} G (ON) T Wiy 5 Q0 *Uni

exists with probability approaching one. Since

A 1 A -1
(Gna @) WG (89| G BV Wi B |GIWGo| G W,

it follows from Lemma 4.29 that
2 —1
N'2(@V - 80) 5 [GIWGo|  Giwalu,

the limit on the right being a normally distributed random vector with covariance matrix
T = [GIWG] - GIWQWGy [GIWG] ~1 If the dimension r of the parameter space @
is equal to the dimension g of the moment vector and the matrix Gy is thus square or if

~1
W =05, it follows that T = |GJ05Go| . o
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Remark 4.32 It seems possible to extend most aspects of the asymptotic theory of the
generalized method of moments beyond the Central Limit Theorem 4.27 to deal, for example,
with non-compact parameter spaces and applications to hypothesis testing based on a
disturbed sample as in Theorem 6.2. We choose not to pursue these possibilities further at
the present stage.

In view of Lemma 4.31, assumption v) of Theorem 4.28 is satisfied if we choose Wy, =
WN,h(f’N’h), where #"" is a consistent estimator of #y, and the functions ¢ — Wi 1 (8)
converge uniformly in probability to ¢ — W(#). In this way one can construct a sequence
Wy, of weighting matrices converging in probability to ;. For this two-stage GMM
estimation procedure one has the following optimality result.

Corollary 4.33 Let """ be the estimate of & obtained from maximizing the W-norm of my ;,(9)
for any fixed q x q positive definite matrix W and let 8N be the estimate obtained from using the
random weighting matrix

-1

~ N 1 N ~ T .

WN,h:QN,h(ﬂN’h)_lleZ (Xn+e$f>,ﬂN'h) g<xn+s$f),0N'h)] . (4613)
n=1

Under the conditions of Theorem 4.28, the estimator NI is consistent and asymptotically normally
distributed. In the partial order induced by positive semidefiniteness, the asymptotic covariance

-1
matrix of the limiting normal distribution, [GOT Qy ! Go} , is smaller than or equal to the covariance
matrix obtained from every other sequence of weighting matrices Wy j,.

Proof It has been shown in the proof of Theorem 4.28 that the preliminary estimator e
is consistent and that the sequence of functions ¢ — Qy;(¢) converges uniformly in
probability to the function ¢ — Q)(#). It then follows from Lemma 4.31 that the sequence
Wy of weighting matrices converges in probability to 0!, and from Theorem 4.28 that

N is asymptotically normal with asymptotic covariance matrix

G505 Gol 6T, 1000, Gy G505 Gol = (G505 Gol o

To show that this is smaller than or equal to the asymptotic covariance matrix of an estimator
obtained from using a sequence of weighting matrices that converges in probability to the
positive definite matrix W, we must show that the matrix

A [Ggwco} T GTWOWG, [GOT WGO} e [Gg 0 1Go} o
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is positive semidefinite. To see this, it is enough to note that A can be written as
1/2 T 17 —1/2 T-1 1 ar-1/2
A = |OF?WGy (GIWGo) 1,- 0,26 (G505Go)  GiOy
-1
x {Qé/ZWGO (GOTWGO) } .

Since the factor in the middle is idempotent and therefore positive semidefinite, and since
semidefiniteness is preserved under conjugation, the matrix A is positive semidefinite. O

We can now state and prove our main result about the asymptotic properties of the general-
ized method of moments estimation of the driving Lévy process of a multivariate CARMA
process from discrete observations. This method can be used to select a suitable driving
process from within a parametric family of Lévy processes as part of specifying a CARMA
model for an observed time series. We assume that ® is a parameter space and that (Ly)sco
is a family of Lévy processes. The process Y is an Ly,-driven multivariate CARMA(p,q) pro-
cess given by a state space representation of the form (4.3.10), and we assume that h-spaced
observations Y(0),Y(h),...,Y(N + (p —q—1)h) of Y are available on the discrete time grid
(0,h,...,N+ (p—g—1)h). Based on these observed values, a set of N approximate unit

—(h
increments AL,(l ), n=1,...,N, of the driving process is computed using Eq. (4.5.37). For
each integer N and each sampling frequency h~! € IN, a generalized method of moments
estimator is defined as in Eq. (4.6.6) by

INh , (4.6.14)

WN h

= argming_q

N
n=1

where ¢ : R" x ® — RY is a moment function, and Wy, € M,(RR) is a positive definite
weighting matrix. The following theorem asserts that the sequence (8N/")y of estimators is
consistent and asymptotically normally distributed if iy is chosen such that Nhy converges
to zero.

Theorem 4.34 (GMM with X\L,Sh)) Assume that © C R’ is a parameter space, that (Lg)sco
is a parametric family of m-dimensional Lévy processes, and that Y is an Lg -driven multivariate
CARMA process satisfying Assumptions Al and A2. Denote by NI the generalized method of
moments estimator defined in Eq. (4.6.14). Assume that, for some integer k, the functions fg : x —
¢(x,9) possess a bounded kth derivative, that I || L, (1)||*
of the functions fy satisfy

is finite, and that the partial derivatives

E |0 ... 0 fo (Lo,(1))||* < oo, 1<iy,...,ix<m, 1<k<k—1 #€0O. (46.15)

Further assume that, for each x € R™, the function ¢ — g(x,®) is differentiable, that, for some
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integer 1, the functions hy : x — Vyg(x,¢) have a bounded Ith derivative, and that the partial
derivatives of hg satisfy

E |0, -... 9 hs (Lay(1)| <00, 1<iy,...,ix<m, 1<A<l—1, #€0O. (46.16)

If, in addition, assumptions i) to vi) of Theorem 4.27 are satisfied with X, replaced by Ly (1), and if
h = hy is chosen dependent on N such that Nhy converges to zero as N tends to infinity, then the
estimator 9N is consistent and asymptotically normally distributed with asymptotic covariance
matrix given in Eq. (4.6.5).

Proof It suffices to check conditions vii) to ix) of Theorem 4.28. All three conditions follow
by assumptions (4.6.15) and (4.6.16) from Lemma 4.26, which also shows that the function
in vii) can be taken as § : h ~— h!/2. Consequently, the assumption that N'/2(hy) converges
to zero from Theorem 4.28 simplifies to the requirement that Nhy converges to zero, and
the result follows. m

4.7. Simulation study

In this section we illustrate the estimation procedure developed in this chapter using the
example of a univariate CARMA(3,1) process Y driven by a Gamma process. A similar
example was considered in (Brockwell et al., 2011) as a model for the realized volatility
of DM/$ exchange rates. Gamma processes are a family of univariate infinite activity
pure-jump Lévy subordinators (I'y,(t)), g, which are parametrized by two positive real
numbers a2 and b (see, e.g., Applebaum, 2004, Examplel.3.22). Their moment generating
function is given by
u s Eelba(t — (1—bu)™™, a,b>0,

and the unit increments Iy, ,(n) — T, ,(n — 1) follow a Gamma distribution with scale param-
eter b and shape parameter a. This distribution has density

foa(x) = ()b (x/b)”—l e X/t

mean ab, and cumulative distribution function

Fya(x) = /O ' fo.a(¢)dE = r(ii(i)/b) (4.7.1)

where T'(-) and T'(-;-) denote the complete and the lower incomplete gamma function,
respectively. In contrast to the example studied in Brockwell et al. (2011), we chose to
simulate a model of order (3,1) in order to demonstrate the feasibility of approximating the
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derivatives D'Y which appear in Eq. (4.5.37). The dynamics of the CARMA process used in
the simulations are determined by the polynomials

1
P(z) =2° + 22 + %z + 5 and Q(z)=1+z,

corresponding to autoregressive roots Ay = —1 and A3 = —1+i. The process Y is
simulated by applying an Euler scheme with step size 5 x 10~* to the state space model (cf.
Theorem 4.6)

0 1 0 0
dX(t)=1] 0 0 1 |X(t)dt+ | 0 |dT2(t), (4.7.2a)
-1 _3 _9 1
2 2
Y(t):[l 1]X(t). (4.7.2b)

The initial value X (0) is set to zero. Another possibility would be to sample X (0) from the
marginal distribution of the stationary solution of Eq. (4.7.2), but since the effect of the choice
of X(0) decays at an exponential rate, this does not make a substantial difference. A typical
realization of the resulting CARMA process Y on the time interval [0,200] is depicted in
Fig. 4.1b. In the case of finite variation Lévy processes, there is a path-wise correspondence
between a CARMA process and the driving Lévy process. Since this applies in particular to
Gamma processes, it is possible to show in Fig. 4.1a the path of the driving process which
generated the shown realization of Y. Such a juxtaposition is useful in that it allows to see
how big jumps in the driving process can cause spikes in the resulting CARMA process.

400 T T T T T T T T T 9
350+ E 8r
300+

250

200 1 -
4
150 1
3
100 1
00 2

50 , 1

2,1
0
Y,

0 0

0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
t t

(@) I'p,1-process (b) I'y 1-driven CARMA(3,1) process
Figure 4.1.: Typical realization of a I'; ;-process and the corresponding CARMA(3,1) process with
dynamics given by Eq. (4.7.2)

The first step in the implementation of our estimation procedure is to approximate
the increments AI';, of the driving Gamma process from discrete-time observations of the
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CARMA process Y. For the value I = 0.01 of the sampling interval, Fig. 4.2 compares the

—(h
true increments with the approximations Al",(1 ) obtained from Eq. (4.5.37) both directly and
(n)

in terms of their cumulative distribution functions. We see that the approximations AT "

are very good for each individual increment and that therefore the empirical distribution
function of the reconstructed increments closely follows the CDF (4.7.1) of the Gamma
distribution, even if the observation period is rather short.

(Ll “%n” Lo ZOHHHH%HHN

L L L L L
30 0 2 4 6 8 10 12

(a) Bar chart of the increments of driving I'; ;-pro- (b) Cumulative distribution function of the incre-
cess. White bars represent the true increments, ments of the driving I'; 1-process. The dashed
black bars indicate the values of the estimates. line shows the true CDF given by Eq. (4.7.1), the

solid line represents the empirical distribution
function of the estimates.

Figure 4.2.: Comparison of the true increments of a Gamma process with parameters (b,a) = (2,1)
to the estimates of the increments computed via Eq. (4.5.37) from discrete observa-
tions of the I'; ;-driven CARMA(3,1) process defined by Eq. (4.7.2) on the time grid
(0,0.01,0.02,...,30)

— (i
In the next step we used the approximate increments AI",(l ) and a standard numerical
optimization routine to compute the maximum likelihood estimator

N N ()
(bN,(h)’aN,(h)) = argmax .4 cg g+ || foa (Ar,g ) , (4.7.3)

n=1

or, equivalently,

(BN,(h)/ a‘N/(l’l)> = argmin(a,b)E]R+ SR+

o ()
Y. V(60108 fa <Arn )H -
n=1

In this form, the maximum likelihood estimator falls into the class of generalized moments
estimators. From the explicit form of the function ¢ = V; ;) log fy 4, it is easy to check
that the assumptions of Theorem 4.34 are satisfied. Since in the present case, and for

maximum likelihood estimators in general, the dimension of the moment vector is equal to
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the dimension of the parameter space, the choice of the weighting matrices Wy, is irrelevant
and the estimator is always best in the sense of Corollary 4.33.

With the goal of confirming the assertions of Theorem 4.34 we first focused on consistency
and investigated the effect of finite sampling frequencies. Figure 4.3 visualizes the empirical
means and marginal standard deviations of the maximum likelihood estimator (4.7.3)
obtained from 500 independent realizations of the CARMA process Y from Eq. (4.7.2)
simulated over the time horizon [0,200] and sampled at instants (0, %, 2%, . .., N) for different
values of h. The picture suggests that the estimator <BN'(h),51N'(h)) is biased for positive
values of /1, even as N tends to infinity, but that it is consistent as & tends to zero. This is
in agreement with Theorem 4.34 and reflects the intuition that discrete sampling entails a
loss of information compared with a genuinely continuous-time observation of a stochastic
process.

1

2.6

24F

2.2

T

1.4

Figure 4.3.: Empirical means (x) and standard deviations of the estimators (19200'(h), 200" ) based

on 500 independent observations of the MCARMA process (4.7.2) on the time grid
(0,h,2h,...,200) for h € {0.5,0.1,0.05,0.01,0.005,0.001,0.0005}. The dashed lines indicate
the true parameter value (b,a) = (2,1).



158 4. Estimation of the driving Lévy process of MCARMA processes

Finally, we conducted another Monte Carlo simulation with the goal of confirming the
asymptotic normality of the maximum likelihood estimator (4.7.3). Figure 4.4 compares

the empirical distribution of the estimator (EZOO'(O'OOU, 4200,(0.001)

) to the asymptotic normal
distribution asserted by the Central Limit Theorem 4.34. The dots indicate the values of the
estimates obtained from 500 independent realizations of the CARMA process (4.7.2). The
dashed and solid straight lines show the empirical mean (1.9772,1.0217) of the estimates
and the true values (2,1) of the parameter (b, 2), respectively, which are in good agreement.

The dashed and solid ellipses represent the empirical autocovariance matrix
- 470 —14
Y= 0 > ) x 102
-1.45 0.78

of the estimates and the scaled asymptotic covariance matrix

511 —1.55
¥ /200 = x 1072,
~155 0.78

respectively. Their closeness, which is also reflected by the similarity of the two ellipses
in Fig. 4.4, means that, even for finite observation periods and sampling frequencies, the
matrix X/ N is a good approximation of the true covariance of the estimator (EN AR}, gN '(h)> ,
and it can thus be used for the construction of confidence regions. For the present example,
the inverse of the asymptotic covariance matrix X, given by Eq. (4.6.5), can be computed
explicitly as

= =~ B [V, 108 fua (Tha(1))]
_ a/b2 1/b
1/b  1(a)
(174 12
“\ 12 276 )7

where 11 denotes the trigamma function, that is the second derivative of the logarithm of
{,200,(0.001) 200,(0.001)

(b,a)=(2,1)

(ba)=(21)

the gamma function. Figure 4.4 also compares histograms of and 4 to
the densities of the marginals of the bivariate Gaussian distribution with mean (2,1) and
covariance matrix %./200. The agreement is very good, in accordance with the Central Limit

Theorem 4.34.



4.7. Simulation study 159

Figure 4.4.: Comparison of the empirical distribution of the estimator (3200'(0'001), ﬁZOO'(O'O(n)) based

on 500 realizations of the I'; ;-driven CARMA(3,1) process given by Eq. (4.7.2) to the
asymptotic distribution implied by the Central Limit Theorem 4.34
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5. Eigenvalue Distribution of Large Sample
Covariance Matrices of Linear Processes

5.1. Introduction and main result

A typical object of interest for many statistical applications is the sample covariance matrix
(n —1)7'XXT of a data matrix X = (Xit)ii=1,...,p,t =1,...,n. The matrix X can be
seen as a sample of size n of p-dimensional data vectors. For fixed p, one can show, as n
tends to infinity, that under certain assumptions, such as ergodicity of the data-generating
process, the eigenvalues of the sample covariance matrix converge to the eigenvalues of the
true underlying covariance matrix (Anderson, 2003). However, the assumption that p < n
may not be justified if one has to deal with high-dimensional data sets; often, it is more
suitable to assume that the dimension p is of the same order as the sample size n, that is
p = px tends to infinity in such a way that

lim =y € (0,c0). (5.1.1)

n—oo p

For a symmetric p X p matrix A with eigenvalues Ay,...,A,, we denote by

the spectral distribution of A, where J, denotes the Dirac measure located at x. This
means that pF4(B) is the number of eigenvalues of A that lie in the set B. From now on
we will call p~'XXT the sample covariance matrix. Because of Eq. (5.1.1) this change of
normalization can be reversed by a simple transformation of the limiting spectral distribution.
For notational convenience, we suppress the explicit dependence of the occurring matrices
on 1 and p where this does not cause ambiguity.

It was Marchenko and Pastur (1967) who first looked at the case where the entries {X;;}
are i.i.d. random variables with finite second moments EX?;, = 1. They showed that
the empirical spectral distribution (ESD) F¥'¥X" of p~1XXT converges, as n — oo, to a
non-random distribution function F, called limiting spectral distribution (LSD), given by

. 1

F(dx) = - (x4 = x)(x = x-) [y <xer,ydx, (5.1.2)

163
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and point mass F({0}) =1 —y if y < 1, where x4 = (1 £ ,/%)* Here and in the following,
convergence of the ESD means almost sure convergence as a random element of the space of
probability measures on R equipped with the weak topology. In particular, as a consequence
of the Marchenko-Pastur result, the eigenvalues of the sample covariance matrix of a matrix
with independent entries do not converge to the eigenvalues of the true covariance matrix,
which is the identity matrix and therefore only has eigenvalue one. This leads to the failure
of statistics that rely on the eigenvalues of p~' XX which have been derived under the
assumption that p is fixed, and random matrix theory is a tool to correct these statistics,
see, e. g., the introduction of Johnstone (2001). In cases where the true covariance matrix is
not the identity matrix, which means that the data are either dependent or have different
variances, the limiting spectral distribution F can in general only be characterized in terms
of a non-linear equation for its Stieltjes transform m, which is defined by

mp(z) = I;(i);) VzeCh={z=u+iveC:Imz=1v > 0}.

Conversely, the distribution F can be obtained from its Stieltjes transform m via the Stieltjes—

Perron inversion formula (Bai and Silverstein, 2010, Theorem B.8), which states that

E([a, b)) = 1 lim bImmﬁ(x +ie)dx. (5.1.3)

7T e—=01 Ja

for all continuity points a < b of f. Fora comprehensive account of random matrix theory
we refer to Anderson, Guionnet and Zeitouni (2010); Bai and Silverstein (2010); Mehta (2004)
and the references therein.

Our aim will be to obtain a Marchenko—-Pastur type result in the case where there is
dependence within the rows. More precisely, for i =1, ..., p, the ith row of X is given by a
linear process of the form

(Xit)t=1,.n = (Z CjZi,t—j) , G ER
=0

t=1,..n

Here (Z;;); is an array of independent random variables satisfying

EZ;=0, EZ} =1, and o03:=supEZ} < oo, (5.1.4)
it
and, for each € > 0,

P n
Y E(Zpsay) 20, as n— oo (5.1.5)
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Clearly, the Lindeberg-type condition (5.1.5) is satisfied if all {Z;;} are identically distributed.
The novelty of our result is that we allow for dependence within the rows, and that the

equation for mp is given in terms of the spectral density

flw)=Y y(me ™, welo2n],
heZ

only, which is the Fourier transform of the autocovariance function

v(h) =Y cicippm, heZ,
=0

of the underlying linear processes X;. Potential applications arise in contexts where data
is not independent in time such that the Marchenko-Pastur law is not a good approxi-
mation. This includes areas like wireless communications (Tulino and Verdu, 2004) and
mathematical finance (Plerou, Gopikrishnan, Rosenow, Amaral, Guhr and Stanley, 2002;
Potters, Bouchaud and Laloux, 2005). Note that a similar question is also discussed in Bai
and Zhou (2008). However, they have a different proof for the existence of the limiting
spectral distribution, which relies on a moment condition to be verified. Furthermore they
additionally assume that the {Z;;} are identically distributed so that the processes within
the rows are independent copies of each other. More importantly, their results do not yield
concrete formule except in the AR(1) case and are therefore not directly applicable. In the
context of free probability theory, the limiting spectral distribution of sample covariance
matrices of Gaussian autoregressive moving average processes is investigated in Burda,
Jarosz, Nowak and Snarska (2010).

We now present the main result of this article.

Theorem 5.1 (Limiting spectral distribution) For eachi = 1,...,p, let X;; = Z}?';O CiZit—j
t € Z, be a linear stochastic process with continuously differentiable spectral density f. Assume
that

i) the array (Z;;)i satisfies conditions (5.1.4) and (5.1.5),

ii) there exist positive constants C and & such that |cj| < C(j+1)717°, forall j > 0,
iii) for almost all A € R, f(w) = A for at most finitely many w € [0, 27|, and
iv) f'(w) # 0 for almost every w.

Then the empirical spectral distribution FpXXT of p'XXT converges, as n tends to infinity,
almost surely to a non-random probability distribution function F with bounded support. Moreover,
there exist positive numbers A_, A, such that the Stieltjes transform z v~ mp(z) of F is the unique
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mapping C* — C™ satisfying

A
— 24 l/ EEETLIN NP (5.1.6)
mﬁ(z) 2 A 1 —|—/\m1§(Z) we[O,Zn]:f(w):A |f (w>‘

The assumptions of the theorem are met, for instance, if (X;;); is an ARMA or fractionally
integrated ARMA process; see Section 5.3 for details.

Theorem 5.1, as it stands, does not contain the classical Marchenko-Pastur law as a special
case. For if the entries X;; of the matrix X are i.i.d., the corresponding spectral density f is
identically equal to the variance of X; 1, and thus condition iv) is not satisfied. We therefore
also present a version of Theorem 5.1 that holds if the rows of the matrix X have a piecewise
constant spectral density.

Theorem 5.2 (Limiting spectral distribution) For each i = 1,...,p, let X;; = Z}?‘;O CiZit—j,
t € Z, be a linear stochastic process with spectral density f of the form

k
f:0027n] 5 R, we= Y ajls(w), keN, (5.1.7)
j=1

for some positive real numbers «; and a measurable partition Ay U - - - U A of the interval [0,27].
If conditions i) and ii) of Theorem 5.1 hold, then the empirical spectral distribution pr XX of
p~1XXT converges, as n — oo, almost surely to a non-random probability distribution function F
with bounded support. Moreover, the Stieltjes transform z +— mp(z) of F is the unique mapping
C* — C™ that satisfies

k .
T A R L (5.1.8)

where |A;| denotes the Lebesgue measure of the set A;. In particular, i the entries of X are i.i.d.
with unit variance, one recovers the limiting spectral distribution (5.1.2) of the Marchenko—Pastur
law.

Remark 5.3 In applications one often has X;; = p + };2 ¢;Z;—; with non-zero mean y # 0.
Denote by x; € R” the tth column of X, and define the empirical mean ¥ = p_l Yo Xt
Then one rather considers p~' Y, (x; — X)(x; — X)T instead of p~!XXT. However, by Bai
and Silverstein (2010, Theorem A.44), these two matrices have the same LSD, and thus
Theorems 5.1 and 5.2 remain valid in this case.

Remark 5.4 The proofs of Theorems 5.1 and 5.2 can easily be generalized to cover non-causal
processes, where X;; = Z]?"’:,oo ¢jZi;—j is given as a two-sided moving average. For this
case one obtains the same results, except that the autocovariance function is now given by

oo
Y= o0 CiCjt[n|-
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Remark 5.5 If one considers a matrix X with independent linear processes in the columns
instead of the rows, one gets the same formulee as in Theorems 5.1 and 5.2, except that y
is replaced by y~!. This is due to the fact that X' X and XX have the same non-trivial
eigenvalues.

Remark 5.6 If the assumption that the entries of the matrix X have finite second moments
is dropped, the asymptotic behaviour of the eigenvalues of the sample covariance matrix
p~1XX changes drastically, even in the i.i.d. case. For an introduction to the spectral
analysis of heavy-tailed random matrices we refer the reader to Auffinger, Ben Arous and
Péché (2009); Belinschi, Dembo and Guionnet (2009); Ben Arous and Guionnet (2008), and
the references therein.

Remark 5.7 An interesting open problem is to describe the limiting distribution of the largest
eigenvalue of the sample covariance matrix p~! XX if the rows of X consist of independent
linear processes. It is expected to find a variant of the Tracy—Widom distribution, which
describes the largest eigenvalue in the classical random matrix ensembles with i.i. d. entries
(Tracy and Widom, 1994, 1996), but also occurs in a variety of seemingly unrelated stochastic
growth models (Borodin, Ferrari, Prahofer and Sasamoto, 2007; Prahofer and Spohn, 2000).

Outline of the chapter In Section 5.2 we proceed with the proofs of Theorems 5.1 and 5.2.
Thereafter we present some interesting examples in Section 5.3.

Notation We write E and Var for the expected value and the variance, respectively, of a
random variable. The symbol tr S denotes the trace of a quadratic matrix S. The ESD of a
matrix sequence S = S, is denoted by F 5 and their weak limit, provided that it exists, by £s.
The notation I &) is used for the indicator of an expression £, which, by definition, equals
one if £ is true, and zero otherwise.

5.2. Proofs

In this section we present a proof of Theorems 5.1 and 5.2. It turns out to be difficult to deal
with infinite-order moving average processes directly, and we therefore first prove a variant
of these theorems for the truncated processes }Nii,t = 2]7‘1:0 ¢jZii—j. We also define the matrix

X=Ximi=1,...,p,t=1,...,n

Proposition 5.8 Under the assumptions of Theorem 5.1 (Theorem 5.2), the empirical spectral dis-
15T ~

tribution FP~' XX of the sample covariance matrix of the truncated process X converges, as n tends

to infinity, to a deterministic distribution with bounded support. Its Stieltjes transform is uniquely
determined by Eq. (5.1.6) (Eq. (5.1.8)).
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Proof The proof starts with the observation that one can write X = ZH, where Z = (Zit)it,
i=1,...,p,t=1—mn,...,n, and

Cn 0 0
Cn—1 Cn
H=| “ | e e (5.2.1)
Co €1 - Cp1 ’ o
Co
0 e 0 o

In particular, XX T = ZHH"Z". In order to prove convergence of the empirical spectral
distribution FP"' XX and obtain a characterization of the limiting distribution, it suffices, by
Pan (2010, Theorem 1), to prove that the spectral distribution F HHT of HHT converges to a
non-trivial limiting distribution. This will be done in Lemma 5.9, where the LSD of HH is
shown to be given by F HHT 160 + 3 FT; the distribution FT is computed in Lemma 5.10 if
we impose the assumptions of Theorem 5.1, respectively in Lemma 5.11 if we impose the
assumptions of Theorem 5.2. Inserting that expression for £ HH jnto equation (1.2) of Pan
(2010) shows that the ESD FVﬁlXXT converges, as 1 — co, almost surely to a deterministic
distribution, which is uniquely determined by the requirement that its Stieltjes transform

z — m(z) satisfies

1 At A AT Av A R
=—-z42 —— _dFfiH — —— _dFt. 2.2
m(z) 2t ]///\_ 1+ Am(z) 2ty A~ 1+ Am(z) (6-2.2)

Using the explicit formulee for the LSD F' computed in Lemmata 5.10 and 5.11, one obtains

Egs. (5.1.6) and (5.1.8). Uniqueness of a mapping m : C* — C™ solving Eq. (5.2.2) was
shown in Bai and Silverstein (2010, p. 88). We complete the proof by arguing that the
LSD of pfl)NQ?T has bounded support. For this it is enough, by Bai and Silverstein (2010,
Theorem 6.3), to show that the spectral norm of HH T js bounded in 7, which is also done in
Lemma 5.9. m|

Lemma 5.9 Let H = (Cy—iyjl{o<n—itj<n} )ij be the matrix appearing in Eq. (5.2.1) and assume that
there exist positive constants C, 8 such that |cj| < C(j +1)7'7° (assumption ii) of Theorem 5.1).
Then the spectral norm of the matrix HH is bounded in n. If, moreover, the spectral distribution
of T = (7(i — j))ij converges weakly to some limiting distribution F, then the spectral distribution

T A
FHH converges weakly, as n — oo, to %(50 + %Fr.
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Proof We first introduce the notation H := HHT € IR*"*2" as well as the block decomposition

2y — [ Hii Hio

, Hij e R
M %22] ’

We prove the second part of the lemma first. There are several ways to show that the spectral
distributions of two sequences of matrices converge to the same limit. In our case, it is
convenient to use Bai and Silverstein (2010, Corollary A.41), which states that two sequences
A, and By, either of whose empirical spectral distribution converges, have the same limiting
spectral distribution if n~!tr(A, — B,)(A, — B,)T converges to zero as n — co. We shall
employ this result twice: first to show that the LSDs of H = HH” and H = diag(0, H22)
agree, and then to prove equality of the LSDs of the matrices H2, and I'. Let

Ay =n""tr(H—H)(H-H); (5.2.3)

a direct calculation shows that Ay = n~ [tr ’HH’H + 2tr 7—[127—[12} and we will consider
each of the two terms in turn. From the definition of H it follows that the (i, j)th entry of
H is given by Hi = Y1, Cn—i-+kCn—j+kl{max (i,j)—n<k<min (i,j)}- The trace of the square of the
upper left block of H therefore satisfies

n n [min (i) 2
tr’HHHﬂ = Z {Hl]} = Z [ Z Cn—i+kCn ]+k]
ij=1 =1L k=1
n
Z |Gk 1HC]+k lleiri- 1HC]+1 1
=
4 f 1-6,-1-67—1-67.—1-6
<C /Y B B S
ijl=2

where {(z) denotes the Riemann zeta function. As a consequence, the limit of n~! tr Hy1 H1;,
as n tends to infinity, is zero. Similarly, we obtain for the trace of the square of the off-
diagonal block of H

n 2n B n n+i 2
tI'/lefH{ZZ Z Z {Hl]} Z Z Z Cn—i+kCn— ]+k]

i=1j=n+1 i=1j=n+1 |k=j—n
n n n—i+ln—itl
< Z Z Citk—1Ck—jCi4+1—1C1—j
i=1j=1 k=j I=j
n n n n
<222 ) leisrsjallerlesyjalles|
i=1j=1r=0s=0
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n+1

<t ¥

i,j,r,5=1
<[cz(1+6)*

i71757717557175j7175

4

which shows that the limit of n~ ! tr 7—[12%1TZ, as n — o9, is zero. It thus follows that Ay, as
defined in Eq. (5.2.3), converges to zero as n — oo, and, therefore, that the LSDs of H and
H = diag(0, Ha2) coincide. The latter is clearly given by F H— %(50 + %FHZZ, and we show
next that the LSD of H», agrees with the LSD of T' = (y(i — j));;. As before, it suffices to
show, by (Bai and Silverstein, 2010, Corollary A.41), that A = n~ ' tr(Hyp —T)(Hp —T)7T
converges to zero as n — co. It follows from the definitions of the matrices # and I’ that
nAr is given by

r q92
n n
nAr = Z Z Ck—iCk—j — Z Ck—1Ck+|i—j| -1
i,j=1 [ k=max (i,j) k=1
n I n ) i
=) Y GheiCk-j— ), CkeiCkj
i,j=1 [ k=max (i,j) k=max (i,j)
n
= Z Z Chkti—1Ck+j—1C1+i—-1C14j-1
i,j=1k1=1
n+1l oo .
<C4 Z Z iflfdjflfékflfélflfé < [Cg(l +5)]
ij=2k1=2

Consequently, the sequence Ar converges to zero as n goes to infinity, and it follows that
M = 1gy+ 1ET.

In order to show that the spectral norm of # = HH' is bounded in 1, we use Gerschgorin’s
circle theorem (Gerschgorin, 1931, Theorem 2), which states that every eigenvalue of H lies
in at least one of the balls B(H, R;) with centre 7" and radius R;, i = 1,...,2n, where the
radii R; are defined as R; = Zjii ]’Hij ’ We first note that the centres satisfy

B min{i,n} n
H' = n i+k Z Cg 2 + 25)]
k=max{1,i—n} k=0
To obtain a uniform bound for the radii R;, we first assume thati = 1,...,n. Then
n min{i,j} i
[Ri| < 2 2 |Cnivkllen— ]+k|+ Z E |en—itkllen— ]+k|
j=n+lk=j—n
n 2n—i n—j

[CZ(1+6)]

<Y lensivkllejnaal + Y, Y lorsiller] <2

jk=1 j=n+1—i k=0
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Similarly we find that, fori =n+1,...,2n,

n

J 2n
IRil| <Y Y. lenivkllen—jel + ) ) |Cn—ivl[Cn—jskl

n

j=lk=i—n j=n+1k=max{i,j}—n

i—1 nt+l—j 2n  n—max{ij}

Z lCesjllel + ) Z |kl |cxsjj—i
=i—n k= j=n+1 k=0

j 0
<3[CZ(1+0)) < oo
is bounded, which completes the proof. o

In the following two lemmata, we argue that the distribution FT exists and we prove explicit
formulee for it in the case that the assumptions of Theorem 5.1 or Theorem 5.2 are satisfied.

Lemma 5.10 Let (c;); be a sequence of real numbers, vy : h — Y 2qciciyyy and f @ w —
Yhez y(W)e . Under the assumptions of Theorem 5.1 it holds that the spectral distribution
FF of T = (7(i — j))ij converges weakly, as n — oo, to an absolutely continuous distribution Ff
with bounded support and density

1 1

(A, AL) > RY, A — S
g: (o) 2, b P

(5.2.4)

Proof We first note that under assumption ii) of Theorem 5.1 the autocovariance function 7y
is absolutely summable because

Yl < ¥ Y- lejlleenl <C* Y 71070 < [CE(1+ 6]
h=0 h=0j=0 h,j=1

Szeg®’s first convergence theorem, which can be found in Grenander and Szeg6 (1984) or
Gray (2006, Corollary 4.1), then implies that FT exists, and that the cumulative distribution
function of the eigenvalues of the Toeplitz matrix I' associated with the sequence h +— 7y (h)
is given by

1

27
G(A) = 5 /O I fpenydeo = %Leb({w € 10,27 : f(w) <A}) (52.5)

for all A such that the level sets {w € [0,27] : f(w) = A} have Lebesgue measure zero. By
assumption iii) of Theorem 5.1, Eq. (5.2.5) holds for almost all A. In order to prove that the
LSD FT is absolutely continuous with respect to the Lebesgue measure, it suffices to prove
that the cumulative distribution function G is differentiable almost everywhere. Clearly, for
AL >0,

G(A+AA) —G(A) = %Leb({w € 10,271 : A < F(w) <A+ DAY,
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Due to assumption iv) of Theorem 5.1, the set of all A € R such that the set {w :€ [0,271] :
f(w) = Aand f'(w) = 0} is non-empty is a Lebesgue null-set. Hence, it is enough to
consider only A for which this set is empty. Let f~}(A) = {w: f(w) = A} be the pre-image
of A, which is a finite set by assumption iii). The Implicit Function Theorem then asserts that,
for every w € f~1(A), there exists an open interval I, around w such that f restricted to I, is
invertible. It is no restriction to assume that these I, are disjoint. By choosing AA sufficiently
small it can be ensured that the interval [A, AA] is contained in ,cf-1(n) f(Lw), and from
the continuity of f it follows that outside of Uyef-1()) Lo, the values of f are bounded away
from A, so that

. 1
lim = [G(A+A4) = G(M)

~ L im 1Leb( U {w'eIw:A<f(w’)<A+AA})

27T AA—0 AA wef 0

1 /
wEfZ:( )Al)lgloA/\Leb({w €ly: A< f(w)<A+AA}).

_1
27

In order to further simplify this expression, we denote the local inverse functions by
fol: f(I,) — [0,27]. Observing that the Lebesgue measure of an interval is given by its
length and that the derivatives of f,;! are given by the inverses of the derivative of f, it
follows that

lim = [G(A+AA) — G(A)]

A—0 AN

1

2 L AIH)M‘fw (A+AA) — £ ()
wef~1(A)

1

5 L |gifeo)

27rw€f_1(A) da-¢

1oy

27 o IF (@]

This shows that the function G is differentiable Lebesgue-almost everywhere with derivative

given by
A 1 Z 1
o @)
It remains to argue that the support of the lirniting spectral distribution F! is bounded. The
absolute summability of the autocovariance function 7(-) implies boundedness of its Fourier
transform f. The claim then follows from Eq. (5.2.5), which shows that the support of g is
equal to the range of f. o
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Lemma 5.11 Let f : w — Z;‘:l ajla;(w) be the piecewise constant spectral density of the linear

process X; = }2gcjZi—j, t € R, and denote the corresponding autocovariance function by 7y :

h — wa:o ¢iCjyn)- Under the assumptions of Theorem 5.2 it holds that the spectral distribution

FT of the Toeplitz matrix T = (7y(i — j));j converges weakly, as n — oo, to the distribution FT =
—-1yvk

(2m)~1 Y1 [Aj|0n;-

Proof Without loss of generality we may assume that the numbers a1 < ... < a; are sorted
in increasing order. As in the proof of Lemma 5.10 one sees that the limiting spectral
distribution F' exists, and that FT'(—oo, ) is given by

k
G(A) = %Leb({w e 0,27 : f(w) < A}), VA € 0,27\ | {a;}.

j=1
The particular structure of f thus implies that G(A) = (277)~! Z;{i 1 |Aj], where k) is the
largest integer such that a;, < A or zero if no such integer exists. Since G must be right-
continuous, this formula holds for all A in the interval [0,27t]. It is easy to see that the
function G is the cumulative distribution function of the discrete measure (277) ! 2;‘:1 | Aj|6;,
which completes the proof. i

We can now complete the proofs of our main theorems.

Proof (of Theorems 5.1 and 5.2) It is only left to show that the truncation performed in
Proposition 5.8 does not alter the LSD, that is that the difference of FrXXT gnd proXX
converges to zero almost surely. Again, by Bai and Silverstein (2010, Corollary A.42), this
means that we need to show that

plz r(XxT + XX) p12 (X — X)(X - X)T) (52.6)

=1 =II

converges to zero. To this end we show that I has a limit and that II converges to zero, both
almost surely. By the definition of X and X we have

[oe]

=y Yy %
t=1k=n+1m=n

1 p
|

CkCmZit—kLit—m-
1

-

We shall first prove that the variances of II are summable. For this purpose we need
the following two estimates which are implied by the Cauchy-Schwarz inequality, the
assumption that oy = supi,tIEZ;%t < oo, and the assumed absolute summability of the
coefficients (c;);:

2
\ckemZip—kZij—m| < pn (Z ’Ck\> < 0o, (5.2.7a)
k=1
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p n o)
E Y Y Y lccncucwZiiZionZosiZip-wl.
i,i'=1=1t,t'=1kk' ,mm' =1

4
<(np)?oy (Z yck\> < oo. (5.2.7b)
k=1

Therefore we can, by Fubini’s theorem, interchange expectation and summation to bound

the variance

[ee]

n
Yo Y ckemewenwB(Zip i Zip—mZiy -k Ziy—m)-
P=1 kK

m,m

1
Var(1II) < Z
'=1t, ,=n+1

Considering separately the terms where either i = i’, or else i # i’, we can write

1 p n o0
Var(II) <74 Z Z Z CkaCk/Cm/]E(Zi,t,kzi,t_mzi/,y,k/Zi//t/,m/)
P™iisier=1 kp
i ="
1 14 n 0
+=Y )Y Y ccmewewB(Zip i Zip—mZip i Ziy—m)-

For the expectation in the first sum not to be zero, k must equal m and k" must equal 7/, in
which case its value is unity. The expectation in the second term can always be bounded by
o4 so that we obtain

2 4
Var(Il) < Pizpnz < ) C%) + o4 pn ( ) ck> :
p ] 2 e
Due to Eq. (5.1.1) and assumption ii) that the coefficients (cx) decay at least polynomially as
k=179, there exists a constant K such that the right hand side is bounded by Kn~!~%, which

implies that

(e ]

ZWar (I1) Z RS

and therefore, by the Borel-Cantelli lemma, that II converges to a constant almost surely.To
show that this constant is zero, it suffices to show that the expectation of II converges to
zero. Since EZ;; = 0, and the {Z;;} are independent, one sees, using Eq. (5.2.7a), that

E(II) = np~! ) 2,

k=n+1

which converges to zero because the coefficients {cy} are square-summable.

We now consider factor I of expression (5.2.6). With the definition Ax = XX T_XX T we
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obtain that 1 .
[= (a0 +2 5 r(XX'). (5.2.8)

=la :Ib
Because of

n 0] o0
XXN)u=Y X =YY Y acnZis«Zit-m

and, similarly,

we have that

Mw:

tr(Ax) = [(XXT>1‘1‘ - (JNQN(T)n}

Il
—

o] n

n oS} P n [}
Yo N ) acnZipwZip-m+2Y.Y ) ckemZit—kZip-m-  (5.2.9)

t=1k=n+1m=n-+1 i=1t=1k=n+1m=1

I
M=

Il
—_

=II—0 a.s.

Equation (5.2.7b) allows us to apply Fubini’s theorem to compute the variance of the second
term in Eq. (5.2.9) as

which is, by the same reasoning as we did for II, bounded by

2 2
[e] n
404%712 ( Z Ck> <Z cm> <Kn 7%
P k=n+1 m=1

for some positive constant K. Clearly, this is summable in n. Having, by Eq. (5.2.7a), expected
value zero, the second term of Eq. (5.2.9), and therefore also tr(Ax), both converge to zero
almost surely. Thus, we only have to look at the contribution of I}, in expression (5.2.8). From
T
Fp‘lXX

Proposition 5.8 we know that converges almost surely weakly to some non-random

distribution F' with bounded support. Hence, denoting by A,..., A, the eigenvalues of

p1XX,

s p T .
I = S tr <1XX>:12Ai://\dF;XX—>//\dF<oo
p o \p p =

almost surely. It follows that, in Eq. (5.2.6), factor I is bounded and factor II converges to
zero, and so the proof of Theorems 5.1 and 5.2 is complete. |
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5.3. lllustrative examples

For several classes of widely employed linear processes, Theorem 5.1 can be used to obtain
an explicit description of the limiting spectral distribution. In this section we consider the
class of (fractionally integrated) autoregressive moving average (ARMA) processes. The
distributions we obtain in the case of AR(1) and MA(1) processes can be interpreted as
one-parameter deformations of the classical Marchenko-Pastur law.

o 5 10 15 20
N

@y=1 (b)y=3 ©y=5

Figure 5.1.: Limiting spectral densities A — p(A) of p7!XXT for the MA(1) process X; = Z; + 8Z; 1
for different values of # and y = n/p
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A A
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Figure 5.2.: Limiting spectral densities A + p(A) of p~'XXT for the AR(1) process X; = ¢X; 1 + Z;
for different values of ¢ and y = n/p

5.3.1. Autoregressive moving average processes

Given polynomials a : z +— 1+ a1z +...apz" and b : z +— 1+ b1z + ... + byz9, an ARMA(p,q)
process X with autoregressive polynomial 2 and moving average polynomial b is defined as
the stationary solution to the stochastic difference equation

Xi + alXt_l 4+...+ apthp =/:+ blzt_l 4+...+ bthfq, te Z.
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If the zeros of a lie outside the closed unit disk, it is well known that X has an infinite-order
moving average representation X; = }.° ¢;Z;—;, where {c;} are the coefficients in the power
series expansion of b(z)/a(z) around zero. It is also known (Brockwell and Davis, 1991,
§13.2) that there exist positive constants p < 1 and K such that |c;j| < Kp/, so that assumption
ii) of Theorem 5.1 is satisfied. While the autocovariance function of an ARMA process does
not in general have a simple closed form, its Fourier transform, i. e. the spectral density of
the ARMA process X, is given by

, w e 0,2n). (5.3.1)

Since f is rational, assumptions iii) and iv) of Theorem 5.1 are satisfied as well. In order to
compute the LSD of T, it is necessary, by Lemma 5.10, to find the roots of a trigonometric
polynomial of possibly high degree, which can be done numerically.

We now consider the special case of the ARMA(1,1) process X; = ¢X;_ 1+ Z; + 0Z;_4,
|@| < 1, for which one can obtain explicit results. By Eq. (5.3.1), the spectral density of X is
given by

1+ 8%+ 28 cosw

flw) = 1+ ¢ 2 cosw’ € [0,2m].

Equation (5.2.4) implies that the LSD of the autocovariance matrix I" has a density g given by

1 1
SN =2z n ) @)

1
(0 + M) V(I + 02 —A(l— 9 A1+ 97— (1-9

B I a)(A),

where
(1+ 19)2

A =min(A,A"), AL =max(A7,AT), At =_——"2
( ) + ( ) (1:F§0)2

By Theorem 5.1, the Stieltjes transform z > m, of the limiting spectral distribution of
p~1XXT is the unique mapping m : C* — C7 satisfying the equation

—zt / 1+/\mZ

— a4+ Y (5.3.2)

ﬂmz—q)
_ (0 +¢)(1+89)y .
(Bme — @) VI(1 = 9)? + m(1+ 97 [(1 + ¢)> + m=(1 - 8)?]

This is a quartic equation in m, = m(z), which can be solved explicitly. An application of the
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Stieltjes inversion formula (5.1.3) then yields the limiting spectral distribution of p~'XX7.

If one sets ¢ = 0, one obtains an MA(1) process; plots of the densities obtained in this case
for different values of y and ¢ are displayed in Fig. 5.1. Similarly, the case ¢ = 0 corresponds
to an AR(1) process; see Fig. 5.2 for a graphical representation of the densities one obtains
for different values of y and ¢ in this case. For the special case ¢ = 1/2, & = 1, Fig. 5.3
compares the histogram of the eigenvalues of p~' XX with the limiting spectral distribution
obtained from Theorem 5.1 for different values of y.

0.2 f
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Figure 5.3.: Histograms of the eigenvalues and limiting spectral densities A — p(A) of p~ XX for
the ARMA(1,1) process X; = +X;_1 + Z; + Z;_1 for different values of y = 1/p, p = 1000

Equation (5.3.2) for the Stieltjes transform of the limiting spectral distribution of the sample
covariance matrix of an ARMA(1,1) process should be compared to Bai and Zhou (2008, Eq.
(2.10)), where the analogous result is obtained for an autoregressive process of order one.
They use the notation ¢ = lim p/n and consider the spectral distribution of n~!XXT instead
of p~1XXT as we do. If one observes that this difference in the normalization amounts to a
linear transformation of the corresponding Stieltjes transform, one obtains their result as a
special case of Eq. (5.3.2).

5.3.2. Fractionally integrated ARMA processes

In many practical situations, data exhibit long-range dependence, which can be modelled
by long-memory processes. Denote by B the backshift operator and define, for d > —1, the
(fractional) difference operator by
© Jk—1—-d_; .
vi — (1- B)d = Z(:),DTB]' B/ X; = X;_j.
j=0k=1

A process (X;); is called a fractionally integrated ARMA(p,d,q) processes with p,q € N
and d € (—1/2,1/2) if (V?X;); is an ARMA(p,q) process. These processes have a polyno-

mially decaying autocorrelation function and therefore exhibit long-range-dependence, cf.
Brockwell and Davis (1991, Theorem 13.2.2) and Granger and Joyeux (1980); Hosking (1981).
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We assume that d < 0, and that the zeros of the autoregressive polynomial a of (V9X;); lie
outside the closed unit disk. Then it follows that X has an infinite order moving average
representation X; = Z}io ¢jZi—j, where the (cj) j have, in contrast to our previous examples,
not an exponential decay, but satisfy K;(j + 1)1 < ¢ < Ka(j + 1)4-1 for some Ki, K, > 0.
Therefore, if d < 0, one can apply Theorem 5.1 to obtain the limiting spectral distribution of
the sample covariance matrix of a FICARMA(p,q,d) process using that the spectral density
of (X;); is given by

11 —eTw _Zd, w € [0,27].







6. Limiting Spectral Distribution of a New
Random Matrix Model with Dependence
across Rows and Columns

6.1. Introduction

Random matrix theory studies the properties of large random matrices A = (A;;);; € KF*",
where K is usually either R or C, but can also denote a different field. In this chapter, the
entries A;; are supposed to be real random variables unless specified differently. Commonly,
the focus is on asymptotic properties of such matrices as their dimensions tend to infinity.
One particularly interesting object of study is the asymptotic distribution of the singular
values. Since the squared singular values of A are the eigenvalues of AAT, this is often
done by investigating the eigenvalues of AAT, which is called a sample covariance matrix.
The spectral characteristics of a p X p matrix S are conveniently studied via the empirical
spectral distribution of S, which is defined as

FS ==Y 4, 6.1.1)

where {A4,..., Ap} are the eigenvalues of S, and ¢, denotes the Dirac measure located at
x. For some set B C R, the figure F°(B) is the number of eigenvalues of S that lie in B.
The measure F° is considered a random element of the space of probability distributions
equipped with the weak topology, and we are interested in its limit as both 7 and p tend to
infinity such that the ratio p/n converges to a finite positive limit y.

The first result of this kind can be found in the remarkable paper Marchenko and Pastur
(1967). They showed that F plAAl converges to a non-random limiting spectral distribution
ErtAAT if a1l Ajj are independent, identically distributed, centred random variables with
finite fourth moment. Interestingly, the Lebesgue density of F plAAT g given by an explicit
formula which only involves the ratio y and the common variance of A;; and is therefore
universal with respect to the distribution of the entries of A. Subsequently (Wachter, 1978;
Yin, 1986), the same result has been obtained under the weaker moment condition that
the entries A;; have finite variance. The requirement that the entries of A be identically
distributed has later been relaxed to a Lindeberg-type condition, cf. Eq. (6.2.3). For more

181
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details and a comprehensive treatment of random matrix theory we refer the reader to the
text books Anderson et al. (2010); Bai and Silverstein (2010); Mehta (2004).

Recent research has focused on the question to what extent the assumption of inde-
pendence of the entries of A can be relaxed without compromising the validity of the
Marchenko—Pastur law. In Aubrun (2006) it was shown that for random matrices A whose
rows are independent IR"-valued random variables uniformly distributed on the unit ball of
1;(R"), g > 1, the empirical spectral distribution F plAAT gl converges to the law obtained
in the i.i. d. case. The Marchenko—-Pastur law is, however, not stable with respect to more
substantial deviations from the independence assumptions. A very useful tool to characterize
the limiting spectral distribution in random matrix models with dependent entries is the
Stieltjes transform, which, for some measure y on IR, is defined as the map

s, :CT = C", su(z) = a P;(iitz)

A particular, very successful random matrix model exhibiting dependencies within the rows
was investigated already in Marchenko and Pastur (1967) and later in greater generality
in Pan (2010); Silverstein and Bai (1995): they modelled dependent data via a linear trans-
formation of independent random variables, which led to the study of the eigenvalues of
random matrices of the form AHAT, where the entries of A are independent, and H is a
positive semidefinite population covariance matrix whose spectral distribution converges
to a non-random limit F¥. They found that the Stieltjes transform of the limiting spectral
distribution of p"!AHAT can be uniquely characterized as the solution of a certain integral
equation involving only F¥ and the ratio y = lim p/n. Another approach, which has been
suggested in Bai and Zhou (2008) and further pursued in Chapter 5, is to model the rows of
A independently as stationary linear processes with independent innovations. This structure
is particularly interesting because the class of linear processes includes many practically rel-
evant time series models, such as (fractionally integrated) ARMA processes, as special cases.
The main result of Chapter 5 shows that for this model the limiting spectral distribution
depends only on y and the second-order properties of the underlying linear process in form
of its autocovariance function.

All results for independent rows with dependent row entries also hold with minor
modifications for the case where A has independent columns with dependent column
entries. This is due to the fact that AAT and AT A have the same non-zero eigenvalues.

In contrast to what has been said so far, there are only few results dealing with random
matrix models where the entries are dependent across rows and columns. The case where A
is the result of a two-dimensional linear filter applied to an array of independent complex
Gaussian random variables is considered in Hachem et al. (2005). They use the fact that

A can be transformed to a random matrix with uncorrelated, non-identically distributed
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entries. Because of the assumption of Gaussianity, the entries are in fact independent, and
so an earlier result by the same authors (Hachem, Loubaton and Najim, 2006) can be used to
obtain the asymptotic distribution of the eigenvalues of p~!AA*. In the context of operator-
valued free probability theory, Rashidi Far, Oraby, Bryc and Speicher (2008) succeeded
in characterizing the limiting spectral distribution of block Wishart matrices through a
quadratic matrix equation for the corresponding operator-valued Stieltjes transform.

A parallel line of research focused on the spectral statistics of large symmetric or Hermitian
square matrices with dependent entries, thus extending Wigner’s seminal result for the i.i.d.
case (Wigner, 1958). Models studied in this context include random Toeplitz, Hankel and
circulant matrices (Bose, Subhra Hazra and Saha, 2009; Bryc, Dembo and Jiang, 2006; Meckes,
2007, and references therein), as well as approaches allowing for more general dependency
structures (Anderson and Zeitouni, 2008; Hofmann-Credner and Stolz, 2008).

Chapter 5 dealt with sample covariance matrices of high-dimensional stochastic processes,
the components of which are modelled by independent infinite-order moving average
processes with identical second-order characteristics. In practice, it is often not possible
to observe all components of such a high-dimensional process, and the sample covariance
matrix can then not be computed. To solve this problem when only one component is
observed, it seems reasonable to partition one long observation record of that observed
component of length pn into p segments of length 7, and to treat the different segments as if
they were records of the unobserved components. We show that this approach is valid and
leads to the correct asymptotic eigenvalue distribution of the sample covariance matrix if
the components of the underlying process are modelled as independent moving averages.

We are thus led to investigate a model of random matrices X whose entries are dependent
across both rows and columns, and which is not covered by the results mentioned above.
The entries of the random matrix under consideration are defined in terms of a single linear
stochastic process, see Section 6.2 for a precise definition. Without assuming Gaussianity
we prove almost sure convergence of the empirical spectral distribution of p~!XX7 to
a deterministic limiting measure and characterize the latter via an integral equation for
its Stieltjes transform, which only depends on the asymptotic aspect ratio of the matrix
and the second-order properties of the underlying linear process. Our result extends the
class of random matrix models for which the limiting spectral distribution can be identified
explicitly by a new, theoretically appealing model. It thus contributes to laying the ground for
further research into more general random matrix models with dependent, non-identically
distributed entries.

Outline of the chapter In Section 6.2 we give a precise definition of the random matrix
model we investigate and state the main result about its limiting spectral distribution. The
proof of the main theorem as well as some auxiliary results are presented in Section 6.3.

Finally, in Section 6.4, we indicate how our result could be obtained in an alternative way
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from a similar random matrix model with independent rows.

Notation Throughout, we use E and Var to denote the expected value and variance,
respectively, of a random variable. Where convenient, we also write y1 x and pp x for the
tirst and second moment, respectively, of a random variable X. The symbol 1,,, m a natural
number, stands for the m x m identity matrix. For the trace of a quadratic matrix S we write
tr S. For sequences of matrices (S;,), we will suppress the dependence on n where this does
not cause ambiguity; the sequence of associated spectral distributions, see Eq. (6.1.1), is
denoted by F S, and for their weak limit, provided that it exists, we write £S. Tt will also be
convenient to use asymptotic Landau notation: for two sequences of real numbers (a,),,
(bn)n, we write a, = O(by,) to indicate that there exists a constant C, which is independent
of n, such that a, < Cb, for all n. We denote by Z the set of integers, and by IN, R, and C
the sets of natural, real, and complex numbers, respectively. Im z stands for the imaginary
part of a complex number z, and C™ is defined as {z € C : Imz > 0}. The indicator of an

expression £ is denoted by I;¢, and defined to be one if £ is true, and zero otherwise.
6.2. A new random matrix model
For a sequence (Z;);cz of independent real random variables and real-valued coefficients

(¢j)jenuqoy, the linear process X = (X;)icz is defined by X; = Y20 ¢jZt—j. Based upon this
process the p x n matrix X is defined as

X1 oo Xy
X1 .. Xon

X = (Xit)it = (X(i—1)nst)it = . , e RPX", (6.2.1)
Xpotyss - Xpm

The interesting feature about this matrix X is that its entries are dependent across both
rows and columns. Moreover, in contrast to the models considered in Bai and Zhou
(2008); Hachem et al. (2006) and Chapter 5, not all entries far away from each other are
asymptotically independent. For example, the correlation between the entries X;, and
Xit11,i=1,...,p—1, does not depend on n. This makes the matrix X a fascinating object
to study. We will investigate the asymptotic distribution of the eigenvalues of p~! XX as
both p and n tend to infinity such that their ratio p/n converges to a finite, positive limit y.
We assume that the sequence (Z;); satisfies

EZ; =0, EZ?=1, and o04:=supEZ} < oo, (6.2.2)
t
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and that the following Lindeberg-type condition is satisfied: for each € > 0,

1
o Y E(Z(zseny) 20, as n— oo (6.2.3)
t=1

Clearly, condition (6.2.3) is satisfied if all {Z;} are identically distributed, but that is not
necessary. As it turns out, the limiting spectral distribution of p~!XX" depends only on y
and the second-order structure of the underlying linear process X, which we now recall: the
autocovariance function 7y : Z — R of X is defined by

')’(h) =EXoX, = EXoX_j = ZC]‘C]'HM, hez,
j=0

the spectral density f : [0,277] — R of X is the Fourier transform of this function, namely

flw)=Y_ yme™, welo2n].
heZ

The following is the main result of this chapter.

Theorem 6.1 (Limiting Spectral Distribution) Let X; = Y2 c;Zi—j, t € Z, be a linear sto-
chastic processes with continuously differentiable spectral density f, and let the matrix X € RP*"
be given by Eq. (6.2.1). Assume that

i) the sequence (Z;); satisfies conditions (6.2.2) and (6.2.3),

ii) there exist a positive constants C, 6 such that |cj| < C(j+ 1)1 for all j € N U {0},
iii) for almost all A € R, f(w) = A for at most finitely many w € [0,27], and
iv) f'(w) # 0 for almost every w.

Then, as both n and p tend to infinity such that the ratio p/n converges to a finite positive limit y,
the empirical spectral distribution of p~*XXT converges almost surely to a non-random probability
distribution function F with bounded support. Moreover, there exist positive numbers A_, Ay such
that the Stieltjes transform z — sp(z) of F is the unique mapping C* — C7 satisfying

__Z+y/A* Ay g (6.2.4)
sp(2) 2t Jao 14 Asp(z) wel02A Flw)=A If'(w)] -

Remark 6.2 The assumption that the coefficients (c;); decay at least polynomially is not
very restrictive. In particular, it allows for the process X to be an ARMA or fractionally
integrated ARMA process, which are known to exhibit long-range dependence (Granger and
Joyeux, 1980; Hosking, 1981). In the latter case, the entries of the matrix X are long-range
dependent as well. The proof of Theorem 6.1 also shows that the weaker assumption that
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the sequence (|c;[); be bounded by a monotone, summable sequence is sufficient for the
empirical spectral distribution F PXXT to converge in probability to a non-random limit
with Stieltjes transform satisfying Eq. (6.2.4).

Remark 6.3 It is possible to generalize the proof of Theorem 6.1 so that the result also
holds for non-causal processes, where X; = };2_, ¢;Z;_;. The required changes are merely
notational, the only difference in the result is that the autocovariance function is then given

o0
by Y72 o €iCis |-

Remark 6.4 The result in Theorem 6.1 is the same as the one obtained in Chapter 5 for a

random matrix model in which the rows of X are modelled as independent linear processes.

Remark 6.5 We conjecture that the same result also holds if the matrix X is defined as

Xl e Xn
Xon v Xuta
X = . .
Xp-1ynt1 -+ Xpn

The current proof cannot, however, be easily adapted to show this.

Remark 6.6 Condition iv) of Theorem 6.1 excludes a constant spectral density f, which
corresponds to the classical situation of independent entries in the matrix X. The Marchenko-
Pastur law is therefore not a special case of Theorem 6.1. It is, however, easy to formulate a
variant of our main theorem for linear processes with a piecewise constant spectral density
analogously to Theorem 5.2, from which one can recover the classical result. In fact, using
Szeg®'’s limit theory about the LSD of Toeplitz matrices (see Szeg6 (1920, Theorem XVIII)
for the original result or, e.g., Bottcher and Silbermann (1999, Sections 5.4 and 5.5) for a
modern treatment), it is possible to show that conditions i) and ii) are sufficient for the
Stieltjes transform sy to be characterized by the equation

f(w)

27
— 24y /O O (6.2.5)

1
se(2)

Theorem 6.1 provides a characterization not of the limiting spectral distribution F itself, but
rather of its Stieltjes transform m . The LSD F can be obtained from m via the well-known
inversion formula (Theorem B.8 Bai and Silverstein, 2010),

R b
F([a,b]) = lim | Imsp(x+ei)dyx,

e—=0t Ja
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which holds for all continuity points 0 < a < b of F. In general, the analytic determination of
this distribution is not feasible, but numerical approximations can be used (see, e. g., Abate,
Choudhury and Whitt, 2000).

6.3. Proof of Theorem 6.1

The general strategy in the proof of Theorem 6.1 is to show that the limiting spectral
distribution of p~!XXT is stable under certain modifications of the matrix X. Finally, this
will imply that F P XXT exists and is equal to the limiting spectral distribution of the random
matrix model studied in Chapter 5. To this end we will repeatedly use the following lemma
which presents sufficient conditions for the limiting spectral distributions of two sequences
of matrices to be equal.

Lemma 6.7 Let Ay ,, Ay be sequences of p x n matrices, where p = p, depends on n such that
pn — 00, as n — oo. Assume that the spectral distribution F¥ AL, converges almost surely to a

A

deterministic limit EP~ 41#A1n a5 n tends to infinity. If there exists a positive number € such that

2
i) pUE [t (Ary — Azs) (Avy — Az)'| = O(n717),

i) p?Etr Ai,nAZn =0(1),i=1,2,and
iii) p‘4 Var tr Ai,nAgn =0(n"179),i=1,2,

then the spectral distribution of pflAz,nAzTr . is convergent almost surely with the same limiting
A{Pl.

spectral distribution, i.e. PP Aands, converges weakly to F P A
Proof The first condition implies via Chebyshev’s inequality and the Borel-Cantelli lemma
that the expression p~2tr (A, — As,) (A1, — Azy) converges to zero almost surely. Sim-
ilarly, it follows from ii) and iii) that p~2tr Ai,nAZn is bounded almost surely for i = 1,2.
These two facts together then entail almost sure convergence to zero of the product
p~tr (Al,nA{n + As AL ) tr (A1 — Agy) (Arp — Asy)’. By Bai and Silverstein (2010,
Corollary A.42), this is a sufficient condition for the assertion of the lemma. O

The following notation will be used throughout the rest of this section: with the constants C
and 6 from assumption ii) of Theorem 6.1 we define ¢; := C(j +1)~!~?, such that |cj| <¢; for
all j. Without further reference we will repeatedly use the fact that j — ¢; is monotone, that
Yj21 € is finite for every a > 1, and that )2, ¢} = O(nl—2(1+0)y,

Since it is difficult to deal with infinite-order moving-averages processes directly, it
is convenient to truncate the entries of the matrix X by defining X; = Yo CjZi—j and
X = (X(j—1)n4+)it- The next proposition shows that this first modification to X does not alter

the limiting spectral distribution of pleX T
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Proposition 6.8 If the empirical spectral distribution of p_l}?)?T converges to a limit, then the
empirical spectral distribution of p~'XXT converges to the same limit.

Proof The proof of the proposition proceeds in two steps in which we verify conditions i)
to iii) of the trace criterion, Lemma 6.7, respectively.

Step1 The definitions of X and X imply that

1 < NT 1 L& ~ 12
Axx = ?’fl‘ (X — X) (X—X) :?gt; [Xit — Xit}
1 oo
:? g;kkz 1Z1 1)n+t— kZ(z 1)n+t—k' CkCk’ -
1=1t= '=n+

We shall show that the second moment of Ay 5 is of order at most n2-20_ Since

Y ]E‘Z(i—l)n+t—kZ(i—1)n+t—k/Z(z"—1)n+t/—mZ(i’—1)n+t/—m/

!

4
<0y [Z \ck|] < 0, (6.3.1)
k=0

lekllexelemlem|

we can apply Fubini’s theorem to interchange expectation and summation to obtain

Hangy FEAY 5 (6.3.2)
1 pn >
i Z Y E [Z(i—l)n-i-t—kz(i—l)n—&-t—k’Z(i’—l)n+t’—mZ(i’—l)n+t’—m’ CkCl CnCo' -
ii -1 kK =n+1
tt’ m,m’

Since the {Z;} are assumed to be independent, the expectation in that sum is non-zero only
if all four Z are the same or else one can match the indices in two pairs. In the latter case we
distinguish three cases according to whether the first Z is paired with the second, third, or
last factor. This leads to the additive decomposition

rm nm #h A
Mony g = Mo, tHon o THoa o T ZizTAer (6.3.3)

where the ideograms indicate which of the four factors are equal. For the contribution from
all four Z being equal it holds that

k=k, m=m', and (i—-Vn+t—k=0G0-1n+t—-m,
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so that

(o]

x;? Z Z Z C%i*i’)n+(t7t’)+mcﬁ1'

ii" t'=1 m=max{n+1n+1—(i—i")n—(t—t')}

If we introduce the new summation variables ; := i — i’ and &; := t — t/, we obtain

p—1 n—1 0o

(o
Han =i L (pP=l6l) X (n—le) )3 Crvt b+

4
p (Sl-:l—p;:"_/étzl—n\_Zz_/m:max{n+1,n+175in75t}
If 6; is positive, then ;1 4 & is positive as well; the fact that |c]-| is bounded by ¢; and the
monotonicity of j — ¢ imply that c2, st < €(6,—1)nCo+n O that the contribution from
d; > 1 can be estimated as

2n—1

P‘EIEJF ZE(S ~1)n Y G Z e, =0(n %), (6.3.4)

or=1 m=n-+1
\/72 \_\,_/\_\/_/\_\,_/
=0(n"2) =0(n-1-%) =0(1) =0(n-1-2)

An analogous argument shows that the contribution from §; < —1, denoted by yz A , is of

the same order of magnitude. The contribution to ;42 Ay, from 0; = 0 is given by

n—1 o0
MM, 047 Z 22

mb m-+6;
1-n m=max{n+1,n+1-6;}

-1 o %)
oun © = 2 —4 —3-26
< = [2)Y % )Y o+ ) | =0n ). (6.3.5)
p Si=1  m=n+1 m=n+1
\/72 —— e~ N —
=0(n"2) =0(1) =0(n~1-%)  =O(n—3-4)

By combining the displays (6.3.4) and (6.3.5) it follows that ;42 Ay = O(n=372%). The second
term in Eq. (6.3.3) corresponds to k = k/, m = m’ and (i — 1)n + t—k+ (@ —1)n+t —m.
The restriction that not all four factors be equal is taken into account by subtracting VZ, Ay

consequently,
nn 1 & & & 5, om 2-46
Hon,. = 3 Z Z 2 CkCm —HoA,, 5 =0(n )-
X,X p Lo X, X
i,i'=1t,t=1km=n+1
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It remains to analyse yz Ayx which, by symmetry, is equal to yz Byx . If the first factor is
paired with the third, the condltlon for non-vanishment becomes
(i—-Vn+t—k=>G—-Vn+t'—-m, (i—-)n+t—k=G0~-V)n+t—-m', k+k,m=+mn’,
or, equivalently,

/

k=m+@G—-i'm+t—+t, K=m'+({—-i)n+t—+t, mzm'

Again introducing the new summation variables J; := i — i’ and &; := t — ', we obtain that

1 - n—1 [

P‘ 4 Z —|5il) Z (n—5¢]) Z CnCom! Cm++-8in+6;Cm! +6;n+6
6i=1— \_\?—/&:1—”\_22_/m,m’:max{nJrl,nJrlféinfét} o o

mm

~ Haay

As in the analysis of y';zxi we obtain the contribution from é; # 0 as

- 2n—1 o

mh+ | _ |, ™,- n = o m _ ~3-26
‘P‘z,Aﬁ = ’P‘z,Axg S 3 Cotn ) Co ), Cmw +Hp  =O(n )-
- - p 6i=1 o=1 mm'=n+1 ’
_\/,2 N——— N~ —
“00) o) =0(1)  —0(n¥)
(6.3.6)
Finally, for the contribution from ¢; = 0, we find that
n n—1 [ee] |-|-|-|
,D
‘VZ,AX~ <7 Z Z |CimCrnr Con-+-5, o6, T Mo 5
dr=1—n mm'=max{n+1,n+1-46}
n n—1 ) [eS) 0 )y m
< = |2 Z Cs, Z CnCy + Z ConCr | + Mo,n
p = mmn'=n+1 mmn'=n+1
~ S—— ~
=0(n2) | =o(1) —0(n~%) =0(n-2-4) |
=0(n"27%), (6.3.7)

The last two displays (6.3.6) and (6.3.7) imply that

™ m,— ™,z M4 _ (22
= =0(n .
Honygs = Moy g + ]’lZ,AX’~ Hony s = ( )

Thus, Moy g = O(n=272%), as claimed.
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Step 2 Next we verify assumptions ii) and iii) of Lemma 6.7, which means that we show
that both
1 T 1 ST
Yx = ?trXX and Xj = ?trXX

have bounded first moment and variances of order n~1~¢, for some € > 0; in fact, € will turn
out to be one. For Xx we obtain

P W S S
pizy =EZx = e Y Y EXG=—) ) EX{ i)
i—1t=1 P~ imi=
1 P n o] n oo )
==Y ) Y E [Z(ifl)nthka(ifl)n+tfk’} CkCrr = — Y Ch
P” i3 =1 k=0 P =

where the change of the order of expectation and summation is valid by Fubini’s theorem
and the observation that, by the Cauchy-Schwarz inequality,

[e]

‘Zz 1)n+t— kZ(z 1)n+t— k’} |ck||ck’ <2|Ck’>

The first moment 5, converges, as n tends to infinity, to y(0), and is, in particular,

kk'=

bounded. Using Eq. (6.3.1) and Fubini’s theorem, the second moment of ~x becomes
Hoxx Z:]EZ%(

- Z Z Z E [ (i—V)ntt—kZ(i—1)ntt—k L —1)nt —m Z(iu1)n+tum/} CkCl CCon' -
Ty B=1EE=1 KK
m, m’

This sum coincides with the expression analysed in Eq. (6.3.2), except that here the k, k', m
and m’ sums start at zero and not at n + 1. A straightforward adaptation of the arguments
there show that )

n? [ & _

Hory =5 | 2| +O(n™?),

P~ \iso
and, consequently, that VarXx = o5, — (m,zx)z = O(n~2). Analogous computations show
that EX 3 is bounded, and that Var £ = O(n~2). Thus, conditions ii) and iii) of Lemma 6.7
are verified, and the proof of the proposition is complete. |

Due to the previous Proposition 6.8 the problem of determining the limiting spectral
distribution of the sample covariance matrix p~' XX has been reduced to computing the
LSD of the matrix pfl}?f( T, where now, for fixed 7, the matrix X depends on only finitely
many of the noise variables Z;. The fact that the entries of X are in fact finite-order moving-
average processes and therefore linearly dependent on the Z; allows for the matrix X to
be written as a linear transformation of the i.i. d. matrix Z = (Z(i,z) » +t)l‘:],m,p+1/t:1

.....
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emphasize that Z — in contrast to X and X — is a (p 4 1) x n matrix; this is necessary
because the entries in the first row of X depend on noise variables with negative indices, up
to and including Z; _,,. In order to formulate the transformation that maps Z to X concisely
in the next lemma, we define the matrices

0 0
K, = e R™", meN, (6.3.8)
1,1 0
and the polynomials
xn(z) =co+ciz+...+c,2", (6.3.9a)
Xn(z) =2"x (1/2) = cpn+cp1z+ ...+ coz". (6.3.9b)

Lemma 6.9 With X', Z, Ky, and xn, Xn defined as before, it holds that

X=[01, 1, o](i ;)

Proof Let sy : RN — RN be the right-shift operator which is defined by sy/(v1,...,vN) =
(0,v1,...,98-1) and, for positive integers r,s, denote by vec,s : R™*° — R’ the bijective

xn (Ki)

6.3.10
%o (Kn) (6310

linear operator that transforms a matrix into a vector by horizontally concatenating its
subsequent rows, starting with the first one. The operator S, : R"™** — IR"*® is then defined
as Sys = vec, ] 0s,s o vecy ;. This operator shifts all entries of a matrix to the right except for
the entries in the last column, which are shifted down and moved into the first column. For
k=1,2,..., the operator S’;/s is defined as the k-fold composition of S, ;. In the following we
write S = 5,1 ,. With this notation it is clear that X = { 01, } Xn(S)Z. In order to obtain
Eq. (6.3.10), we observe that the action of S can be written in terms of matrix multiplications
as

SZ = K,41ZE + ZK],

where the entries of E € R"*" are all zero except for a one in the lower left corner. Using
the fact that E(K])™E is zero for every non-negative integer 1, it follows by induction that
Sk k=1,...,n, acts like

k . .
k k— -1
Sz =2(K}) +KynZ Y (Ki) E(K})
i=1
k
=Z(Ky)" + Kp1ZKj ™"
z 0\ [ (kD
=1 111 Kpn ( ) "
[ P P ] 0 Z K!-k
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This implies that

X=[0 1, | x:(5)2

—[o0 1, |V asz
k=0
Z 0\ (KDY
=101 1p11 Kpia ( >ZC .
p [ p p :| 0 Z = Kﬁ k
Z 0 Ky
=[01, 1, 0] o)
0 Z Xn (Ky)
and completes the proof. o

While the last lemma gives quite an explicit description of the relation between Z and X, it is
impractical for directly determining the limiting spectral distribution of p~'XX ". The reason
is that Z appears twice in the central block-diagonal matrix and is moreover multiplied by
some deterministic matrices from both the left and the right. The LSD of the product of three
random matrices has been computed in the literature (Zhang, 2006), but this result is not
applicable in our situation due to the appearance of the random block matrix in Eq. (6.3.10).
Sample covariance matrices derived from random block matrices have been considered in
Rashidi Far et al. (2008). However, they only treat the Gaussian case and, more importantly,
do not cover the case of a non-trivial population covariance matrix. We are thus not aware
of any result allowing to derive the LSD of p~'XX ’ directly from Lemma 6.9.

The next proposition allows us to circumvent this problem. It is shown that, at least
asymptotically and at the cost of slightly changing the size of the involved matrices, one can
simplify the structure of X so that Z appears only once and is multiplied by a deterministic
matrix only from the right.

Proposition 6.10 Let X, Z, K, and Xn, Xn be given as before and define the matrix

~ KT
X::z[o 1, 1, 0] [X”“( wt) e RPHDx(+1), (6.3.11)

Xﬂ+1 (Kn+1)

If the empirical spectral distribution of pfl)AQA(T converges to a limit, then the empirical spectral
distribution of p_l)?}?T converges to the same limit.

Proof In order to be able to compare the limiting spectral distributions of p~ XX " and

pIXX Tin spite of their dimensions being different, we introduce the matrix

X — [8 }9{] c R(PH)X(n+1) (6.3.12)
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VvV T
Clearly, F?P XX _ ; +150 + ; +1 Fr , which implies equality of the limiting spectral
distributions, i.e. F? TIXXT tr el , provided that either of the two, and hence both, exists.
It is therefore sufficient to show that the LSDs of pfl)AQA(T and pflﬁT are identical; this

will be done by verifying the three conditions of Lemma 6.7. We first observe that, by
definition, the (i, j)th entry of X is given by

.
Xij = kZlZ( 2)n+kCj—k—1 +kZZ 2)n+kCj—k-+n+1s (6.3.13)
= =j

whereas the (i, j)th entry of X has the form

% 0, ifi=1lorj=1,
Xij = (6.3.14)
Z 24 kCj—k—1 + Lk=jo1 Z(i-3)n+kCj—k+n—1, else.

The remainder of the proof will be divided into two parts. In the first part we check the
validity of assumption i) for the difference X — X, whereas in the second one we consider
the terms tr XX T and tr ﬁT, which appear in conditions ii) and iii).

Step 1 Using the definitions of X, Eq. (6.3.11), and of X, Eq. (6.3.12), it follows that

Ayx=nt (X-X) (X-X)

p
1 p+ln+1 5
5 LY [%-%]
i=1 j=1
2 p+1ln41 n
2 Z Z Z Z n+kZ 2)n+k' Cj—k+n+1Cj—k +n+1
P i=2 j=2 |[kK=j
n
+ Y ZisymakZ(-3)mk C—krn—1Cj—k -1
kk=j—1
1 }7+1 n
) Z Z (i—-2 n+kZ( )n+k/cn—k+2cn—k’+2
p i=1 kk'=
n+1 j—1
+ 7 Y. Z kL k' Cj—k—1Cj—k -1
P” iZ2 k=
n+l n
+*2 Z Z Z ik ik Cj—ktn+1Cj—k +n+1
j=2 kk'=j
_. A ) () (4) (5)
= A)?Y+AX,Y+A)?,Y+AX,Y+A)?,X’ (6.3.15)
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where the elementary inequality (a + b)? < 2a% + 2b* was used twice. In order to show that
the L?-norm of expression (6.3.15) is summable, we consider each term in turn. For the
second moment of the first term of Eq. (6.3.15) we obtain

2
— (1) )
Vz AA . =E (A}?Y
p+1 n41 n—j+1ln—j'+1
Z Y. Y Y E {Z(i—l)n—k+1Z(i—l)n—k’+1Z(i’—l)n—m+1Z(i’—l)n—m’-H] X
P ii'=2j,j'=2 kk=1mm'=1
Ci+kCj+k Cj'+mCj'+m’ -

As before, we consider all configurations where above expectation is not zero. The expecta-
tion equals oy if i = i’ and k, k', m, m" are equal, hence

40 ptl n [+l 4o n+1 -
&,\ ; Z ) (ZCHk) < 34 (EQ) =0(n7?).
XX i=2 k= p k—1

The expectation is one if the four Z can be collected in two non-equal pairs. The first term
equals the second and the third equals the fourth if k = k" and m = m’, which implies that

p+1 n+1 n—j+ln—j'+1

Z Z Z Z c+kC]’+m_V|;:2g)Y

- p i’'=2j,j'=2 k=1
4 n+ln—j+1 2 ITI'I
L LG |
:O(n’ ).

Likewise, the contribution from pairing the first factor with the third, and the second with
the fourth, can be estimated as

Obviously, the configuration ;4 2 A Can be handled the same way as y 5 A above. Thus, we
XX TXX

(1)

have shown that the second moment of A)A( < the first term in Eq. (6.3.15), is of order n-2,
This can be shown for the second term in Eq. (6.3.15) in the same way. We now consider the
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third term in Eq. (6.3.15), whose second moment is

2712 Y. IE[Z(ifz)nJrkZ(ifZ)nJrk’Z(i’fz)nerZ(i’fZ)ner’ X

Cn—k+2Cn—k'+2Cn—m+2Cn—m'+2-

Distinguishing the same cases as before, we have

XX P
and thus
1)2 2
ngg (p ;4 ) (}; cim) - y;";% _0(n?),
as well as
P‘,;_Alg)y = VZZ% =0(n?)

Thus, the second moment of the third term in Eq. (6.3.15) is of order n~2; repeating the
foregoing arguments, it can be seen that the second moments of A;l)y and Ag)y, the two last
terms in Eq. (6.3.15), are of order O(n~2) as well, so that we have shown that
1 N s _\T]% 2 5 L
[ (X -%) (%-%)'| =% (agx) <5 L g =00

XX

1

Step 2 In this step we shall prove that both

Y= iztr}AQA(T and Xy = %trﬁT
p p
have bounded first moments, and that their variances are summable sequences in 7, i.e. we
check conditions ii) and iii) of Lemma 6.7. Since tr XX is equal to tr XX T, the claim about
Y% has already been shown in the second step of the proof of Proposition 6.8. For the first

term one finds, by Eq. (6.3.13), that

1 pHlntl /i1 n ?
Zf( =— Z Z Z(i,Z)nJrkC]‘_k_l + Z Z(i—Z)n+kcj—k+Vl+1
' k=1 k=j
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(1)

Clearly, the first two moments of X" are given by

1
i p) 1=1EZ§?) oy E [Z(z‘fz)nJrkZ(ifZ)nJrk’} Cjk—1Cj—k'—1

and

4 P onx1l j-1 j -1

1) 2
e =E <Z§?> =2 Y Y Y EZiomaZiomik Zi—2memZi—2yntm ) X
X P = 17,j'=1kk=1mm'=1

Ci—k—1Cj—k'-1Cj/—m—1Cj' —m' —1-
We separately consider the case that all four factors are equal, and the three possible pairings

of the four Z. If all four Z are equal, it must hold that i = i/, k = k' = m = m’, which results

in a contribution

p+1 n+1 min{j'}-1

2,2); 4 Z Z Z }kaflc}%—kfl

i=1j,j'=1 k=1
Ao dnlp+1) +1) min{jj}-1
P Z j—min{j,j"}Cj'~min{j,"} Y.
=1 k=1
40.4 p+1 n+1 7 no
A Y CoClij| ) G-
jj'=1 k=1

Introducing the new summation variable J; := j — j’, we find that

4og(p+1)(n+1 n B
V;rg%) ilp p>( )CO CO+262105 Zci,lzom 2). (6.3.16)

The first factor being paired with the second, and the third with the fourth, means that
k=Kk,m=m"and m # (i —i'")n +k, so that the contribution of this configuration is given

by

4 PHLony1j-1j-1

2
1> vy DD Z C] T — V;rg@ = <V1,2§)> +0(n2). (6.3.17)
X

p i,i’'=1j,j=1k=1m=
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For the ™ pairing one has the constrainti = i’, k = m, k' = m/, k # k/, and the corresponding

contribution is

4 min{j,j'}—1

mn
S 315 D DI
'X X

P iz 1j/=1 kk=1

4(P+1) n+1 min{j,j’}—li .
St Y. Cominfi}C-mingi} ), Ck-1ck-1+O(n"?)
jif'=1 k=1
4p+1)(n+1)_ |_ noo no B B
P )4( )Co Co+2) 5| Y, Gitw-1+O0(n 2y =0(n"?). (6.3.18)
=1 k=1

Renaming the summation indices shows that ;u ) is equal to ;u a- Combining this
X

observation with the displays (6.3.16) to (6.3.18), it follows that

2

2)

and since a very similar reasoning can be applied to 227, we conclude that

1 PPN
I Vartr XX < ZWang) + ZVarZ;?) =0(n?). o

The intention behind Proposition 6.10 was to bring us into a situation where we can apply
results about the limiting spectral distribution of matrices of the form ZHZT, where Z is
an i.i.d. matrix and H is a positive-semidefinite population covariance matrix. Expressions
for the Stieltjes transform of the LSD of such matrices in terms of the LSD of H have been
obtained in Marchenko and Pastur (1967); Silverstein and Bai (1995), and in the most general
form in Pan (2010). The next lemma shows that in the current context the population
covariance matrix H has the same LSD as the autocovariance matrix I' of the process X,
which is defined by

= (vi—7)i Zc] . hEZ (6.3.19)

Lemma 6.11 Let K, and x,, Xn be defined by Egs. (6.3.8) and (6.3.9). The limiting spectral
distribution of QOT, where

KT
Q:[o 1, 1, o] ’f”“( wi1) e R (6.3.20)
Xn+1 (Kn+1)

exists and is the same as the limiting spectral distribution of I, defined in Eq. (6.3.19).



6.3. Proof of Theorem 6.1 199

Proof The proof proceeds via a two-stage comparison argument. First, we define an
approximate matrix square root T;, of the autocovariance matrix I' and show that the spectral
distribution FTTx converges to FT, which exists by Lemma 5.10. In the second step we use

the trace criterion to prove that PO exists and is equal to F LT,

Step 1 We define the matrix T = T, € R"*" by T;; = ¢j—i—1l{jsiy1y- By a variant of
the trace criterion (Bai and Silverstein, 2010, Corollary A.41), it suffices to show that
n~ltr [(T — TTT)?] converges to zero. By the definition of T we have

; n+1 n—max {i,j}
(TT ) = Y i1 = Y, CkCrljils
Y k=max {i,j}+1 k=0
which identifies T as a truncated square root of I'. Hence
2
1 T 2 1 n o]
;tr [(F —TT ) ] = o 2 2 CkCht|j—i|
i,j=1 \ k=n—max {ij}+1
2
1 n n e}
L EE (L)
i=1j=1
1 n n (e ] 1
<*Zz1z 1) Gy, aw=0(n""),
L B = R |

which completes the first step.

Step 2 As can be seen easily, the matrix () is, except for one missing row, a circulant matrix

whose entries are given by

Qij = Cniji mod (n+1) = Cj—i-1 mod (n+1)y L=1,...,m, j=1..,n+L

By Lemma 6.7 it is sufficient to show that the expression n ! tr(TT? + QQT) converges to a
finite limit, and that n~ ! tr [(QQ — T)(Q — T)T| converges to zero. By the definition of T and

() we have that

%tr [(Q T T)T] - % Yy, (6.3.21)
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Furthermore, we obtain that

1 12 n—i 1)
i=1k=0 k=0
Thus, by Eq. (6.3.21), one has
1 T 1 M n+1
o tr(QQ)7) = Y. ) Cj—i—1 mod (n+1)
i=1j=1
n+l n n+1j-1
DI ICRIE) D) L. 28
[ T j=1i=1

1
<O(n™ 1 + n: ch_l < 0.
s=1

This completes the second step and thereby the proof of the lemma. o

We are now ready to prove our main result.

Proof (of Theorem 6.1) According to Eq. (6.3.11), the matrix }AQA(T is of the form ZQOTZT,
where Q) is given by Eq. (6.3.20). Using Pan (2010, Theorem 1) and the fact that, by
Lemma 6.11, the limiting spectral distribution of QQT exists, it follows that the limiting
Z’f'p’l)A()A(T

spectral distribution exists. Therefore, the combination of Propositions 6.8 and 6.10

shows that the limiting spectral distribution of p~' XX also exists and is the same as that of

p1XX".

Moreover, it was shown in Lemma 6.11 that the limiting spectral distributions poa’
and FT are the same, and so Pan (2010, equation (1.2)) implies that the Stieltjes transform
Z > Sp,1xx7 (2) Of PP~ XX" is the unique mapping from C* to C* which solves

1 A
S pp—1xxT (Z) Y rR1-+ ASﬁp—lxxT (Z)

ET(dn), (6.3.22)

where y = lim p/n. Under the assumptions of Theorem 6.1 it was shown in Lemma 5.10
that FT is an absolutely continuous distribution with bounded support and density

1 1

(A, AL) > RY, A — _
g7 () 2, A F@)]

where f : [0,271] — R is the Fourier transform of the sequence (7y(h))cz. Inserting the last
expression into Eq. (6.3.22) completes the proof of the theorem. o
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6.4. Sketch of an alternative proof of Theorem 6.1

In this section we indicate how Theorem 6.1 could be proved alternatively using the methods
employed in Chapter 5. We denote by X («) the matrix which is defined as in Eq. (6.2.1) but
with the linear process being truncated at |n*| with0 < a <1, i.e.

"]

X(w) = (Z CJ'Z(il)”+tj> :
it

j=0
If 1 — « is sufficiently small, then an adaptation of the proof of Proposition 6.8 to this
setting shows that p~' XX and p~1X (K)X (T,X) have the same limiting spectral distribution
almost surely. The next step is to partition X, into two blocks of dimensions p x |n* |
and p x (n — |n*]), respectively. If we denote these two blocks by X%a) and 5(%“), ie.

< <1 =2 > =T <1 /=1 \T <2 o2 \T .
X = {X(a) X(a)},thenclearlyX(a)X(“) = X(a) (X(,X)> + X (X((X)> , and an application

of Bai and Silverstein (2010, Theorem A.43) yields that

- 152 (=2 \T - ~ T
sup |70 (0,21) — £ K0 (00) 10,17 < Lrank (x}) (X)) >
AeR5g b

<;mm<tnw>
:O (pfln“> — O.

~ ~ T
It therefore suffices to derive the limiting spectral distribution of p_lXiX) <X%“)) . Since

the matrix f{%a) has independent rows, this could be done by a careful adaptation of the
arguments given in Chapter 5. We chose, however, to provide a self-contained proof, which
also provides intermediate results of independent interest like Proposition 6.10, and we
therefore omit the lengthy details of this alternative proof.
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7. On the Markov Transition Kernels for
First-Passage Percolation on the Ladder

7.1. Introduction

The subject of first-passage percolation, introduced in Hammersley and Welsh (1965), is the
study of shortest paths in random graphs and their geometric properties. Let G = (V,E) be
a graph with vertex set V and unoriented edges E C V2, and assume that there is a weight
function w : E — R™. For vertices u,v € V, a path joining © and v in G is a sequence of
vertices p,_,, = {u = po,p1,..., Pun—1, pn = v} such that (p,, py+1) € E for 0 <v < n. The
weight w(p,,_,,) of such a path is defined as the sum of the weights of the comprising edges,
i.e.w(p, .,) =YY" w((py, pvi1)). The first-passage time between the vertices u and v is
denoted by d¢(u,v) and defined as d¢(u,v) = inf {w(p), p a path joining u# and v in G}.

First-passage percolation can be considered a model for the spread of a fluid through
a random porous medium; it differs from ordinary percolation theory in that it puts
special emphasis on the dynamical aspect of how long it takes for certain points in the
medium to be reached by the fluid. Important applications include the spread of infectious
diseases (Altmann, 1993) and the analysis of electrical networks (Grimmett and Kesten, 1984).
Recently, there has also been an increased interest in first-passage percolation on graphs
where not only the edge-weights, but the edge-structure itself is random. These models,
including the Gilbert and Erdés-Rényi random graph, were investigated in Bhamidi, van der
Hofstad and Hooghiemstra (2010); Sood, Redner and ben Avraham (2005); van der Hofstad,
Hooghiemstra and Van Mieghem (2001); they were found to be a useful approximation to
the internet as well as telecommunication networks.

Usually, however, the underlying graph is taken to be Z% d > 2, and the edge weights are
independent random variables with some common distribution IP, see, e. g., Kesten (1986);
Smythe and Wierman (1978) and references therein. Interesting mathematical questions
arising in this context include asymptotic properties of the sets B; := {u € Z% : d4(0,u) <t}
(Kesten, 1987; Seppadldinen, 1998), the existence and properties of geodesics (Licea and
Newman, 1996), and the limiting behaviour of d,.((0,0), (1,0))/n (Kesten, 1993). The latter
expression is known to converge, under weak assumptions on IP, to a deterministic constant,
called the first-passage percolation rate. The computation of this constant has proved to be a
very difficult problem and has not yet been accomplished even for the simplest choices of IP

205
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(Graham, Grotschel and Lovész, 1995, p. 1937). An exception to this is the case when the
underlying graph G is essentially one-dimensional (Flaxman, Gamarnik and Sorkin, 2006;
Renlund, 2010; Schlemm, 2009).

In this chapter we consider the first-passage percolation problem on the ladder G, a
particular essentially one-dimensional graph, for which the first-passage percolation rate
is known (Renlund, 2010; Schlemm, 2009). We extend the existing results about the almost
sure convergence of d;((0,0), (n,0))/n, as n — oo, by providing a Central Limit Theorem
as well as giving a complete description of the n-step transition kernels of a closely related
Markov chain. Our results can be used to explicitly compute the asymptotic variance in the
Central Limit Theorem. They are also the basis for the quantitative analysis of any other
statistic related to first-passage percolation in this model. In particular, knowledge of the
higher-order transition kernels is the starting point for the computation of the distribution of
the rungs which are part of the shortest path. The ladder model is worth studying because
it is one of the very few situations where a complete explicit description of the finite-time
behaviour of the first-passage percolation times can be given.

Outline of the chapter The structure of the chapter is as follows: In Section 7.2 we describe
the model and state our results; Section 7.3, which contains the proofs, is divided in three
subsections. The first is devoted to the Central Limit Theorem, the second presents some
explicit evaluations of infinite sums which are needed in Section 7.3.3, where the main
theorem about the transition kernels is proven. We conclude the chapter with a brief
discussion of the techniques that we used to arrive at the results which are presented in the
following.

Notation We use the notation 4, for the Kronecker symbol and ©,,, as well as O, for
versions of the discretized Heaviside step function, precisely

6, = 1, ifp=gqg, 0, - 1, ifp>qg, 0, = 1, ifp<yg,
0, else, 0, else, 0, else.
The symbol (k)' stands for k!(k + 1)!. We denote by R the real numbers and by Z the
integers. A superscript + (—) indicates restriction to the positive (negative) elements of a
set. The symbol 7y stands for the Euler-Mascheroni constant, I’ denotes probability, and [E
expectation.

7.2. First-passage percolation on the ladder

In this chapter we further investigate a first-passage percolation model which has been
considered before in Renlund (2010) and also in Schlemm (2009). We denote by G, = (V,, Ey),
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0,1 1 2,1 n-1,1) Yn (n,1)
o e o n i
i ,
|
|
|
|
' Zn
|
|
|
|
n & .
(0,0) (1,0 (2,0 / / (n-1,0 X (n,0)
n

Figure 7.1.: The ladder graph G;,. The edge weights X,, Y, Z, are independent exponential random
variables.

n € N, the graph with vertex set V, = {0,...,n} x {0,1} and edges E, = 2, U%, U %, C
Vnz, where

,0):0<i<n},
( ),(z+1 1)):0 1<n},
:0<

The edge weights are independent exponentially distributed random variables which are
labelled in the obvious way X;, Y; and Z;, see also Fig. 7.1 for a graphical representation of
the graph G,,. By time-scaling, it is no restriction to assume that the edge weights have mean
one. Recently, Renlund (2011) investigated a model in which the mean of the vertical edges
is different from the mean of the horizontal edges, but here we will restrict attention to the
case that all edge weights have the same exponential distribution. We further denote by I,
the length of the shortest path from (0,0) to (n,0) in the graph G,, by I/, the length of the
shortest path from (0,0) to (n,1), and by A, the difference between the two, i.e. A, = I, — I,,.
It has been shown in Schlemm (2009) and also, by a different method, in Renlund (2010)
that lim,, .« [, /1 almost surely exists and is equal to the constant xy = % — 2]}2((22)) ,
are Bessel functions of the first kind, see Definition 7.4 or Abramowitz and Stegun (1992,

where J,

Chap. 9) for a comprehensive review of Bessel functions. This constant is called the first-
passage percolation rate for our model. The method employed in Schlemm (2009) to obtain
this result built on Flaxman et al. (2006) and consisted in showing that there exists an
ergodic R x (R*)**-valued Markov chain M = (M,,),so with stationary distribution 7t and
a function f : R x (R*)”® = R such that

X=Bf(Ma)= [ fm)(dm)
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pn(r)

10

1 1 n T r
2 3

-3
Figure 7.2.: Densities p, of the random variables A, for n =1, ...,8, showing convergence towards
the stationary distribution 7r(dr)

Explicitly,
M, = (An, Xn41, Yo+1,Zn+1) and  f:(r,x,y,z) — min{r +y +z,x}.

Throughout we write m = (r,x,y,z) for some element of the state space R x (]R*)XS.
Figure 7.2 displays the densities p, : R — R™ of the random variables A, forn =1,...,8; the
picture confirms that the Markov chain A = (A,),s0 converges to a stationary distribution,
which is given in Eq. (7.2.5).

In order to better understand the first-passage percolation problem on the ladder, it is

important to know the higher-order transition kernels
R (Rx (RY) ) x (Rx (RT)?) » R

of the Markov chain M. They completely determine the dynamics of the model and are
defined by

R"(m',m)dm =P (M, € dm|Mo = m'), m,m € Rx (R*)*. (7.2.1)

The first result shows that it is sufficient to control the transition kernels K" : R x R — R+
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of the Markov chain A, which are analogously defined by
K'(¢',r)dr =P (A, €dr|lAo=7"), 17 eR (7.2.2)

For convenience, we define K°(,7) := 6,/(r), the Dirac distribution.

Proposition 7.1 For any integer n > 1, denote by K" the n-step transition kernel of M defined in
Eq. (7.2.1). Then

K" (m',m) = e~ (xtytz)gn-1 (min{r' +y/,x" +2'} —min{r' +y' + 2, x'},7). (7.2.3)
Moreover, the stationary distribution 7t of M is given by
A(dm) = e A (v, y, 2) (dr), (7.2.4)

where

7(dr) = e 3y, (2e*%‘r‘) dr (7.2.5)

1
2],(2)

is the stationary distribution of A.

Next, we state a Central Limit Theorem for first-passage percolation times on the ladder
which has been implicit in Schlemm (2009) and which was the motivation for the present
work. In Ahlberg (2009); Chatterjee and Dey (2009) a Central Limit Theorem has been
obtained for first-passage times on fairly general one-dimensional graphs by a different
method. The question of how to compute the asymptotic variance was, however, not
addressed there. We denote by f the mean-corrected function f — .

Theorem 7.2 (Central Limit Theorem for I,,) For any integer n > 0, let 1, denote the first-
passage time between (0,0) and (n,0) in the ladder graph G,,. Then there exists a positive constant

0?2 such that
I, —nx

Jn

where A (0, (72) is a normally distributed random variable with mean zero and variance o2, and i>

4 (0,0, (7.2.6)

denotes convergence in distribution. Moreover,

Rx (R+)*?

o = Fompatam)+23 [ Fom P fmya(am), - 0727)

where

P"F(m) = E [f(M,)| My = m] = / ()R (1m, ', (7.2.8)

Rx (R+)*®

Equation (7.2.7) shows that in order to evaluate the asymptotic variance of the first-passage
times, one must know the transition kernels K”. In the next theorem we therefore explicitly
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describe the structure of the transition kernels K" and, thus, by Proposition 7.1, the structure

of K". To state the formulee in a compact way, we define the five functions

s'(z) :‘Z_zli(zﬁ), (7.2.9a)
SZ(Z) :2(2 — 1) +22]O(2 \/E), (729b)
G(z) =— '13 5—4y+ 27112((22\/\/5)) —2logz|, (7.2.9¢)
Z4
"B L VE Va2 Ve + G- DL vE)]’ 7250
and
H(z) :2(1Zi 5y [32 =327 Y0(2V2) +10(2v2) (5~ 47 ~ 210g3)] . (7.2.9€)

The Bessel functions J, and Y, are defined in Definition 7.4 and treated comprehensively in
Abramowitz and Stegun (1992).

Theorem 7.3 (Transition kernels) The transition kernels K", n > 1, defined in Eq. (7.2.2), satisfy
K"(r',r) = K"(—+',—r). For r > 0, the values K"(v',r) are given by

;q -0 ap qepr’f(quZ)r " <0,
n (n (r'=r)—nr
K”(}’/,T): U)(;—lﬂ Z %_’_ b Obn e pr—(q+2)’ 0<1’/<}’,
_1\n—1,—(n—-1) (! —r)—nr /
(1)(;—1) + 2 ’i—ppz) Zp,q:O Cp,qe —pr —(q+2)r, ¥ >,
(7.2.10)
where the coefficients aj, ,, by, ., and cy, , are determined by their generating functions:
i) the generating functions Apq(z) = Y374 ay ,2", p,q > 0, are given by
—z)4
Ayy(z) = ( Z? a(z), (7.2.11a)
(9)
2(—z)P-1
Apq(z) = ( (;; Aiy(z), p>2 (7.2.11b)
$(2)
Aog(z) = 7= Aug(2); (7.2.11¢)
ii) the generating functions Bpq(z) = Y321 by 2", p,q > 0, are given by
(—2)7
Big(z) =~ G(z) — A14(2), (7.2.12a)
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q q q
0 1 2 3 0 1 2 3 0 1 2 3
o % % m 0 m 1w I o0
1 n -1 1 _ 1 _24 17 1 241 171
p 3?1 136 121 144 340 418 36 54110 418 36
2~ 2 7 6 % 00 —m 3z 00
1 1 1 1
3 75 11 0 516 0 0 O 316 0 0 O
4 - O 0 0 0 0 0 0 0 0 0 0
(a) Values of a‘;,,q (b) Values of b?f,q (c) Values of cf,,q
Table 7.1.: Coefficients of the four-step transition kernel K*, as given in Eq. (7.2.10)
2(—z)P1 (—z)ptat2 2 2k +1
Byy(z) = ——+—Bi4(2) + , >2, (7.2.12b)
) = P T oy !
$%(2) (—z)f
By, (z) = T Bi,(z) + ) H(z); (7.2.12¢)
iii) the generating functions Cpq(z) = Y37 ¢} 2", p,q > 0, are given by
742 (=2)7*?
C()’q (Z) = dqz + BO,q (Z) - (q)u ’ (72133)
2
e, 290) z
2(—z)P~1
Cpy(z) = # Ci4(2z), p>2, (7.2.13¢)

(p)

and the numbers dg are determined by their generating function D(z) = Y2 dyz7, which is
given by
D(z) =

N

[Vz]1(2vz) (27 +1ogz) — m vz Y1(2V/z) —1]. (7.2.14)

By the properties of generating functions, the coefficients a’;/q, b;/q, and Cz,q are determined

by the derivatives of the functions z — A, ;(z), z — By 4(z), and z — C, 4(z), evaluated at

zero. These derivatives are routinely calculated to any order with the help of computer

algebra systems such as Mathematica®. Table 7.1 exemplifies Theorem 7.3 by reporting

the non-zero values of the coefficients ay, ,, by, ,, ¢j , in the case n = 4. Using the results of
2

Theorem 7.3, the expression (7.2.7) for the asymptotic variance ¢~ can be evaluated explicitly
in terms of certain integrals of hypergeometric functions; the computations, however, are

quite involved and the final result rather lengthy, so we decided not to include them here.
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7.3. Proofs

7.3.1. Proofs of Lemma 7.1 and Theorem 7.2

In this section we present the proofs of the relation between the Markov chains M and A,
and of the Central Limit Theorem.

Proof (of Proposition 7.1) Since

A =L, — 1,
=min{l,, 1+ Yu, i1+ Xp+ Zp} —min{l,, 1 + Yy + Zy, ly_1 + Xn}
= min{Anfl + Y1, Xp1 + anl} - mil’l{An,1 + Yn+1 +Zn1, anl}/

it follows at once that M, being equal to some m' = (v',x',y/,z’) implies that A =
min{r’ +y',x' +z'} — min{r' +y' + 2/, x’'}; thus, the Markov property of A together with
the independence of the edge weights implies that, for any integer n > 1, the conditional
probability P (M,, € dm|M, = m’) is given by

e~ V@3 (x,y,2)P (A, € dr|A; = min{r +y/, %' +2'} —min{ +y +2,x'}).

The homogeneity of the Markov chain A then implies Eq. (7.2.10) because, for n = 1, we
clearly have

P (Ml € dm|M0 = m/) = e_(x+y+7“)(Smin{r/+y//x/+z/}_mm{r/_,_y/_,_zflx/}(r)dm.

Equation (7.2.4) about the stationary distribution of M is a direct consequence of the fact
that the edge weights X,, 1, Y11 ,Z,41 are independent of A,, and expression (7.2.5) was
derived in Schlemm (2009, Proposition 5.5). O

Next, we prove the Central Limit Theorem and the formula for the asymptotic variance 2.

Proof (of Theorem 7.2) We apply the general result Chen (1999, Theorem 4.3) for functionals
of ergodic Markov chains on general state spaces. We first note that the second moment of f
with respect to 77 is finite. In fact it can be shown that

2~ _ 2]1(2)_3]0(2)+2F3 ({111}/{212/2};_1)_1
A e '

where the Bessel functions J, and the hypergeometric function JF; are introduced in detail
below in Definitions 7.4 and 7.5. It then suffices to prove that the Markov chain M is
uniformly ergodic, which is equivalent to showing that the Markov chain A is uniformly
ergodic. We use the drift criterion Aldous, Lovdsz and Winkler (1997, Theorem B), which
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asserts that if there is a sufficiently strong drift towards the centre of the state space of a
Markov chain, it is uniformly ergodic. Using the Lyapunov function V(r) = 1 — e~ I"l as well

as the explicit formula

, eIl ifr <r<OVve >r>0,
K(r/r) = (731)

e*W*Z", else,
for the one step transition kernel of A (Schlemm, 2009, Proposition 5.1), we obtain

¥(r) =PV (r) = E,p(Ay) =1 — Eje Ml

1
=1 — _|P|K —— ) —|r] =2|7] )
/Re (rp)dp = = [3-2e7" +e
It is easy to check that
1 1
p(r) < V(r)— 10 lr|>1, and supy(r) <supy(r)= > < oo.
Irl<1 reR

Since the interval [—1,1] is compact and has positive invariant measure, it is a small set
(Nummelin and Tuominen, 1982, Remark 2.7), and it follows that A is uniformly ergodic,

which completes the proof. o

7.3.2. Summation formulae

In this section we derive some summation formulee which we will use in the proofs in
Section 7.3.3. Some of them are well known, others can be checked with computer algebra
systems such as Mathematica, a few (Formulee 8, 9, 11 and 12) seem to be new. The sums
will be evaluated explicitly in terms of Bessel and generalized hypergeometric functions,

which we now define.

Definition 7.4 (Bessel function) Let A be a real number in R\Z~. The Bessel function of the
first kind of order A, denoted by J,, is defined by the series representation

o (—1)k X 2k+A
Jalx) = k;) T T(k+A+1) (E) ’ (7.3.2)

For any integer v, the Bessel function of the second kind of order v, denoted by Y,, is defined as

_ o Ja(x)cosAm —]_, (x)
Y, (x) = )ILILI}/ g . (7.3.3)
It is well known (Wolfram Research, Inc., 2010, Formula 03.01.17.0002.01) that Bessel functions
2(v—1)
X

satisfy the recurrence equation J,(x) = Jo—1(x) = J,_o(x) , which we use without

further mentioning to simplify various expressions.
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Definition 7.5 (Generalized hypergeometric function) For two non-negative integers p < g
and sets of complex numbers a = {ay,...,a,} and b = {by,...,b;}, bj ¢ Z~, the generalized
hypergeometric function of order (p,q) with coefficients a, b, denoted by ,F, (a,b;-), is defined
by the series representation

. B ) (ﬂl)k"'(ap)kik
pFq(a,b;x) = k;)—(bl)k SN TANCE (7.3.4)

where (z) denotes the rising factorial defined by (z); =T'(z +k)/T(z).

In particular, we will encounter the regularized confluent hypergeometric functions (F,
which are defined by oF ({},{b}; —z) = ﬁoFl ({},{b}; —2); in the next lemma we relate
their derivative with respect to b to certain sums involving the harmonic numbers Hy :=

Yk 1/n.

Lemma 7.6 Denote by oF the reqularized version of the hypergeometric function oFy. It then holds
that

i) for every positive integer v,

1-v ad —z)k
— TR (VA - L gy iy, (7359

d -
— ,Ab}; —2z
gpof (1 b} )b:V oy

ii) for every positive integer v,

00 (_Z)k+v+1

d . "
aoft (@0 =2)| =) i (27) - Lo
(1) i Zk(Vk'—k)' (7.3.5b)
k=0 '

Proof For part i), we differentiate the series representation (7.3.4) term by term. Using the
definition of the Digamma function F as the logarithmic derivative of the Gamma function
I" as well as the relation F(k) = —y + Hy_1, k € N (Wolfram Research, Inc., 2010, Formula
06.14.27.0003.01), we get

d 1

dbT(k+ b)

— _F(k+V> — ,y_Hk-H/—l
by Ik+v) (k+v-—1)

and, thus,

s (9 & (o

0 DY ey i W ey ST

d -
E— , b ;_
oF ({1 {0} —2) L




7.3. Proofs 215

which concludes the proof of the first part of the lemma. Part ii) is shown in a com-
pletely analogous way, using the relation lim,_,_, F(u)/T(y) = (=1)""'m!, for every
non-negative integer m, which follows from the fact (Wolfram Research, Inc., 2010, Formula
06.05.04.0004.01) that the Gamma function has a simple pole at —m with residue (—1)"/m!.0

Formula 1 .

i (_Z) — 2]2(2ﬁ)_z :_151(2)

— k!(k+2)! 2z 2 '

Proof Immediate from Definition 7.4 of Bessel functions. O
Formula 2 )

i (_Z) — 1_2_10(2ﬁ) — —152(2).

— (k+1)12 z 2
Proof This is also clear from Definition 7.4 of Bessel functions. m]
Formula 3

SE= L G apgp =R 0VA - Vah 2VA).
n=q

Proof Shifting the index of summation n by g + 2 we obtain

83(2) = i (= Z)]H_z i(_z)nJrZ 1 1
e n(n+1)(n+2? =) m+Di(n+2)! (m+2)e
00 ( Z>n+1 o (—Z n
-L (n)! tzo) otz
n=0 n=0
—1-1, (2v3) - VI (2V2)
by Definition 7.4 of Bessel functions. O
Formula 4
YY) h@VE) g (p)

S50 q—k—2)k+22 iz

Proof By Fubini’s theorem, we can interchange the order of summation and then shift the
summation index g by k + 2 to obtain

N

2 = L k2 2

k= q=0
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216
By Eq. (7.3.2), the second sum equals J; (21/0z) / \/Cz, and so the claim follows with
O

Formula 3.
Formula 5 )
= (=gz)"
=Y ) o k+2 oy = 2R (2VE) -] VEn (2vE).

q=0k=1
Proof We can interchange the order of summation and shift the index g by k + 2 to obtain
(42 & (g2)r

that
Z !
=2 a2 Loy
(Cz)? and the second factor equals J; (2/Cz) / \/Cz,
O

The first factor equals 2{z ], (21/z)
both by Eq. (7.3.2), and so the claim follows

11 (2\/?2)

Formula 6 ( )
X (— q
T(Zz) = ¢z =
=L =G
Proof The proof is clear from Eq. (7.3.2) O
Formula 7
gz - 3 SR 1 (2VE) - VEn (2VEE).
: q _ 1
Proof This follows from the decomposition T = W @ +1) — and Eq. (7.3.2). o
Formula 8
i —z)k+2 i 2141
Eki(k+2) & 1(1+1)
3% —z—2-mzY, (2/z) +\f]1 (2+/z) [4y — 3 +2logz]
+7Jo (2V7) {1 + 52—2 —2vz —zlogz] .
Proof First we note that
Sk+3 (7.3.6)
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where Hy denotes the kth harmonic number. The first contribution to U (z) can therefore be

computed as

> (5k+3)(—z)F 1 3 1& (—2)f

_ )¥
Ek'k+2 E I D D (LY DT =]
1

=7z [41 (2v2) +10 V2R, (2V2) — 327 — 43

The other contribution to U! (z) is, with the help of Lemma 7.6, ii), obtained as

)

By known properties of the regularized confluent hypergeometric function (see Wolfram
Research, Inc., 2010, Formula 07.18.20.0015.01),

_mzY, (2vz) — VzJ1 (2/z) 2+ logz] + ]y (2 /z) [zlogz — 1]

7
b=—1 2

[ee] —Z k i
zkzlklgk—i—)Z)!Hk - ZEZ [72]2 2vz)—z-1- %0131 ({}, {b}; —=2)

;boE ({}, {b}; —2)

and the result follows upon combining the last four displayed equations. |

Formula 9

00 -2 (—z)i £ o041 1 (2VER)
qZOkZl (g —k—2)'k! k+2'1222 (I+1) Jz U'(62)-

Proof Interchanging the order of the first two summations and shifting the index g by k + 2,

we find that
(—Cz)+2 = gz ko214 1

v - I G B CENy B

As before, the sum in the middle equals J; (2 \/?z) / \/{z, and so the claim follows with
Formula 8. o

Formula 10 . -
S'(z) =}, N _<;)Z,zn e 2Fs ({1,1},{2,2,2}; —z).
n=q-+

Proof After shifting the index n by g + 2, the proof follows immediately from the definition
of the hypergeometric function, given in Eq. (7.3.4). ]
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Formula 11 ;

2 X (—z)k2 kool

UE =L e 510+
_Z
2

[8z —5+27m Y (2v/z) — 2zF5 ({1,1},{2,2,2}, —z) + ] (2/z) [5 — 47 — 2log z]].

Proof The proof is analogous to that of Formula 8. Using Eq. (7.3.6), the first contribution
to U%(z) is

13 (5k+3)(—2)?* 5-3z 5 & (—z)k_i( (—z)k

24~ (k+1)2(k+1) 2z 2z K2 = (k1) (k+1)2

k=1 k=0

:% 532 5] (2vz) —220F3 ({1, 1},{2,2,2}; ~2)],  (7.3.7)

where we used Egs. (7.3.2) and (7.3.4). For the remaining part, we first use Lemma 7.6, i)

and the identity J; (2/z) / vz =1, (2y/z) =]y (2+/2) to compute

) k

L k+1 PR Hito

; k+]_ k—|—2> Hk+2+ZmHk+2
__3. = (2 - 2
=S - 2 1 — Z})m k+2

It then follows from the explicit characterization of $5oF; ({}, {b}; —z) ‘ ,v € N (Wolfram
b=—v
Research, Inc., 2010, Formula 07.18.20.0013.01), that

i (—z)k - :ﬁ[2—3z+nYO(zﬁ)]—2]1(2ﬁ)—ﬁ]o(zﬁ) 27 + log 7]
&~ 7(k+1)!2 k+2 57372 .

Using this, we obtain

i (—z)k u _i (—z)F u _i (—z)k _i (—2)f
S+ T G+ )2 T Sk 1)2(k+2) = (k+1)2(k+1)
VZ[2-32+ 1Yo (2vZ)] - 2J1 (2VZ) — Vz)o (2/2) [27 +log 2]

473/2

1_1, I (2 \f)] 1 %ng, ({1,1},{2,2,2}; —z). (7.3.8)

* 4 22 223/2 2

Combining Egs. (7.3.7) and (7.3.8) completes the proof. O
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Formula 12

o g—1 (—Cz)q 21_|_1 B ] (2\/&)
qz;)kzi (q—k-=1)"k+1) 'Zzll+1) B l(gz):a/z U%(g2).

Proof Interchanging the order of the first two summations and shifting the index g by k + 1,
we find that

i (—Cz2)F2 & (—gz)71 i 21 +1

207, — '
Y*({z) ‘ (k+ 1)1 = (9)! 1:21(1+1)

By Eq. (7.3.2), the middle sum is equal to —J; (2/Cz) / (¢z)3/2, and so the result follows
readily from Formula 11. O

Formula 13

iqzl 2(—gz)1 :2[€Z—1—1—]0 (2\/?2)]]1 (2\/5,-»2)
4=0 k=1 (g—k—1)"(k+1)"? V= )

Proof The proof is the same as that of Formula 5, and so we omit it. |

Formula 14

o0 1
£((2) = Zqz S e =~ Ve (2VE) F (L1 {2,225 -02).

quO 1)

Proof Using Fubini’s theorem, we obtain
00 _ 0 o q—k
24 gz — <' gZ)k ( gZ) .
€)= L Goter 12 2 (g—k—1)

The first factor is equal to F3 ({1,1},{2,2,2}; —{z) by definition (7.3.4), and the second
factor equals — \/Cz]; (2+/7z) by Eq. (7.3.2). O

Having evaluated these sums we now turn to relations between them which we will also
need, and which are proved by writing out the relevant expressions and straightforward
computations. The first one only involves the five functions from Egs. (7.2.9) which appear
in the statement of Theorem 7.3.

Lemma 7.7 For almost every complex number z with respect to the Lebesgue measure on the com-
plex plane,

2
[2(81 (—Z)z) * i] G(z) +

a(z) + =~ + 3 (7.3.9)
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Lemma 7.8 For almost every complex number z with respect to the Lebesgue measure on the com-

plex plane,
Sl(z) -1 3,

U'(2) +S°(z) + G(z) =17 —z-1 (7.3.10)

7.3.3. Proof of Theorem 7.3

In this section we prove the main result, Theorem 7.3. First, however, we take a closer look
at the coefficients a;},q, b;’/q, and Cz,q which are defined implicitly through the generating
functions (7.2.11) to (7.2.13).

Lemma 7.9 For any integers p,q > 0, the following hold:

1 _ 1 _ 1 _
Apq = 0p1dg0, b,,=0, ¢c,,=0. (7.3.11)
Proof This follows from evaluating the derivatives of the generating functions A, 4, By 4,
and C,; at zero. m]

Next we derive some useful relations between the coefficients a}, ,, by ., and ¢}, ;. These
will be the main ingredient in our inductive proof of Theorem 7.3. The general strategy in
proving the equality of two sequences (s, )1 and (5,,),>1 will be to compute their generating
functions } -1 s,2" and }_,,51 §,z", and to show that they coincide for every z. The validity of
this approach follows from the well-known bijection between sequences of real numbers and
generating functions, see, e.g., Wilf (2006) for an introductory treatment. We will constantly
be making use of the convolution property of generating functions. By this we mean the
simple fact that if (s,),>1 is a real sequence with generating function S(z), and (t,)»1 is
another such sequence with generating function T(z), then the sequence of partial sums
(Y21 tu—vSy)ns1 has generating function S(z)T(z). We also encounter generating functions
of sequences indexed by g instead of n. In this case we denote the formal variable by ¢
instead of z, and sums are understood to be indexed from zero to infinity.

Lemma 7.10 For all integers n > 1 and q > 0, the coefficients defined by the generating functions
given in Theorem 7.3 satisfy the relation

q—2 bg q—2 ot CANH(ay n—2 _1\n
a2 (i o (1) 0nm1) (-1
ZO s ;) ry = o e Y oo w7312

Proof These equations are true for all n > 1 if and only if the corresponding generating
functions coincide. Multiplying both sides by z", summing over 1, and using the recursive
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definitions of the generating functions as well as the fact that, by Formulee 1 and 2,

= (-2 1 > (—z)F 1
Ligey - 2@ Lazne- 5@

we find that the claim of the lemma is equivalent to

= (=2)1 £ o21+1 1 (—
0= Z;k'k+2) g —k— 2)';l(l+1)+2®‘1'2[(q_)_quq—z}
ML Sp G (==)(g=1) 4
k

)4
2 LRkt O

)
2)!(k +2)?

q
3 (
o (k) (g —k—

z)
2
q'? ;

2(—z)173
+ ZBZk'k+2)(q k—2)"

where we have used Lemma 7.7 to simplify the coefficient of the last sum. To show this

equality for all non-negative integers q, we compare the g-generating functions and must
then show that

_ 1 (¢2)* 1 1 _ ) 1 50
0=Y'(g2) + 2 [T'(62) + ((8'(62) — 1) D(¢2) | — T2(62) + X' (¢2) + ; £2(22), (73.19)

where closed-form expressions for

= (=C2)"
[,ZOkZo g —k—2)"(k+2)?

ooqz -
Ezk' é)q

o (g—k—2)"

L(7s) = (=C2)1
T<c>.—q;0 o

_ o (=g2)Tg
Tz(gz) = Z W,

and

o 172 (—Cz) ko241
qZ;)IcX:l (g — k—2)’k!(k+2)!gl(l+1)

are derived in Formulee 4 to 7 and 9. Using these closed-form formulee, Eq. (7.3.13) is seen
to be identically true by simple algebra. o

Lemma 7.11 For all integers p,q > 0, the sequences of coefficients defined by the generating func-
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tions given in Theorem 7.3 satisfy the recursion

11 ai’l ~ (_1)n
"ttt =5, -0, —|—51[® _ =)
P op, Zk+l P, p(p+1 2 q, CErEIOICETIE
s (-1)" (-1~
—qu,n—l( _1)' _511,11 P (k)!(n—k—Z)!(k+2)2+ (Tl—l)!(n+1)!
n b;(l q-2 pn q-2 oM
A kq—k=2 kg—k—2
+k§)k+2 & ok+2 +k§ 12 | "=t (7.3.14)

Proof Applying Lemma 7.10 and computing the generating functions of both sides of the
asserted equality, we find that the claim of the lemma is equivalent to

2
—Z 2 z 1 V4 z
+(sp,1(<q>?q [2(51(_>Z> + 28060 — e+ B2 4 9 1 U ) 4241,

where explicit expressions for

S(z) = i (=2)"

(—z)*2 & 2141
L s ™ VEEL e

kl(k+2)!

are derived in Formula 3 and 8. For p = 0 and p > 1, Eq. (7.3.15) follows immediately from
the defining equations (7.2.11b) and (7.2.11c). For p = 1, the claim follows from combining
Lemmata 7.7 and 7.8. m|

Lemma 7.12 For all integers p,q > 0, the sequences of coefficients defined by the generating func-
tions given in Theorem 7.3 satisfy the recursion

n o q _1)11—1 5 (_1)11
n+1 __ k.q
R e A T i [ era:
. by b (—1)"(2p+1)
+ ! A S 1 , 7.3.16
Lii1| "% ey P - |0 7319

for all integers n > 1.

Proof We proceed as in the proof of Lemma 7.11 and show the equality for every n by

showing equality of the corresponding generating functions. We find that the claim is
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equivalent to

BMZ(Z) =0pa [Sliz) + 2(812(_2)2)] A1,4(z) +6po (_(Z);H [S4(z) +U%(2) +z
S*(2)
+ 21—2) [G(z) — a(z)] + H(z)

B [me@) bﬂV”“@p+D]
pl

pp+1D) @D (7.317)

where the functions

(—z)k+2 k2141

N
$'(z)= ) (k+ D)2 & I0+1)

S g2 (g1

and U?(z) =)
k=1

are evaluated in Formulee 10 and 11. For p = 0, Eq. (7.3.17) follows from the observation
that

H(z) =z [54(2) L UR(z) 4zt H(z)] .

Next we observe that Eq. (7.2.12b) implies that

B (z)+ZBP—1rq(Z) _ (2P 2k ()PP 2k
P pip+1)  (p'@) Skk+1)  (p)a) Zk(+1)
_(=2z)Pt1*2 2p 41
(@) p(p+1)

and, thus, Eq. (7.3.17) also holds for p > 1. Finally, for p = 1, we need to show that

Biy(z)  [Sl'(z) | S*(2) Bogy(z)  3(—z)it
lC:Iz _! z +2(1—z)]A1"7(Z)_ Og T4t

which, after using the defining equations (7.2.11) and (7.2.12) several times, amounts to
showing that

S?(z) 1 Sl(z) S*(z) 1 H(z) 3z°
[2(1_2) I S e e e R
which is exactly what Lemma 7.7 asserts. m]

Lemma 7.13 For all integers p,q > 0, the sequences of coefficients defined by the generating func-
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tions given in Theorem 7.3 satisfy the recursion

’ i k+2 P(P+1) (n—q-2)"(q)'(n—q—1)
= (=" (-1 !
Sone _
Toqn (,;0 O (n—k—2)k+12  n?
n b —1pn c
kg k,q—k—1 kg—k—1 >1 7318
+k_;)k+1 k:zo k+1 k;) kr1 |7 7T (7.3.18)

Proof The proof follows along the same lines as the previous proofs. Equating the generating
functions of both sides and using Lemma 7.7, we need to show that

1 2 >
Cald) g, [S 2 2(81 (_Z)z)] A14(2) = Oy szplj—(l))

_ 2
+dpo ((qz)?q (Z(Sl (_Z)Z) (G(z) — a(z)) + H(z) + S*(z) + U%(z) + ; j_ 1>
52 = 2(=2)f = (—z)7+1
+ 4 kX:l(c]—k—l)’(k—l—l)!2 ,{X::(k)!(q—k—l)!(k+1)2
(—z)™! K ool41 20t Il p( )kt
_Z (g — k—l)(k+1)'2§l(l+1 Z k+1'2 dg—k-1
+®q,1 (zq+1dq_1 T;)] (7.3.19)

For p > 1, Eq. (7.3.19) is immediately clear from Egs. (7.2.13b) and (7.2.13c). For p = 0, we
show that the g-generating functions coincide. Doing this, we find, after some algebra, that
Eq. (7.3.18) is equivalent to

§(2)
2

1—

0= [ —IH(E) 8 24 1) - EZZ] T(C2) + 2

{7z (1 - SZ(2€Z)>

where the functions

+ —z| D(Cz) + % ¥3(2z) +z [24(gz) + Yz(gz)] , (7.3.20)

e 2=ty
P =L L o ro ke

(=C2)7
— (k) (g —k=1)'(k+1)*’

=

Il
o
et
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and

_ (—Cz)1 k2141
BT e i

are given in Formulae 12 to 14. Since all functions occurring in Eq. (7.3.20) are explicitly
known, the result follows from basic algebra. m|

We can now prove our main theorem.
Proof (of Theorem 7.3) The Chapman-Kolmogorov equation implies the recursion
K'(v',r) = / K(r',s)K""Y(s,r)ds, rr €R, n>1, (7.3.21)
R

where K is the one-step transition kernel of A given in Eq. (7.3.1) From this we can first
prove the asserted symmetry K" (+',r) = K"(—#', —r) by induction on n. For n = 1, this is
clearly true, so assuming that it holds for some 7 > 0, we conclude that K"*1(#/,r) is equal to

/]RK(r’,s)K”(s,r)dS—/ K(—7',—s)K"(—s, —r)ds

—/ —7,8)K"(s, —r)ds = K" (=, —1).

In the next step we prove Eq. (7.2.10), also by induction on n. For n = 1, the claim is true by
Lemma 7.9. We now assume that Eq. (7.2.10) holds for some n > 1. It then follows that, for
r=0,

K" (7, r) :/ K(7',s)K"(s,7)ds
R

:/O K(r',s)K”(s,r)ds—|—/OrK(r’,s)K”(s,r)ds+/rooK(r’,s)K”(s,r)ds

_\n—1—(n+1)r o
— E apqe” (a+2)r / K(r’,s)ef’sds—i—( )" e , /K(r',s)esds
(n—1) 0

p.g=0

(—1)te=(n-pr pr )
+ I / K(7',s)se P5ds

Z prin—p =2 Jo K

r _1\n—1,—1r (oo

+ 2 byq ~(a+2)r /0 K(r’,s)e_”sdsnt((:l)_l;/ K(r,s)e"(""1sds

p.q=0 !

ne-(-pry e
ps

+ Z n—p 2! / K(r',s)e P°ds

+ Z czlqe_(q“)r/ K(7',s)e P*ds.
p.q4=0 r
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The five types of integrals occurring in this expression are easily

e(p+l)r’
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evaluated to give, for p > 0,

0 1 et /
/ K(r',s)erds = { P¥1~ o2’ 7 <0
—o0 %, >0,
el —e' ", r <0,
,
/0 K(r',s)e'ds=<X1—¢e""++, 0<+ <7,
7, >,
—(p+2)r _ (p+2)r ’
r L g L, <o,
/ —ps — 1 o e’<p+1) (2p+3) o ef(p‘*’l)r,r/ - ef,*(PJrz)f ef,*(PJrZ)fr
/0 K(r,s)se”ds N e N e e B T T O<r
p+1)r 1 p+1)r
\_ep+1r+ (§+1)2 7 7’/>1’
v r/f(p+2)r ’
) g ep+2 , <0,
/ —ps _ 1 ' —(p+2)r —(p+1)¢ /
/0 K(r',s)e Pds = P e (;Jrl)(pﬂ), o<r<r
and
er/—(p+2)r ’
00 —, r < r,
/ K(7',s)e P°ds = 7{”2 o
, e (p+D)r e (p+1)r T/ > 7
p+l1 (p+1)(p+2)’ ‘
This implies that, for 7’ < 0, the function K"t is given by
n
K™ r)y = Y aptterr (ot (7.3.22)
p.q=0
where
n gl a’t _1)1’1—1 (_1)71—1
ﬁn+1 =5 kg p—1lyg ) 5o -5
Iz pok;ok‘f’l P,lp(p+1> p1 |9,n—-1 (7’[—1)! q’ni(n—:l)!
- (—1)”
+O4n-2
T (n—q-2)"(9) (n —q)?
s n—2 ( )
n
! k=0 (k) (n—k—2)* (p+2)?
n bt q-2 pn 2 o _1\n—1
kg k,g—k— 2 k,q—k— 2 ( 1)
+ _ 7.3.23
k;ok—FZ kga k+2 E k+2 "”(n—l)!(n+1) ( )

By Lemma 7.11, a”“ is equal to a”“ Similarly, for 0 < #’' <,

the function K"*1 takes the
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form
-1 _1)n+1r1efp(r’fr)f(n+1)r
Kn+1 7’ }’ n+1r' = (q+2)r + ( ' :
Zﬁ 2:0 CUCET RSy,
n+1n+1
+) Z pritepr—lat2r, (7.3.24)
p=04=0
where
P T G G e VA (-1)"
q ln-1)(n+1) (n—1) = (k) (n —k —2)'(k+2)?
_'Ebfq—k—z ‘Eckq—k—z
—o k+2 =0 k+2
and
i " af (~1)"2p+1)
bn+1 =5 kg — @16, 1—p_ P
I P R L T
=D" ' A (-1)" ", b,
+8p0 | Sgn—1 (1) +®”"”‘2(n—q—2)!(q)!(n—q—1)2 +k;0k+1 . (7.3.25)

Lemma 7.10 implies that g = &, , ((7”1))," and, by Lemma 7.12, b1 is equal to by 2!, Finally,
for r’ > r, the function K"*! becomes

(_1)ne—nr’—r n—1 (_1)n+1re—p(r’—r)—(n+l) n+1n+1

Kn+1 1”,7’ — : + : ' + ~n+1e pr'— q+2)
N )P P 7 i i PP DL
(7.3.26)
where
En+1 =5 12 z,q — @, P 1q +5 0|:® 5 ( 1)71
P S k2 TP p(p1) T T (n—q—z)'( )!(n—q—1)
(-n" ' -
g 12 fn—k—2)'(k+1)2 Z Z
( 1 n-l 9 k,qfkfl
S Sk Z e (7.3.27)

In Lemma 7.13 it was shown that c’“rl equals c%‘l. Combining Egs. (7.3.22), (7.3.24)

and (7.3.26) proves the theorem because it follows that, for r > 0, the values K"*1(/,r)
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are given by

n n+1,pr'—(q+2)r !
ba=o e’ (a+2)r, r' <0,
(71)ner —(n+2)r -1 (71);1+1r/e—p(r’—r) (n+1)r

1 1 o —
()" + om0 — o + Lpo Lyo bygle VT, 0 <r' <y, O

-1 ne—nr/fr —1 (=1 n+1re—p(r/—r) (n+1)r 1 1 S
S T T e T h D e

7.4. Discussion

The way in which Theorem 7.3 was proved gives little insight into how one arrives at the
expressions (7.2.11) to (7.2.13) for the generating functions A, 4, B, ;, and C;; in the first
place. It appears pertinent to briefly comment on how we derived these formulee. The first
step was to compute the kernels K" for low values of n from the Chapman-Kolmogorov
equation (7.3.21), and to observe that they have the form asserted in Theorem 7.3. In the next
step we guessed the expression for the part of K"(7/,7) not involving the coefficients Ay qr

by, and ¢y, o, so that the problem was reduced to solving the recurrence equations (7.3.23),

(7.3.25) and (7.3.27). Assuming the validity of Lemma 7.10, it turns out that the first two
of these recurrence equation can be relatively easily solved first for G(z), which is, up to
the factor (—z)1/(q)', the generating function of (af, + b} q)n>1r then for A, ;, and finally for

By,4- The third recursion for (c}; ;) was simplified by the empirical observation that

Pq)

g-1 b;{l _1\n—1 -1 _1\q
g—k—1 kq k-1 (-1) (—1) B
k; k+1 Z kr1 Ce | +k§J(k)!(q—k—l)!(k+l)2 4y

for some real numbers dq, g > 0, and then solved for Cp,q- The educated guesses made in the
course of this derivation are justified ex posteriori by the proofs presented in this chapter.
Our original motivation was to derive an explicit expression for the asymptotic variance
(7.2.7). For this purpose, knowledge of the generating function of the coefficients of the
n-step transition kernel, as opposed to knowledge of the coefficients themselves, is sufficient.
In order to evaluate the infinite sum appearing in Eq. (7.2.7), one is primarily interested

in sums of the form ), a} ,, which is equal to A, ,(1), provided this number is finite.

Carrying out the computatloili, however, turns out to be quite subtle, and the results will be
reported elsewhere.

It is natural to ask whether the results presented in this chapter can be extended to the first-
passage percolation problem on IN x {0,1,...,k}, k > 2. Conceptually, our approach carries
over to this setting only if one considers semi-directed percolation in which the horizontal
edges may be traversed in only one direction; the combinatorics involved in computing
the one-step transition kernel of the Markov chain A as well as the explicit iteration of the

Chapman-Kolmogorov equation (7.3.21), however, soon become unmanageable for larger
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values of k. For the undirected first-passage percolation problem, there is the possibility that
the shortest path {(0,0) = po, p1,...,pn-1, PN = (1,0)}, pi = (x;,yi), between (0,0) and
(n,0) backtraces, by which we mean that there exist indices 0 < i < j < N such that xj < X
The possible occurrence of such configurations prevents an extension of our recursive method
to broader graphs in the undirected setting. One might also wonder if similar results can
be obtained for more general class of edge-weight distributions IP. It is easy to see that the
Markov property of A does not depend on the choice of I, and an analysis of our proofs
shows that the validity of the Central Limit Theorem 7.2 as well as expression (7.2.7) for the
asymptotic variance is not affected by choosing a different edge-weight distribution either,
provided one can prove that the stationary distribution 7t and the one-step kernel K satisfy
the moment and mixing conditions used in the proof of Theorem 7.2. It is however, very
difficult, to evaluate the formula for the n-step transition kernel explicitly, if I is not the
exponential distribution, although our approach via generating functions remains likewise
applicable.
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General Notation

Symbols involving letters in alphabetical order:

B(-) Borel c-algebra

C complex numbers

Cov covariance

0ij Kronecker symbol

Oy Dirac measure

e Euler number

E expectation

im image of a matrix

Im imaginary part

i imaginary unit

Liey indicator of the expression &

Ia(+) indicator function of the set A; I4(x) = Iycay
KI[X] polynomial expressions in X over K

K{X}  rational expressions in X over K
ker kernel of a matrix

LP(-) Lebesgue space

My (-)  m x n matrices

M,(-)  n x n matrices

IN natural numbers

o(+) of the same order, that is a, = O(b,), if 3C > 0 such that |a,| < Cb, for all n.
o(-) of smaller order, that is a,, = o(by,), if limy,_,e a, /b, = 0.

P(-) probability

rank rank of a matrix

Re real part

R real numbers

R* non-negative real numbers

Su(-) symmetric n X n matrices

S(-) positive semidefinite n x n matrices

S;/*(-) positive definite n X n matrices
a(+) spectrum of a matrix
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()7
Var
vec
4
7-

transpose of a matrix
variance

vectorization operator
integers

negative integers

Other symbols in alphabetical order of their meaning:

closed interval
convergence in distribution
convergence in probability
distributed as

equality in distribution
Euclidean inner product

n x n identity matrix
Kronecker product

norm

open interval

m X n zero matrix

n X n zero matrix

zero vector in R”



Abbreviations

ARMA
a.s.
CARMA
cf.

CLT
e.g.
ESD
Eq.

et al.
i.e.
i.i.d.
LSD
RMT
OML

autoregressive moving average

almost surely

continuous-time autoregressive moving average
confer

Central Limit Theorem

for example

empirical spectral distribution

equation

et alii

that is

independent and identically distributed
limiting spectral distribution

random matrix theory

quasi maximum likelihood
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