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Introduction

Since the seminal contribution of Clive W.J. Granger (1981) that introduced the concept of coin-
tegration, the modeling of multivariate (economic) time series with models and methods that
allow for unit roots and cointegration has become standard econometric practice with applicati-
ons ranging from macroeconomics through finance to climate science. With the early exceptions
of Aoki (1990) and Aoki and Havenner (1991) most authors focus on the VAR framework, most
notably Johansen (1995) who developed vector error correction models for the empirically most
relevant cases, the I(1) and the I(2) case. Johansen and Schaumburg (1999) extended the vector
error correction from the I(1) to the multiple frequency I(1) case, which covers the case of seasonal
integration.

Limiting cointegration analysis to VAR processes may be too restrictive. First, it is well-known
since Zellner and Palm (1974) that VAR processes are not invariant with respect to marginaliza-
tion, i.e., subsets of the variables of a VAR process are in general vector autoregressive moving
average (VARMA) processes. Second, as shown by Amemiya and Wu (1972), aggregation of VAR
processes also leads to VARMA processes, an issue relevant, e.g., in the context of temporal ag-
gregation and in mixed-frequency settings. Third, the linearized solutions to dynamic stochastic
general equilibrium (DSGE) models are typically VARMA rather than VAR processes, see, e. g.,
Campbell (1994). Fourth, a VARMA model may be a more parsimonious description of the data
generating process (DGP) than a VAR model, with parsimony becoming more important with
increasing dimension of the process.

Poskitt (2006) uses an error correction model for VARMA cointegration analysis in the I(1) case.
However, the extension of this model to the case of higher integration orders or multiple unit roots
is not straightforward. One possibility to overcome the difficulties for the cointegration analysis
of VARMA processes is the usage of the state space framework, see, e.g., Hannan and Deistler
(1988). This dissertation provides important tools for cointegration analysis in the state space
framework, namely a continuous parameterization and a pseudo maximum likelihood estimator
for the multiple frequency I(1) case.

Chapter 1 discusses the parameterization of state space processes of arbitrary integration orders.
Since the state space representation of a stochastic process is not unique, a canonical form is
necessary, which selects one unique state space representation. Since this canonical form places re-
strictions on the system matrices, not all entries of the matrices are free parameters. Some entries
are restricted to be zero or depend on other entries. The parametrization is based on the canonical
form of Bauer and Wagner (2012), which is particularly well suited for cointegration analysis. As
shown by Hazewinkel and Kalman (1976), there is no continuous parameterization for all state
space systems of a given system order. Therefore, we partition the set of all systems into subsets on
which a continuous parameterization is possible. For this we use a multi-index, which is chosen in
such a way that properties like the unit roots, integration orders and dimensions of the cointegra-
ting spaces remain constant in each subset. In addition to deriving a continuous parametrization,
which is almost everywhere continuously invertible, we find a generic subset which is open and
dense in the set of all integrated processes with a state space representation of a given system
order. Additionally, we discuss the topological structure of the subsets, defining a partial ordering
of the multi-indices. This is important, since we show that if the multi-index is chosen to large the
true transfer function is in the closure of the transfer functions in the subset, which potentially



allows for consistent estimation.

Finally, we discuss the implementation of hypotheses on the cointegrating ranks and spaces in
the parametrization for the empirically most relevant cases, the multiple frequency I(1) and the
I(2) case. We show that all hypotheses commonly tested for VAR processes in these cases can be
implemented in the state space framework. This potentially allows for the derivation of pseudo
likelihood ratio tests for these hypotheses.

Chapter 2 examines pseudo maximum likelihood estimation for multiple frequency I(1) processes.
We derive the likelihood function for multiple frequency I(1) processes and show that the pseu-
do maximum likelihood estimator is consistent under relatively mild conditions. Additionally, we
show that setting the starting values of the state process to zero does not affect the asymptotic
properties of the pseudo maximum likelihood estimator. Consistency does not only hold for a cor-
rectly chosen multi-index, but also when the generic multi-index found in Chapter 1 is used. The
cointegrating space is estimated super-consistently. The proof of consistency is independent of the
parameterization, similar to the proof of Hannan and Deistler (1988) in the stationary case. For
the case of a correctly chosen multi-index we additionally derive the asymptotic distribution of
the pseudo maximum likelihood estimator, providing the ground work for pseudo likelihood ratio
tests.

In a simulation study we compare the pseudo maximum likelihood estimator to reduced rank re-
gression on vector autoregressive approximations by Johansen and Schaumburg (1999) and to the
CCA subspace algorithm of Bauer and Buschmeier (2016). In the case of moving average roots
close to the unit circle the pseudo maximum likelihood algorithm estimates the cointegrating space
more precisely and makes better predictions than the other algorithms for our simulated systems.

Finally, Chapter 3 consists of an useful tutorial for the analysis of economic time series using the
state space framework. Using the analysis of King, Plosser, Stock and Watson (1991) as an illus-
trative example, we demonstrate that all economically relevant questions examined by King et al.
(1991) can also be analyzed using the state space framework. The analysis of King et al. (1991)
is based on quarterly US economic data from 1949 to 1988. We compare the methods developed
for the state space framework, namely the pseudo maximum likelihood estimator from Chapter 2
and the tests based upon it from Matuschek, de Matos Ribeiro, Bauer and Wagner (2020) to the
methods used by King et al. (1991), i.e., the DOLS estimator of Stock and Watson (1993) and
the tests for the cointegrating rank of Stock and Watson (1988) and to the vector error correction
model for I(1) processes by Johansen (1995). In doing so, we point out which matlab procedures
we use for the analysis. The results obtained with the three different approaches differ, which in-
dicates that the results of empirical applications to time series of dimension six or more of sample
sizes below two or three hundred should be interpreted with care.

Additionally, we test the robustness of the vector error correction model and the state space frame-
work by repeating the analysis on an extended data set with quarterly US economic data from 1949
to 2018 and on the subset with data from 1989 to 2018. The results of both approaches differ for
the three data sets. This may be a hint that there are structural breaks in the economic time series.

All simulations and computations for empirical applications have been performed in matlab. The
code containing the respective procedures can be obtained from the author upon request.
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A Parameterization of Models for
Unit Root Processes: Structure
Theory and Hypothesis Testing

1.1 Introduction

Since the seminal contribution of Clive W.J. Granger (1981) that introduced the concept of coin-
tegration, the modeling of multivariate (economic) time series with models and methods that
allow for unit roots and cointegration has become standard econometric practice with applications
ranging from macroeconomics to finance to climate science.

The most prominent (parametric) model class for cointegration analysis are vector autoregres-
sive (VAR) models, popularized by the important contributions of Sgren Johansen and Katarina
Juselius and their co-authors, see, e. g., the monographs Johansen (1995) and Juselius (2006). The
popularity of VAR cointegration analysis stems not only from the (relative) simplicity of the mo-
del class that allows by and large for least squares based estimation, but also from the fact that
the VAR cointegration literature is very well-developed and provides a large battery of tools for
diagnostic testing, impulse response analysis, forecast error variance decompositions and the like.
All this makes VAR cointegration analysis to a certain extent the benchmark in the literature.!

The imposition of specific cointegration properties on an estimated VAR model becomes in-
creasingly complicated as one moves away from the I(1) case. As discussed in Section 1.2, e. g., in
the I(2) case a triple of indices needs to be chosen (fixed or determined via testing) to describe the
cointegration properties. The imposition of cointegration properties in the estimation algorithm
then leads to “switching” type algorithms that come together with complicated parameterization
restrictions with complex inter-relations, compare Paruolo (1996) or Paruolo (2000).? Mathema-
tically, these complications arise from the fact that the unit root and cointegration properties are
in the VAR setting related to rank restrictions on the autoregressive polynomial matrix and its
derivatives.

Restricting cointegration analysis to VAR processes may be too restrictive. First, it is well-
known since Zellner and Palm (1974) that VAR processes are not invariant with respect to mar-
ginalization, i.e., subsets of the variables of a VAR process are in general vector autoregressive
moving average (VARMA) processes. Second, similar to the first argument, aggregation of VAR
processes also leads to VARMA processes, an issue relevant, e.g., in the context of temporal ag-
gregation and in mixed-frequency settings. Third, the linearized solutions to dynamic stochastic
general equilibrium (DSGE) models are typically VARMA rather than VAR processes, see, e.g.,
Campbell (1994). Fourth, a VARMA model may be a more parsimonious description of the data
generating process (DGP) than a VAR model, with parsimony becoming more important with

1Note that the original contribution to the estimation of cointegrating relationship has been least squares esti-
mation in a non- or semi-parametric regression setting, see, e.g., Engle and Granger (1987). A recent survey of
regression based cointegration analysis is provided by Wagner (2018).

2The complexity of these inter-relations is probably well illustrated by the fact that only Jensen (2013) notes that
“even though the I(2) models are formulated as submodels of I(1) models, some I(1) models are in fact submodels
of I(2) models”.



increasing dimension of the process.?

If one accepts the above arguments as a motivation for considering VARMA processes in coin-
tegration analysis, it is convenient to move to the — essentially equivalent, see Hannan and Deistler
(1988, Chapters 1 and 2) — state space framework. A key challenge when moving from VAR to
VARMA models — or state space models — is that identification becomes an important issue for the
latter model class, whereas unrestricted VAR models are (reduced-form) identified. In other words,
there are so-called equivalence classes of VARMA models that lead to the same dynamic behavior
of the observed process. As is well-known, to achieve identification, restrictions have to be placed
on the coefficient matrices in the VARMA case, e.g., zero or exclusion restrictions. A mapping
attaching to every transfer function, i.e, the function relating the error sequence to the observed
process, a unique VARMA (or state space) system from the corresponding class of observational-
ly equivalent systems is called canonical form. Since not all entries of the coefficient matrices in
canonical form are free parameters, for statistical analysis a so-called parameterization is required
that maps the free parameters from coefficient matrices in canonical form into a parameter vector.
These issues, including the importance of the properties like continuity and differentiability of pa-
rameterizations, are discussed in detail in Hannan and Deistler (1988, Chapter 2) and, of course,
are also relevant for our setting in this paper.

The convenience of the state space framework for unit root and cointegration analysis stems
from the fact that (static and dynamic) cointegration can be characterized by orthogonality cons-
traints, see Bauer and Wagner (2012), once an appropriate basis for the state vector, which is a
(potentially singular) VAR process of order one, is chosen. The integration properties are governed
by the eigenvalue structure of unit modulus eigenvalues of the system matrix in the state equation.
Eigenvalues of unit modulus and orthogonality constraints arguably are easier restrictions to deal
with or to implement than the interrelated rank restrictions considered in the VAR or VARMA
setting. The canonical form of Bauer and Wagner (2012) is designed for cointegration analysis by
using a basis of the state vector that puts the unit root and cointegration properties to the center
and forefront. Consequently, these results are key input for the present paper and are thus briefly
reviewed in Section 1.3.

An important problem with respect to appropriately defining the “free parameters” in VARMA
models is the fact that no continuous parameterization of all VARMA or state space models of a
certain order n exists in the multivariate case, see Hazewinkel and Kalman (1976). This implies
that the model set, M,, say, has to be partitioned into subsets on which continuous paramete-
rizations exist, i.e., M, = Upcg Mr for some multi-index I' varying in an index set G. Based
on the canonical form of Bauer and Wagner (2012), the partitioning is according to systems — in
addition to other restrictions like fixed order n — with fixed unit root properties, to be precise
over systems with given state space unit root structure. This has the advantage that, e. g., pseu-
do maximum likelihood (PML) estimation can straightforwardly be performed over systems with
fixed unit root properties without any further ado, i.e., without having to consider (or ignore)
rank restrictions on polynomial matrices. The definition and detailed discussion of the properties
of this parameterization is the first main result of the paper.

The second main set of results, provided in Section 1.4, is a detailed discussion of the relation-
ships between the different subsets of models Mr for different indices I' and the parameterization
of the respective model sets. Knowledge concerning these relations is important to understand the
asymptotic behavior of PML estimators and pseudo likelihood ratio tests based upon them. In
particular the structure of the closures of M, M say, of the considered model set M has to be
understood, since the difference M \ M cannot be avoided when maximizing the pseudo likelihood
function*. Additionally, the inclusion properties between different sets Mr need to be understood,

3The literature often uses VAR models as approximations, based on the fact that VARMA processes often can
be approximated by VAR models with the order tending to infinity with the sample size at certain rates. This line
of work goes back to Lewis and Reinsel (1985) for stationary processes and has been extended to (co)integrated
processes by Saikkonen (1992), Saikkonen and Luukkonen (1997) and Bauer and Wagner (2007). In addition to
the issue of the existence and properties of a sequence of VAR approximations, the question whether a VAR
approximation is parsimonious remains.

4Below we often use the term “likelihood” as short form of “likelihood function”.



as this knowledge is important for developing hypothesis tests, in particular for developing hypo-
thesis tests for the dimensions of cointegrating spaces. Hypotheses testing, with a focus on the
MFI(1) and I(2) cases, is discussed in Section 1.5, which shows how the parameterization results
of the paper can be used to formulate a large number of hypotheses on (static and polynomial)
cointegrating relationships as considered in the VAR cointegration literature. This discussion also
includes commonly used deterministic components like intercept, seasonal dummies and linear
trend as well as restrictions on these components.

The paper is organized as follows: Section 1.2 briefly reviews VAR and VARMA models with
unit roots and cointegration and discusses some of the complications arising in the VARMA case
in addition to the complications arising due to the presence of unit roots and cointegration already
in the VAR case. Section 1.3 presents the canonical form and the parameterization based upon
it, with the discussion starting with the multiple frequency I(1) — MFI(1) — and I(2) cases prior
to a discussion of the general case. This section also provides several important definitions like,
e.g., of the state space unit root structure. Section 1.4 contains a detailed discussion concerning
the topological structure of the model sets and Section 1.5 discusses testing of a large number of
hypotheses on the cointegrating spaces commonly tested in the cointegration literature. The dis-
cussion in Section 1.5 focuses on the empirically most relevant MFI(1) and 1(2) cases and includes
the usual deterministic components considered in the literature. Section 1.6 briefly summarizes
and concludes. All proofs are relegated to the appendix.

Throughout we use the following notation: L denotes the lag operator, i.e., L({z;}iez) =
{xt_1}tez, for brevity written as Lz; = z4—1. For a matrix v € C**" 4/ € C"** denotes its
conjugate transpose. For v € C**" with full column rank r < s, we define v, € C**(=7) of
full column rank such that 4'y, = 0. I, denotes the p-dimensional identity matrix, O,,x» the
m times n zero matrix. For two matrices A € C™*", B € CF*!, A® B € C™**" denotes the
Kronecker product of A and B. For a complex valued quantity x, R(z) denotes its real part, Z(x)
its imaginary part and  its complex conjugate. For a set V, V denotes its closure.® For two sets
V and W, V' \ W denotes the difference of V and W, i.e., {v € V : v ¢ W}. For a square matrix
A we denote the spectral radius (i. e., the maximum of the moduli of its eigenvalues) by Ajmax|(A)
and by det(A) its determinant.

1.2 Vector Autoregressive, Vector Autoregressive Moving
Average Processes and Parameterizations

In this paper we define VAR processes {y: }tez, y+ € R®, as solution of

P
a(L)ye =yt + Zajytfj =& + Pdy, (1.1)

=1

with a(L) := I + Z§:1 a;jL7, where a; € R®*® for j =1,...,p, ® € R**™, q, # 0, a white noise
process {€t}tcz, €: € R®, with ¥ := E(e4e}) > 0 and a vector sequence {d; }+cz, dr € R™, comprising
deterministic components like, e. g., the intercept, seasonal dummies or a linear trend. Furthermore,
we impose the non-explosiveness condition det a(z) # 0 for all |z| < 1, with a(z) := I, +Z§=1 ajz
and z denoting a complex variable.’

Thus, for given autoregressive order p, with — as defining characteristic of the order — a, # 0,
the considered class of VAR models with specified deterministic components {d; }+ez is given by
the set of all polynomial matrices a(z) such that (i) the non-explosiveness condition holds, (ii)
a(0) = I, and (iii) a, # 0; together with the set of all matrices & € R¥*"™.

5We are confident that this dual usage of notation does not lead to confusion.

60ur definition of VAR processes differs to a certain extent from some widely-used definitions in the literature.
Given our focus on unit root and cointegration analysis we, unlike Hannan and Deistler (1988), allow for determi-
nantal roots at the unit circle that, as is well known, lead to integrated processes. We also include deterministic
components in our definition, i.e., we allow for a special case of exogenous variables, compare also Remark 1.2
below. There is, however, also a large part of the literature that refers to this setting simply as (cointegrated) vector
autoregressive models, see, e.g., Johansen (1995) and Juselius (2006).

3



Equivalently, the model class can be characterized by a set of rational matrix functions k(z) :=
a(z)71, referred to as transfer functions, and the input-output description for the deterministic
variables, i.e.,

Voo = VxR,

o) P
Ve = (k(z)= ijzj =a(z)'alz) =1 + Zajzj,det a(z) #0 for |z] <1,a, #0
§=0

j=1
The associated parameter space is ©p ¢ := 0, x R C Rs“PTsm where the parameters

0 = [0,,05] = [vec(ar)',...,vec(ap), vec(®)]) (1.2)
are obtained from stacking the entries of the matrices a; and ®, respectively.

Remark 1.1 In the above discussion the parameters, 0s. say, describing the variance covariance
matriz 3 of €, are not considered. These can be easily included, similarly to ® by, e.g., parame-
terizing positive definite symmetric s X s matrices via their lower triangular Cholesky factor. This
leads to a parameter space ©p o s C R PHsm+ 2 gy o Oy, for brevity, since typically no
cross-parameter restrictions involving parameters corresponding to ¥ are considered, whereas, as
discussed in Section 1.5, parameter restrictions involving — in this paper in the state space rather
than the VAR setting — both elements of ©, and ®, to, e. g., impose the absence of a linear trend
in the cointegrating space, are commonly considered in the cointegration literature.” In the absence
of cross-parameter restrictions involving s, the variance covariance matriz 3 is typically either
estimated from least squares or reduced rank regression residuals (in a VAR setting) or concen-
trated out in pseudo maximum likelthood estimation. Thus, explicitly including 0y and Ox in the
discussion would only overload notation without adding any additional insights, given the simple
nature of the parameterization of X.

Remark 1.2 Our consideration of deterministic components is a special case of including exoge-
nous variables. We include exogenous deterministic variables with a static input-output behavior
governed solely by the matrix ®. More general exogenous variables that are dynamically related
to the output {y; }rez could be considered, thereby considering so-called VARX models rather than
VAR models, which would necessitate considering in addition to the transfer function k(z) also a
transfer function l(z), say, linking the exogenous variables dynamically to the output.

For the VAR case, the fact that the mapping assigning a given transfer function k(z) € Vj, to a
parameter vector 8, € ©, — the parameterization — is continuous with continuously differentiable
inverse is immediate.® Homeomorphicity of a parameterization is important for the properties of
parameter estimators, e. g., the ordinary least squares (OLS) or Gaussian PML estimator, compare
the discussion in Hannan and Deistler (1988, Theorem 2.5.3 and Remark 1, p. 65).

For OLS estimation one typically considers the larger set VpOLS without the non-explosiveness
condition and without the assumption a, # 0:

00 P
VOLS = {k(2) = Z kizl =a(z)"ta(z) = I + Zajzj
j=0 j=1

Considering V;,OLS allows for unconstrained optimization. It is well-known that for {e;}cz as
given above, the OLS estimator is consistent over the larger set VpOLS , 1.e., without imposing

7Of course, the statistical properties of the parameter estimators depend in many ways upon the deterministic
components.

8The set Vp is endowed with the pointwise topology, defined in Section 1.3. For now, in the context of VAR
models, it suffices to know that convergence in pointwise topology is equivalent to convergence of the VAR coefficient
matrices a1, ..., ap in the Frobenius norm.



non-explosiveness and also when specifying p too high. Alternatively, and closely related to OLS
in the VAR case, the pseudo likelihood can be maximized over ©, . With this approach, maxima
respectively suprema can occur at the boundary of the parameter space, i. e., maximization effec-
tively has to consider ép,@ It is well-known that the PML estimator is consistent for the stable
case, cf. Hannan and Deistler (1988, Theorem 4.2.1), but the maximization problem is compli-
cated by the restrictions on the parameter space stemming from the non-explosiveness condition.
Avoiding these complications and asymptotic equivalence of OLS and PML in the stable VAR
case explains why VAR models are usually estimated by OLS.?

To be more explicit, ignore deterministic components for a moment and consider the case where
the DGP is a stationary VAR process, i.e., a solution of (1.1) with a(z) satisfying the stability
condition det a(z) # 0 for |z| < 1. Define the corresponding set of stable transfer functions by V,, 4:

Vpe = {a(2)™' €V, :deta(z) #0 for [2| < 1,a, # 0}.

Clearly, V}, o is an open subset of V,,. If the DGP is a stationary VAR process, the above-mentioned
consistency result of the OLS estimator over VPOLS implies that the probability that the estimated

transfer function, l%(z) = a(z)~! say, is contained in V), o converges to one as the sample size tends
to infinity. Moreover, the asymptotic distribution of the estimated parameters is normal, under
appropriate assumptions on {&; }¢cz.

The situation is a bit more involved, if the transfer function of the DGP corresponds to a point
in the set pr. \ Vp,e, which contains systems with unit roots, i.e., determinantal roots of a(z) on
the unit circle, as well as lower order autoregressive systems — with these two cases non-disjoint.
The stable lower order case is relatively unproblematic from a statistical perspective. If, e. g., OLS
estimation is performed over VpOLS , while the true model corresponds to an element in V- ,,
with p* < p, the OLS estimator is still consistent, since V- o C V.45, Furthermore, standard
chi-squared pseudo likelihood ratio test based inference still applies. The integrated case, for a
precise definition see the discussion below Definition 1.1, is a bit more difficult to deal with, as
in this case not all parameters are asymptotically normally distributed and nuisance parameters
may be present. Consequently, parameterizations that do not take the specific nature of unit root
processes into account are not very useful for inference in the unit root case, see, e. g., Sims, Stock
and Watson (1990, Theorem 1). Studying the unit root and cointegration properties is facilitated
by resorting to suitable parameterizations that “zoom in on the relevant characteristics”.

In case that the only determinantal root of a(z) on the unit circle is at z = 1, the system
corresponds to a so-called I(d) process, with the integration order d > 0 made precise in Defini-
tion 1.1 below. Consider first the I(1) case: As is well-known, the rank of the matrix a(1) equals
the dimension of the cointegrating space given in Definition 1.3 below — also referred to as the
cointegrating rank. Therefore, determination of the rank of this matrix is of key importance. With
the parameterization used so far, imposing a certain (maximal) rank on a(1) implies complicated
restrictions on the matrices a;, j = 1,...,p. This in turn renders the correspondingly restricted
optimization unnecessarily complicated and not conducive to develop tests for the cointegrating
rank. It is more convenient to consider the so-called vector error correction model (VECM) repre-
sentation of autoregressive processes, discussed in full detail in the monograph Johansen (1995).
To this end, let us first introduce the differencing operator at frequency 0 < w <7

_ 2
A, = { Is—2cos(w)L+L* for0<w<m (1.3)

I, — cos(w)L forwe {0,7} °

For notational brevity, we omit the dependence on L in A, (L), henceforth denoted as A,,. Using

9Note that in case of restricted estimation, i.e., zero restrictions or cross-equation restrictions, OLS is not
asymptotically equivalent to PML in general.



this notation, the I(1) error correction representation is given by

p—1
AOyt = Hyt—l + Z FjAoyt_j + & + (I)dt (14)
j=1
p—1
af'y—1 + Z LijAoyi—j + e + Pdy,
j=1

with the matrix IT := —a(1) = —(Is + >_%_, a;) of rank 0 < 7 < s factorized into the product of
two full rank matrices o, 8 € R®*" and I'; := anzj—&-l am,j=1,...,p— 1.

This constitutes a reparameterization, where k(z) € V, is now represented by the matrices
(o, 8,T1,...,Tp_1) and a corresponding parameter vector ;"™ € ©Y5°". Note that stacking the
entries of the matrices does not lead to a homeomorphic mapping from V,, to ©%", since for 0 <

r < s the matrices o and 3 are not identifiable from the product a5’, since o3’ = aMMflﬁ’ =apf
for all regular matrices M € R"™*". One way to obtain identifiability is to introduce the restriction
B = [I., 8], with B* € R~ and o € R**". With this additional restriction the parameter
vector 0" is given by stacking the vectorized matrices a, 8*,T'1,...,T'p_1, similarly to (1.2).
Then, 075" = 6,77 x R*™ C RPs*—(s=r)’+sm_Note for completeness that the normalization of
B = [I., 5*']" may necessitate a re-ordering of the variables in {y:}+ecz since — without potential
reordering — this parameterization implies a restriction of generality as, e. g., processes, where the
first variable is integrated, but does not cointegrate with the other variables, cannot be represented.
Define the following sets of transfer functions:

Vor = {a(z)f1 €V, :deta(z) #0 for {z:|z] =1,z # 1}, rank(a(1)) <r, },
VPIT,.RR = {a(z)™! VOLS rank(a(1)) <r}.

The dimension of the parameter vector 8, °“* depends on the dimension of the cointegrating
space, thus, the parameterization of k(z) € V,, , depends on r. The so-called reduced rank regression
(RRR) estimator, given by the maximizer of the pseudo likelihood over V/U % is consistent, see,
e.g., Johansen (1995, Chapter 6). The RRR estimator uses an “implicit” normalization of ﬁ and
thereby implicitly addresses the mentioned identification problem. However, for testing hypotheses
involving the free parameters in « or 3, typically the identifying assumption given above is used,
as discussed in Johansen (1995, Chapter 7).

Furthermore, since Vj,,, C V.« for r < r* < s, with ©5°" a lower dimensional subset of

e, pseudo likelihood ratio testing can be used to sequentially test for the rank r, starting
with the hypothesis of a rank r = 0 against the alternative of a rank 0 < r < s, and increasing
the assumed rank consecutively until the null hypothesis is not rejected.

Ensuring that {y: }+cz generated from (1.4) is indeed an I(1) process, requires on the one hand
that II is of reduced rank, i.e., 7 < s and on the other that the matrix

p—1
o\ TBL = o L= T;| B (1.5)
j=1

has full rank. It is well-known that condition (1.5) is fulfilled on the complement of a “thin”
algebraic subset of %?TRR, and is therefore ignored in estimation, as it is “generically” fulfilled.!°

The 1(2) case is similar in structure to the I(1) case, but with two rank restrictions and one
full rank condition to exclude even higher integration orders. The corresponding VECM is given
by

p—2
Afye = af'yra —TAy 1+ Z U Ay + et (1.6)
=1

10A similar property holds for VPI?TRR being a “thin” subset of VPOLS. This implies that the probability that the

OLS estimator calculated over VPOLS corresponds to an element Vpl?'ﬁR C VPOLS is equal to zero in general.



with a, 3 as defined in (1.4), I' as defined in (1.5) and ¥, := —ZZ;}H Iy, j=1,...,p—2.
From (1.5) we already know that reduced rank of
o\TBL = &, (1.7)

with €, € RG=7Xm 1y < s — 1 is required for higher integration orders. The condition for the
corresponding solution process {y}+cz to be an 1(2) process is given by full rank of

p—2
o | TBBB) (o) 'a'T + I, — Z‘I’j Bini,
j=1

which again is typically ignored in estimation, just like condition (1.5) in the I(1) case. Thus, I(2)
processes correspond to a “thin subset” of VP{BTRR, which in turn constitutes a “thin subset” of
VpOLS . The fact that integrated processes correspond to “thin sets” in VpOLS implies that obtai-
ning estimated systems with specific integration and cointegration properties requires restricted
estimation based on parameterizations tailor made to highlight these properties.

Already for the I(2) case, formulating parameterizations that allow to conveniently study the
integration and cointegration properties is a quite challenging task. Johansen (1997) contains se-
veral different (re-)parameterizations for the I(2) case and Paruolo (1996) defines “integration
indices”, 1, 71,72 say, as the number of columns of the matrices 8 € R**™ 3, := f,n € R¥*"™
and By := fB1ny € R*"2. Clearly, the indices rg, 71,72 are linked to the ranks of the above ma-
trices IT and o/, I'3,, as 19 = r and 71 = m and the columns of [3, 51, 2] form a basis of R?,
such that s = rg + r; + ro. It holds that {8%y; }+cz is an I(2) process without cointegration and
{B1y+ }tez is an I(1) process without cointegration. The process {3'y; }tez is typically I(1) and in
this case cointegrates with {85A0y: }+ez to stationarity. Thus, there is a direct correspondence of
these indices to the dimensions of the different cointegrating spaces — both static and dynamic
(with precise definitions given below in Definition 1.3).!! Note that again, as already before in
the I(1) case, different values of p and ranks r and m, respectively integration indices rg,r1, 72,
lead to parameter spaces of different dimensions. Furthermore, in these parameterizations matri-
ces describing different cointegrating spaces are (i) not identified and (ii) linked by restrictions,
compare the discussion in Paruolo (2000, Section 2.2) and (1.7). These facts render the analysis of
the cointegration properties in I(2) VAR systems complicated. Also, in the I1(2) VAR case usually
some forms of RRR estimators are considered over suitable subsets V;ffn’f of VPI?TRR, again based
on implicit normalizations. Inference, however, again requires one to consider parameterizations
explicitly.

Estimation and inference issues are fundamentally more complex in the VARMA case than in
the VAR case. This stems from the fact that unrestricted estimation — unlike in the VAR case —
is not possible due to a lack of identification, as discussed below. This means that in the VARMA
case identification and parameterization issues need to be tackled as the first step, compare the
discussion in Hannan and Deistler (1988, Chapter 2).

In this paper we consider VARMA processes as solutions of the vector difference equation

p q
Yt “"Zajytfj = Et'ﬁ‘zbﬁtﬂ‘ + @dy,
i=1

j=1

with a(L) := I + Z?Zl a;L7, where a; € R®*® for j =1,...,p, a, # 0 and the non-explosiveness
condition det(a(z)) # 0 for |2| < 1. Similarly, b(L) := I, + 327, bjL7, where b; € R*** for
j=1,...,q, by # 0 and ® € R**™. The transfer function corresponding to a VARMA process is
k(z) == a(2)71b(2).

It is well-known that without further restrictions the VARMA realization (a(z),b(z)) of the
transfer function k(z) = a(z)7'b(2) is not identified, i.e., different pairs of polynomial matrices

1 Below Example 1.3 we clarify how these indices are related to the state space unit root structure defined in
Bauer and Wagner (2012, Definition 2) and link these to the dimensions of the cointegrating spaces in Section 1.5.2.
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(a(z),b(2)) can realize the same transfer function k(z). It is clear that for all non-singular poly-
nomial matrices m(z) the equality k(z) = a(z) " m(z)~tm(z)b(z) = a(z)~'b(z) holds. Thus, the
mapping 7 attaching the transfer function k(z) = a(z)7'b(z) to the pair of polynomial matrices
(a(2),b(2)) is not injective.*?

Consequently, we refer for given rational transfer function k(z) to the class {(a(z),b(2)) : k(z) =
a(z)7tb(2)} as a class of observationally equivalent VARMA realizations of k(z). To achieve iden-
tification requires to define a canonical form, selecting one member of each class of observationally
equivalent VARMA realizations for a set of considered transfer functions. A first step towards a
canonical form is to only consider left coprime pairs (a(z),b(2)).!* However, left coprimeness is not
sufficient for identification and thus further restrictions are required, leading to parameter vectors
of smaller dimension than R** (P19 A widely-used canonical form is the (reverse) echelon canoni-
cal form, see Hannan and Deistler (1988, Theorem 2.5.1, p. 59), based on (monic) normalizations
of the diagonal elements of a(z) and degree relationships between diagonal and off-diagonal ele-
ments as well as the entries in b(z), which lead to zero restrictions. The (reverse) echelon canonical
form in conjunction with a transformation to an error correction model has been used in VARMA
cointegration analysis in the I(1) case, e.g., in Poskitt (2006, Theorem 4.1), but, as for the VAR
case, understanding the interdependencies of rank conditions already becomes complicated once
one moves to the I(2) case.

In the VARMA case matters are further complicated by another well-known problem that
makes statistical analysis considerably more involved compared to the VAR case. Although there
exists a generalization of the autoregressive order to the VARMA case, such that any transfer
function corresponding to a VARMA system has an order n € N (with the precise definition
given in the next section) it is known since Hazewinkel and Kalman (1976) that no continuous
parameterization of all rational transfer functions of order n exists if s > 1. Therefore, if one
wants to keep the above-discussed advantages that continuity of a parameterization provides, the
set of transfer functions of order n, henceforth referred to as M, has to be partitioned into sets
on which continuous parameterizations exist, i.e., M,, = UreG Mr, for some index set G, as
already mentioned in the introduction.'* For any given partitioning of the set M,, it is important
to understand the relationships between the different subsets Mr, as well as the closures of the
pieces Mr, since in case of misspecification of M points in Mt \ Mr cannot be avoided even
asymptotically in, e. g., pseudo maximum likelihood estimation. These are more complicated issues
in the VARMA case than in the VAR case, see the discussion in Hannan and Deistler (1988,
Remark 1 after Theorem 2.5.3).

Based on these considerations, the following section provides and discusses a parameterization
that focuses on unit root and cointegration properties, resorting to the state space framework that
— as mentioned in the introduction — provides advantages for cointegration analysis. In particular
we derive an almost everywhere homeomorphic parameterization, based on partitioning the set of
all considered transfer functions according to a multi-index I" that contains, among other elements,
the state space unit root structure. This implies that certain cointegration properties are invariant
for all systems corresponding to a subset Mr, i.e., the parameterization allows to directly impose
cointegration properties like the “cointegration indices” of Paruolo (1996) mentioned before.

12Uniqueness of realizations in the VAR case stems from the normalization m(z)b(z) = I, which reduces the class
of observationally equivalent VAR, realizations of the same transfer function k(z) = a(z)~1b(z), with b(z) = I, to
a singleton.

3The pair (a(z),b(2)) is left coprime if all its left divisors are unimodular matrices. Unimodular matrices are
polynomial matrices with constant non-zero determinant. Thus, pre-multiplication of, e. g., a(z) with a unimodular
matrix u(z) does not affect the determinantal roots that shape the dynamic behavior of the solutions of VAR
models.

14When using the echelon canonical form, the partitioning is according to the so-called Kronecker indices related
to a basis selection for the row-space of the Hankel matrix corresponding to the transfer function k(z), see, e.g.,
Hannan and Deistler (1988, Chapter 2.4) for a precise definition.



1.3 The Canonical Form and the Parameterization

As a first step we define the class of VARMA processes considered in this paper, using the diffe-
rencing operator defined in (1.3):

Definition 1.1 The s-dimensional real VARMA process {y:}tez has unit root structure  :=
((wi,hy), ooy (Wi, b)) with 0 < wp <ws < -+- <wy < mhy €eNJEk=1,...,0,1 > 1, if it is a
solution of the difference equation

l

Aq(yr — @dy) = H AL (ye — ®dy) = vy, (1.8)
k=1

where {di}tcz is an m-dimensional deterministic sequence, ® € R**™ and {v;}iez is a linearly
reqular stationary VARMA process, i.e., there exists a pair of left coprime matriz polynomials
(a(2),b(2)),deta(z) # 0,|z] < 1 such that vi = a(L)"'b(L)(e;) =: c¢(L)(e¢) for a white noise
process {&; }rez with E(gie}) = 3 > 0, with furthermore c(z) # 0 for z = e“* k=1,...,1.

e The process {y; }tez is called unit root process with unit roots zj = e“* fork =1,...,1, the
set F(2) :={w1,...,w} is the set of unit root frequencies and the integers hy, k=1,...,1
are the integration orders.

o A unit root process with unit root structure ((0,d)), d € N, is an I(d) process.

o A unit root process with unit root structure ((wi,1),...,(w;, 1)) is an MFI(1), process.

A linearly regular stationary VARMA process has empty unit root structure Qg := {}.

As discussed in Bauer and Wagner (2012), the state space framework is convenient for the
analysis of VARMA unit root processes. Detailed treatments of the state space framework are
given in Hannan and Deistler (1988) and - in the context of unit root processes - Bauer and
Wagner (2012).

A state space representation of a unit root VARMA process is'®
Yt = C.’Et + (I)dt + &, (1 9)
Tiy1 = Azy+ Bey, '

for a white noise process {et}iez, &r € R®, a deterministic process {d;}iez, di € R™ and the
unobserved state process {2 }iez, z: € C*, A € C"*" B € C"*%, C € C**™ and ® € R5*™.

Remark 1.3 Bauer and Wagner (2012, Theorem 2) show that every real valued unit root VAR-
MA process {yi}rez as given in (1.8) has a real valued state space representation with {xt}iez
real valued and real valued system matrices (A, B, C). Considering complex valued state space
representations in (1.9) is merely for algebraic convenience, as in general some eigenvalues of
A are complex valued. Note for completeness that Bauer and Wagner (2012) contains a detailed
discussion why considering the A-matrixz in the canonical form in (up to reordering) the Jordan
normal form is useful for cointegration analysis. For sake of brevity we abstain from including this
discussion again in the present paper. The key aspect of this construction is its usefulness for coin-
tegration analysis, which becomes visible in Remark 1.4, where the “simple” unit root properties
of blocks of the state vector are discussed.

The transfer function k(z) with real valued power series coefficients corresponding to a real
valued unit root process {y: }+cz as given in Definition 1.1 is given by the rational matrix function
k(z) = Aq(z) ta(z)7b(2). The (possibly complex valued) matrix triple (A, B,C) realizes the
transfer function k(z) if and only if 7(A, B,C) := I, + 2C(I,, — zA)"*B = k(z). Note that, as

15Here and below we will only consider state space systems in so-called innovation representation, with the
same error in both the output equation and the state equation. Since every state space system has an innovation
representation, this is no restriction, compare Aoki (1990, Chapter 7.1).
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for VARMA realizations, for a transfer function k(z) there exist multiple state space realizations
(A, B,C), with possibly different state dimensions n. A state space system (A, B,C) is minimal,
if there exists no state space system of lower state dimension realizing the same transfer function
k(z). The order of the transfer function k(z) is the state dimension of a minimal system (A4, B, C)
realizing k(z).

All minimal state space realizations of a transfer function k(z) only differ in the basis of
the state, cf. Hannan and Deistler (1988, Theorem 2.3.4), i.e., 7(4, B,C) = n(A, B,C) for two
minimal state space systems (A, B,C) and (;L B, C’) is equivalent to the existence of a regular
matrix 7 € C" such that A = TAT ', B = TB,C = CT~!. Thus, the matrices A and A are
similar for all minimal realizations of a transfer function k(z).

By imposing restrictions on the matrices of a minimal state space system (A, B, C') realizing
k(z), Bauer and Wagner (2012, Theorem 2) provide a canonical form, i.e., a mapping of the set
M, of transfer functions with real valued power series coefficients defined below onto unique state
space realizations (A, B,C). The set M,, is defined as

- _ )‘\max\(A) <1,
My o= {k(z) =m(AB.C)| 4 ¢ R™" B € R™* C' € R**" (A, B,C) minimal [

To describe the necessary restrictions of the canonical form the following definition is useful:
Definition 1.2 A matriz B = [b; jli=1,....c.j=1,..,s € C*® is positive upper triangular (p.u.t.) if

there exist integers 1 < j1 < jo < --- < jo < 541, such that for j; < s we have b;; = 0,5 <
JisJi < Jit1, bij; € RY. For j; = s+ 1 it holds that b; ; = 0,1 < j <s, i.e., B is of the form

0 -+ 0 by = %
B — 0 0 b2,j2 * :
0 0 bcyjc *

where the symbol * indicates unrestricted complex-valued entries.

A unique state space realization of k(z) € M, is given as follows, cf. Bauer and Wagner (2012,
Theorem 2):

Theorem 1.1 For every transfer function k(z) € M, there exists a unique minimal (complex)
state space realization (A, B,C) such that

ye = Cxyc+ey,
i, = Axgc+ Bey

with:

(1) A= diag( Ay, As) := diag(Aic, ..., Aic, As), Ay, € CMo*™u A, € R™*™ where it holds
fork=1,...,1 that

— for 0 < wy < m:

— J 0 2d" x 2d"
.Akyc = l: 0 jk ] eC s
— for wy, € {0,7}:

Agxc = Ji € deXdk,

s
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with
[ ZRlge [Lar, Ok (ax—at)) 0 0 |
Odl; xdk 7k]d’; [Id’g ) Odljx(dfg“fd’;)} 0
Ji 1= 0 0 Znl g 0 ;
[Id’;k_l ) Od’;k_l x(d’ﬁk 7d’}§k_1)]
0 0 0 Zid g
L g

(1.10)
wher60<dlf §d’2“ g--.gdﬁjk.

(i) B == [B,,B,] == [By ¢, B¢, Bs] and C := [Cy,Ce] := [Ci1c, ..., Cic,Ca] are partitioned
accordingly. It holds for k =1,...,1 that

— for 0 < wg < m:

By,c == [ gz ] € C2"% gnd Cr,c := |:Ck, @k} c Osx2d*

— for wy, € {0,7}:
B¢ := By € RS gnd Crc:=Ck € Rs*d"

(ii1) Partitioning By p, in B = By 1, By, ) as Bene = By 150 Blongong ) with B py i €
k k
Cl45=45-1)%5 4t holds that By hy,j @5 p.u.t. for d;? > df_l forg=1,... hpx andk=1,...,1.

(iv) For k=1,...,1 define Cx = [Ch1,Chp2s .-, Chon,),Chj = [C;,CE,), with CF; € Co*(%=dj-0)
and C,S':j € C¥* 45 for j=1,...,hy, with d& := 0. Further, define CF := [C,f,l, e ,Cf’hk] €
k
C**e . It holds that (CEYCE = Id’fbk and (C,%)’C,fi =0for1<i<jforj=2,...,h and
k=1,... 0

v maz| (Ae) < 1 and the stable subsystem o, Be,Ce) 0f state dimension ne = N — Ny 1S 1N
/\| | A 1 and th bl b Ao, Be,C f di ) .S 1
echelon canonical form, cf. Hannan and Deistler (1988, Theorem 2.5.2).

Remark 1.4 As indicated in Remark 1.3 and discussed in detail in Bauer and Wagner (2012)
considering complexr valued quantities is merely for algebraic convenience. For econometric analy-
sis, interest is, of course, on real valued quantities. These can be straightforwardly obtained from
the representation given in Theorem 1.1 as follows. First, define a transformation matriz (and its
inverse):

Starting from the complex valued canonical representation (A, B, C), a real valued canonical
representation

1,—i

1 1 _ 11 L;®
TR,d = |:Id X |:Z:| g ® |:—Z:|:| S (CZdX2d7 TR; = |: d 1

T2 Iy ®

Yo = Craer + &y,

TR = ArTer + Bree,

with real valued matrices (Ag, Br,Cr) follows from using the just defined transformation matriz.
In particular it holds that:

Ar = diag(Au,R, A.) = diag(AUR, - ,.AUR, A.),
BR = [B;,R7B/O]l = [ i,R7~-~7Bl/,R7B/o]/7
Cr = [Cur,Ca] =[Cir,s-..,Cir,Cal,

11
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with

(TR’dk'Ak)T]R_;’C7 TR’dkBk, CkTR_Cllk) if 0 <wg <,

(Akr, Ber,Crr) = { )
(A, By, Cy) if wi, € {0, 7}

Before we turn to the real valued state process corresponding to the real valued canonical repre-
sentation, we first consider the complex valued state process {x¢c}ticz in more detail. This pro-

cess is partitioned according to the partitioning of the matrices Cpc into Ty c = X}, T) ) =
!/ / !/ !/
[:vml’(c, Cs T ]’ where
!/ =/ ! -
o [xt,k’xt,k] if 0 <wp <,
Ttk C = .
Ttk if wg € {0, 7},
with

Tet1,k = JuTek + Bree, fork=1,...,1.

For k =1,...,1 the sub-vectors x,j, are further decomposed into x ) := [(xtlk)’, ol (Jc?”;c)']’, with
xf’k cCd forj=1,... hy according to the partitioning Cx, = [Ck.1, - -, Ch hy]-

The partitioning of the complex valued process {zic}iez leads to an analogous partitioning of
the real valued state process {Tir}rez, Ter = [Th ., g Ttel = [Th1 s - Tf gy Trel s Obtained
from

S {TR,dk.'L'Lk’(C ZfO <wg <,
™ Ttk if wi € {0, 7},

with the corresponding block of the state equation given by

Tet1 kR = AprTt kR + B rEL

Fork =1,...,1 the sub-vectors z; ;g are further decomposed into x, g := [(mt{k’R)’, R (az:?’;€ &)
with a:{,kyR c R2; if0 <wp <7 and x{yk’R € R% if wp € {0,7} forj=1,...,h; and Crr =
[Ckars- -, Chnyr] decomposed accordingly.

Bauer and Wagner (2012, Theorem 3, p. 1328) show that the processes {ﬂfgyk,R}teZ have unit
root structure ((wi, hi —j+1)) for j=1,...,hy and k =1,...,1. Furthermore, for j =1,... hy
and k=1,...,1 the processes {mg,k,R}teZ are not cointegrated, as defined in Definition 1.3 below.
For wy, = 0, the process {x{7k7R}t€Z is the di—dimensz‘onal process of stochastic trends of order
hy — 7 + 1, while the Qd;? components of {xz,k,n@}tez: for 0 < wi, < 7, and the d? components of

{mg LR ftez, forwy = m, are referred to as stochastic cycles of order hy—j+1 at their corresponding
frequencies wy,.

Remark 1.5 Parameterizing the stable part of the transfer function using the echelon canonical
form is merely one possible choice. Any other canonical form of the stable subsystem and suitable
parameterization based upon it can be used instead for the stable subsystem.

Remark 1.6 Starting from a state space system (1.9) with matrices (A, B,C) in canonical form,
a solution for y;,t > 0 (with the solution for t < 0 obtained completely analogously) — for some
ry =[] ,,,7] ] — is given by

t—1 t—1
ye =Y CuAl ' Bugrj+ CoAl w10 + > CoAl  Bagrj+
j=1 j=1

C.Ai_lxl’. + (bdt + Et.
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Clearly, the term Cy Al 21, is stochastically singular and is effectively like a deterministic com-
ponent, which may lead to an identification problem with ®d;. If the deterministic component
®d; is rich enough to “absorb” C, Al xq ., then one solution of the identification problem is to
set 14 = 0. Rich enough here means, e.g., in the I(1) case with A, = I that d; contains an
intercept. Analogously, in the MFI(1) case d; has to contain seasonal dummy variables correspon-
ding to all unit root frequencies. The term Co AL 'x1 o decays exponentially and therefore does
not impact the asymptotic properties of any statistical procedure. It is therefore inconsequential
for statistical analysis but convenient (with respect to our definition of unit root processes) to set
T1,e = Z;’;l Aﬁle.sl_j. This corresponds to the steady state or stationary solution of the sta-
ble block of the state equation, and renders {xi.e}ien or, when the solution on Z is considered,
{Z¢t,0 }1ez stationary. Note that these issues with respect to starting values, potential identification
problems and their impact or non-impact on statistical procedures also occur in the VAR setting.

Bauer and Wagner (2012, Theorem 2) show that minimality of the canonical state space reali-
zation (A, B, C) implies full row rank of the p.u.t. blocks By, p, ; of Bg.p, . In addition to proposing
the canonical form, Bauer and Wagner (2012) also provide details how to transform any minimal
state space realization into canonical form: Given a minimal state space system (A, B, C') realizing
the transfer function k(z) € M,, the first step is to find a similarity transformation T' such that
A =TAT" is of the form given in (1.10) by using an eigenvalue decomposition, compare Chate-
lin (1993). In the second step the corresponding subsystem (A,, B,, C,) is transformed to echelon
canonical form as described in Hannan and Deistler (1988, Chapter 2). These two transformations
do not lead to a unique realization, because the restrictions on A do not uniquely determine the
unstable subsystem (A, By, Cy).

For example, in the case Q = ((w1,h1)) = ((0,1)), ne = 0, di < s, such that (Ig1,B1,C1) is
a corresponding state space system, the same transfer function k(z) = Iy + 2C;(1 — 2)"'B; =
I + C1B12(1 — z)7! is realized also by all systems (Id%,TBl,ClT’l), with some regular matrix
T € Ch*di . To find a unique realization the product C;8; needs to be uniquely decomposed into
factors C; and Bj. This is achieved by performing a QR decomposition of C;8; (without pivoting)
that leads to C{C; = I. The additional restriction of B; being a p.u.t. matrix of full row rank
then leads to a unique factorization of C15; into C; and Bj. In the general case with an arbitrary
unit root structure €2, similar arguments lead to p.u.t. restrictions on sub-blocks B, j, ; in B, and
orthogonality restrictions on sub-blocks of C,.

The canonical form introduced in Theorem 1.1 has been designed to be useful for cointegration

analysis. To see this, first requires a definition of static and polynomial cointegration, cf. Bauer
and Wagner (2012, Definitions 3 and 4).

Definition 1.3 (i) Let Q = (01, h1), ..., (@, ﬁ[)) and Q = (w1, h1), ..., (w, b)) be two unit
root structures. Then Q < Qif

- F(Q) CF(Q).
— For allw € F(Q) for k and k such that & = wj, = w it holds that hy, < hy.

Further, Q< QifQ=<Q and Q £ Q. For two unit root structures Q0 < Q define the decrease
0r(2,Q)) of the integration order at frequency wy , fork=1,...,1, as

5 (0.0) he —hj, 3k @p = wy € F(Q),
ST e we g F©)

it) An s-dimensional unit root process {y: }+ez with unit root structure € is cointegrated of order

i) An s-dimensional unit root jth unit root structure  is cointegrated of ord
(22,Q), where Q < Q, if there exists a vector f € R*, 8 # 0, such that {8'y; }iez has unit root
structure 2. In this case the vector 8 is a cointegrating vector (CIV) of order (£2,(2).

13
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(iii) All CIVs of order (,Q) span the (static) cointegrating space of order (£, 2).16

(iv) An s-dimensional unit root process {y; }tcz with unit root structure Q is polynomially cointe-
grated of order (2, Q), where Q < Q, if there exists a vector polynomial B(z) = .2 _o Bmz™,
Bm €R*, m=0,...,q, By #0, for some integer 1 < q < oo such that

— B(LY ({yi}rez) has unit root structure Q,
= maty=1,...1l| (") |51 (2, ) # 0.

In this case the vector polynomial 3(z) is a polynomial cointegrating vector (PCIV) of order
(Q,Q).

(v) All PCIVs of order (Q,Q) span the polynomial cointegrating space of order (£, ().

Remark 1.7 (i) It is merely a matter of taste whether cointegrating spaces are defined in terms
of their order (Q,Q) or their decrease §(Q,Q) = (5,(Q,Q),...,5(Q,Q)), with 6,(Q,Q) as
defined above. Specifying 2 and 6(€2, Q) contains the same information as providing the order
of (polynomial) cointegration.

(i) Notwithstanding the fact that CIVs and PCIVs in general may lead to changes of the inte-
gration orders at different unit root frequencies, it may be of interest to “zoom in” on only
one unit root frequency wy, thereby leaving the potential reductions of the integration orders
at other unit root frequencies unspecified. This allows to — entirely similarly as in Defini-
tion 1.3 — define cointegrating and polynomial cointegrating spaces of different orders at a
single unit root frequency wy. Analogously one can also define cointegrating and polynomial
cointegrating spaces of different orders for subsets of the frequencies in F(Q).

(iii) In principle the polynomial cointegrating spaces defined so far are infinite-dimensional, as
the polynomial degree is not bounded. However, since every polynomial vector f(z) can be
written as Bo(z) + Ba(z)Aq(z), where by definition { Aqy: }rez has empty unit root structure,
it suffices to consider PCIVs of polynomial degree smaller than the polynomial degree of
Aq(z). This shows that it is sufficient to consider finite dimensional polynomial cointegrating
spaces. When considering, as in item (i), (polynomial) cointegration only for one unit root it
similarly suffices to consider polynomials of maximal degree equal to hy —1 for real unit roots
and 2hy, — 1 for complex unit roots. Thus, in the I(2) case it suffices to consider polynomials
of degree one.

(iv) The argument about mazimal relevant polynomial degrees given in item (iii) can be made
more precise and combined with the decrease in €2 achieved. Every polynomial vector [3(z)
can be written as Bo(2) + Buy.s, (2)A% (2) for 6 = 1,..., hi. By definition it holds that
{Ag’;yt}tez has integration order hy, —dy at frequency wy. Thus, it suffices to consider PCIVs
of polynomial degree smaller than &y, for wy € {0,7} or 26y, for 0 < wy < 7 when considering
the polynomial cointegrating space at wy with decrease dy. In the MFI(1) case therefore,
when considering only one unit root frequency, again only polynomials of degree one need to
be considered. This space is often referred to in the literature as dynamic cointegration space.

To illustrate the advantages of the canonical form for cointegration analysis consider

I hg

b = Z Z C’%%sz,k,ﬂ& + CoTt,0 + Pdy + €.
k=1 j=1

By Remark 1.4, the process {x{kR}tGZ is not cointegrated. This implies that g € R* g # 0,
reduces the integration order at unit root z; to hy — j if and only if 5'[Ci 1 r,...,Ck jr] = 0 and

16The definition of cointegrating spaces as linear subspaces, allows to characterize them by a basis and implies a
well-defined dimension. These advantages, however, have the implication that the zero vector is an element of all
cointegrating spaces, despite not being a cointegrating vector in our definition, where the zero vector is excluded.
This issue is well-known of course in the cointegration literature.
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B'Cr j+1,r # 0 or equivalently 5'[Ck.1,...,Ck ;] =0 and 'Cy j4+1 # 0 (using the transformation to
the complex matrices of the canonical form, as discussed in Remark 1.4, and that 8'[Cy,C] = O if
and only if 3'Cy, = 0). Thus, the CIVs are characterized by orthogonality to sub-blocks of C,.

The real valued representation given in Remark 1.4 used in its partitioned form just above
immediately leads to necessary orthogonality constraint for polynomial cointegration of degree
one:

B(L) (ye) =

ﬂ(L)/(Cu,]th,u,]R +Coxt o+ Pdi +¢4) =

BiCurTtur + B1CurTt—1,ur + B(L) (Cote + Pdi + £¢) =

BoCur (AurTi—1,ur + Burei—1) + B1CurTi—1,ur + B(L) (Coxt,e + Pdy + &) =
(BiCurAur + B1Cur)Tt-1ur + BoCurBuret—1 + B(L) (Cor e + Pdy + &4) =
(ﬂ(l)cu-Au + mcu)l”t—l,u + 5écu3u€t—1 + 5(L)/(C.$t,. + ®d; + )

follows. Since all terms except the first are stationary or deterministic, a necessary condition for a
reduction of the unit root structure is the orthogonality of [ 5, 31 ]’ to sub-blocks of [ C“?“éﬂl:’R }
CuAy
Cu

not sufficient for [3), 5;]’ to be a PCIV, because it does not imply maxj—1.__||8(e™*)|6,(Q, Q) # 0.
For a detailed discussion of polynomial cointegration, when considering also higher polynomial
degrees, see Bauer and Wagner (2012, Section 5).

The following examples illustrate cointegration analysis in the state space framework for the
empirically most relevant, i.e., the I(1), MFI(1) and I(2) cases.

or sub-blocks of the complex matrix [ ] . Note, however, that this orthogonality condition is

Example 1.1 (Cointegration in the I(1) case) In the I(1) case, neglecting the stable subsys-
tem and the deterministic components for simplicity, it holds that

ye = Cimp1+e, Yyt €R% € Rd%,cl € RSXd}a
Tit11 = Tya +Bigy, Bi € R4S,
The vector 8 € R%, 8 # 0, is a CIV of order ((0,1),{}) if and only if 8'C, = 0.

Example 1.2 (Cointegration in the MFI(1) case with complex unit root z) In the MFI(1)
case with unit root structure Q = ((wk, 1)) and complex unit root zi, neglecting the stable subsystem
and the deterministic components for simplicity, it holds that

Yo = CrRrTipRr+ &t
_ - Ttk
= [ C. Cp ] |: Tok :| + &4,

Yt, €t € strt,k,R S Rlefvxt,k S (Cd,f7ck,R € RSX2d§7ck € CSXdIf7
Tit1,k . Zkd gk 0 Ttk B d*xs
|: Tt41,k :| - |: 0 ' Zk_[dllc :| |: Ttk :| + |: Bk €ty Bk e Cn .
The vector 8 € R, 8 # 0, is a CIV of order (2,{}) if and only if
B'Cr = 0 (and thus 3'Cj, = 0).

The vector polynomial 3(z) = Bo + P12z, with Bo, f1 € R*,[By, B1]' # 0, is a PCIV of order (Q,{})
if and only if

v oo | ZCe 2Cr |
[60v/61]|: Ck ék :|Oa

15
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which is equivalent to
(ZeBy + B1)Cr = 0.

The fact that the matriz in (1.11) has a block structure with two blocks of conjugate complex
columns implies some additional structure also on space of PCIVs, here with polynomial degree one.
More specifically it holds that if Bo+ P12z is a PCIV of order (Q,{}), also —B1+ (Bo+2 cos(wk)b1)z
is a PCIV of order (Q,{}). This follows from

(Bo + (2R (z1) — Zk) B1)Ch
= (By + z:P1)Ch
Zk(zkﬂ(l) + 51)6]@ =0.

(Zk(—F1)" + (Bo + 2 cos(wr)B1) )Cr

Thus, the space of PCIVs of degree (up to) one inherits some additional structure emanating from
the occurrence of complex eigenvalues in complex conjugate pairs.

Example 1.3 (Cointegration in the I(2) case) In the I(2) case, neglecting the stable subsys-
tem and the deterministic components for simplicity, it holds that

_ pE _E lee: E _E
yr = Ciixpq +Cihxs + Cilamy’s + €ty

s B _G dl _E di—dl! ~E G sxd} HE sx(di—d!
yt,gteR ,xt,1,$t72€R1,$t726R2 170171761,26R 1,6172€R ( 2 1)7

E _ _E G
Ty = Ty T xp + Biae,

G G
Tit12 = Ty + Biget,

E E di x di x d3—d})x
Tyt Ty +8172,2€t, 81,1 € R% 8,81’2_’1 € R% 8,81’2,2 € R(dz2—d1)xs,

The vector f € R, 8 # 0 is a CIV of order ((0,2),(0,1)) if and only if
BICEy =0 and B[CT,,CPy) #0.
The vector § € R®, 8 # 0, is a CIV of order ((0,2),{}) if and only if
B'lC.CL5.Cl5) = 0.

The vector polynomial 5(z) = Bo + P12, with By, 81 € R® is a PCIV of order ((0,2),{}) if and only
if

, cfy cf, +cf, cf
60,810 | g Moo P | =0 and B()=Bo+pr#0.

The above orthogonality constraint indicates that the two cases CSQ =0 and CEQ # 0 have to be
considered separately for polynomial cointegration analysis. Consider first the case CSQ = 0. In this
case the orthogonality constraints imply 56651 =0, ﬂinl =0 and (6o + 61)’652 = 0. Thus, the
vector Bo + B1 is a CIV of order ((0,2),{}) and therefore B(z) = Bo + B1z is of “non-minimum”
degree, one in this case rather than zero (By + B1). For a formal definition of minimum degree
PCIVs see Bauer and Wagner (2003, Definition 4). In case 61632 % 0 there are PCIVs of degree
one that are not simple transformations of static CIVs. Consider 3(z) = Bo+ 1z = y1(1 —2) + 72
such that {71 (ys —yi—1) + Yoyt }tez is stationary. The integrated contribution to {v|(y: — yi—1)}rez
is given by v;(1 — L)({Cflel}tez) = {’Vicflxtc—u + ’7165181,15%1}%2; with ’7161}3?1 # 0. This
term is eliminated by {y5C{oxfsbeer in {vhyihrez, if VICEL + 74CEy = 0, which is only possible
if CfQ # 0. Additionally, [Cfl,CEQ} = 0 needs to hold, such that there is no further integrated
contribution to {vhy: }rez. Neither v1 nor o are CIVs since both violate the necessary conditions
given in the definition of CIVs, which implies that 5(z) is indeed a “minimum degree” PCIV.
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As has been shown above, the unit root and cointegration properties of {y;}+cz depend on
the sub-blocks of C, and the eigenvalue structure of A,. We therefore define the more encom-
passing state space unit root structure containing information on the geometrical and algebraic
multiplicities of the eigenvalues of A,,, cf. Bauer and Wagner (2012, Definition 2).

Definition 1.4 A unit root process {y;}tcz with a canonical state space representation as given
in Theorem 1.1 has state space unit root structure

Qs = ((wi,dl,....dp), ..., (w,di,....d}))

where 0 < d’f < d§ < ... < dik < s fork=1,...,1. For {y:}tcz with empty unit root structure
QS = {}

Remark 1.8 The state space unit root structure g contains information concerning the integra-
tion properties of the process {y;}iez, since the integers d;?, k=1,...,1, 7 =1,...,hg describe
(multiplied by two for k such that 0 < wi < ) the numbers of non-cointegrated stochastic trends
or cycles of corresponding integration orders, compare again Remark 1.4. As such, Qg describes
properties of the stochastic process {y: }rcz — and therefore the state space unit root structure Qg
partitions unit root processes according to these (co-)integration properties. These (co-)integration
properties, however, are invariant to a chosen canonical representation, or more generally inva-
riant to whether a VARMA or state space representation is considered. For all minimal state
representations of a unit root process {y:}tcz these indices — being related to the Jordan normal
form — are invariant.

As mentioned in Section 1.2, Paruolo (1996, Definition 3) introduces integration indices at
frequency zero as a triple of integers (rg, 71, 72). These correspond to the numbers of columns of the
matrices 8, 51, B2 in the error correction representation of I(2) VAR processes, see, e. g., Johansen
(1997, Section 3). Here, 75 is the number of stochastic trends of order two, i.e., 7o = d}. Further, r;
is the number of stochastic trends of order one that do not cointegrate with 85A¢{y: }+ez and hence
r1 = d} — d}. Therefore, the integration indices at frequency zero are in one-one correspondence
with the state space unit root structure Qg = ((0,dj,d3)) for 1(2) processes and the dimension
s =19 + 11 + 7ro of the process.

The canonical form given in Theorem 1.1 imposes p.u.t. structures on sub-blocks of the matrix
B.. The occurrence of these blocks — related to dé? > df_l — is determined by the state space unit
root structure 2g. The number of free entries in these p.u.t.-blocks, however, is not determined
by Qg. Consequently, we need structure indices p € Ng* indicating for each row the position of a
potentially restricted positive element, as formalized below:

Definition 1.5 (Structure indices) For the block B,, € C™*¢ of the matriz B of a state space
realization (A, B,C) in canonical form, define the corresponding structure indices p € Ng* as

0 if the i-th row of By is not part of a p.u.t. block,
j if the i-th row of B, is part of a p.u.t. block and its j-th entry is restricted to
be positive.

Di

Remark 1.9 Since sub-blocks of B, corresponding to complex unit roots are of the form By c =

[ ;C,B;]/, the entries restricted to be positive are located in the same columns and rows of both
By, and By. Thus, the structure indices p; of the corresponding rows are identical for By and Bi,.
Therefore, it would be possible to omit the parts of p corresponding to the blocks By,. It is, however,
as will be seen in Definition 1.9, advantageous for the comparison of unit root structures and
structure indices that p is a vector with n, entries.

Example 1.4 Consider the following state space system:

Y = [ClEfl CIG’2 CEQ] Ty + ¢ Yty €t ERZ, Tt ERB,CEDCSQ,CEQ €R2X1 (112)
1 1 0 Bi
Tigr = |0 1 0|2+ |Biza|er, x0=0, Bi1,Bi21,Bi122¢€ RY*2,
0 0 1 Bi22
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In canonical form By 2,1 and By 22 are p.u.t. matrices and By is unrestricted. If, e. g., the second
entry b1 21,2 of Bi21 and the first entry by 221 of Bi,22 are restricted to be positive, then

* *
B = 0 bi2i12 |,
bi2,21 *

where the symbol * denotes unrestricted entries. In this case p = [0,2,1]".

For given state space unit root structure g the matrix 4, is fully determined. The parame-
terization of the set of feasible matrices B, for given structure indices p and of the set of stable
subsystems (A, B, Co) for given Kronecker indices a,, cf. Hannan and Deistler (1988, Chapter 2.)
is straightforward, since the entries in these matrices are either unrestricted, restricted to zero or
restricted to be positive. Matters are a bit more complicated for C,. One possibility to parame-
terize the set of possible matrices C, for a given state space unit root structure (g is to use real
and complex valued Givens rotations, cf. Golub and van Loan (1996, Chapter 5.1).

Definition 1.6 (Real Givens rotation) The real Givens rotation R, ;(8) € R7*?, § € [0,27)
is defined as

I 0
cos(0) 0 sin(6)
— sin(h) 0 cos(0)
0 Iq—j
Remark 1.10 Givens rotations allow to transform any vector v = [v1,v2,...,v4]" € R into a

vector of the form [01,0,...,0]" with ©4 > 0. This is achieved by the following algorithm.:

1. Setj=1, Ug) =y and v = .

2. Represent [vij), Vg—j+1) using polar coordinates as [v%j), Vg—jt1) = [rjcos(0q—;),m;sin(0,—;)],
withr; >0 and 04— € [0,27). If r; =0, set 0,_; = 0, cf. Otto (2011, Chapter 1.5.3, p. 39).
Then R2,172(9q_]‘)[1}§”,’Uq_j_H}I = [U%TH),O]/ such that U(j+1) = Rq,17q_j+1(0q_j)v(j) =

[U§j+1)7’02, ey Ug—j,0,...,0], with vy“) > 0.
3. If j = q— 1, stop. Else increment j by one (j — j + 1) and continue at step 2.
This algorithm determines a unique vector 6 = [01, ...,0,_1]" for every vector v € RY.

Remark 1.11 The determinant of real Givens rotations is equal to one, i.e., det(Rs; ,;(0)) =1
for all s,i,5 € N and all 0 € [0,27). Thus, it is not possible to factorize a orthonormal matriz Q
with det(Q) = —1 into a product of Givens rotations. This obvious fact has implications for the
parameterization of C-matrices as is detailed below.

Definition 1.7 (Complex Givens rotation) The complex Givens rotation Q4 ;(¢) € C9*9,
© = [p1,2] € O¢ :=[0,7/2] x [0,27), is defined as

I; 1 0
cos(¢1) 0 sin(ip1)e??
Qq.ijlp) = 0 L 0
—sin(pq)e "2 0 cos(p1)
0 Iq*j
Remark 1.12 Complex Givens rotations allow to transform any vector v = [v1,va, ..., v4]" € CY

into a vector of the form [01,0,...,0]" with 91 € C. This is achieved by the following algorithm:

1. Setj =1, ’Ugl) =v; and v = v.

18
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2. Represent [vgj),vq_j+1]’ using polar coordinates as ['U%j),vq_j_l,_l]/ = [aje"?=i bje'?i] | with
a;,b; >0 and @4, b € [0,2m). If vgj) =0, set 9q; =0 and if vg—j11 = 0, set vy ; =0
,cf. Otto (2011, Chapter 8.1.3, p. 222).

3. Set
tan~! (2—1) if a; > 0,
Pg—j1 = 7'('/2 ifa,j =0,b; >0,
0 Z.fajzovbj:();
$q—j2 = Paj— Pb; mod 2m.
Then Qa12(q )0 vg— 511" = P00 such that v0+) = Qq1g j11(01 )0 =
[U§J+1)7 V2, ..., Vg—j, 0, ey 0]/, with ’U;j+1) c C.

4. If = q—1, stop. Else increment j by one (j — j+ 1) and continue at step 2.

This algorithm determines a unique vector ¢ = [©11,91,2,---sPq—1,2) for every vector v € C.

To set the stage for the general case, we start the discussion of the parameterization of the set
of matrices (A, B,C) in canonical form with the MFI(1) and I(2) cases. These two cases display all
ingredients required later for the general case. The MFI(1) case illustrates the usage of either real
or complex Givens rotations, depending on whether the considered C-block corresponds to a real or
complex unit root. The I(2) case highlights recursive orthogonality constraints on the parameters
of the C-block, which are related to the polynomial cointegration properties (cf. Example 1.3).

1.3.1 The Parameterization in the MFI(1) Case

The state space unit root structure of an MFI(1) process is given by Qg = ((w1,d}),. .., (w,d})).
For the corresponding state space system (A, B,C) in canonical form, the sub-blocks of A, are
equal to J, = Zed g, the sub-blocks By of B, are p.u.t. and C,.Ci, = Tgr, fork=1,...1

Starting with the sub-blocks of C,, it is convenient to separate the discussion of the parame-
terization of C,-blocks into the real case, where wy € {0,7} and Cj, € RSXd’f, and the complex
case with 0 < wp < m and C, € C**41 . For the case of real unit roots the two cases d’f < s and
d} = s have to be distinguished. For brevity of notation refer to the considered real block simply
as C € R®*¢. Using this notation, the set of matrices to be parameterized is

Osq = {CeR>*C'C=1,}.

The parameterization of Oy 4 is based on the combination of real Givens rotations, as given in
Definition 1.6, that allow to transform every matrix in O, 4 to the form [Id,()’(s_d)xd]/ for d < s.
For d = s, Givens rotations allow to transform every matrix C € O, either to I; or I :=
diag(/s_1,—1), since, compare Remark 1.11, for the transformed matrix C'®) it holds that det(C) =
det(C®)) € {—1,1}. This is achieved with the following algorithm:

1. Set j =1 and CV) =C.

2. Transform the entries [¢; ,...,c;q] in the j-th row of CY), to €,4,0,...,0], & > 0. Since
this is a row vector, this is achieved by right-multiplication of C/) with transposed Givens ro-
tations and the required parameters are obtained via the algorithm described in Remark 1.10.
The first j — 1 entries of the j-th row remain unchanged. Denote the transformed matrix by
clU+1),

3. If j = d — 1 stop. Else increment j by one (j — j + 1) and continue at step 2.
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4. Collect all parameters used for the Givens rotations in steps 1 to 3 in a parameter vector
0r. Steps 1-3 correspond to a QR decomposition of ¢’ = QC’, with an orthonormal matrix
Q@ given by the product of the Givens rotation. Note that the first j — 1 entries of the j-th
column of C = C(4 are equal to zero by construction.

5. Set j =0 and C® =C.

6. Collect the entries in column d — j of C) which have not been transformed to zero by
previous transformations into the vector [¢q—j d—j,Cdt+1,d—j,-- -, Cs,d—;]'- Using the algorithm
described in Remark 1.10 transform this vector to [é4—;.a—;,0, ..., 0] by left-multiplication of
C%) with Givens rotations. Since Givens rotations are orthonormal, the transformed matrix
CU+Y) s still orthonormal implying for its entries ¢q—jq—; = 1 and ¢; 4—; = O for all i < d—j.
An exception occurs if d = s. In this case cq—; q—; € {—1,1} and no Givens rotations are
defined.

7. If j =d — 1 stop. Else increment j by one (j — j + 1) and continue at step 6.

8. Collect all parameters used for the Givens rotations in steps 5 to 7 in a parameter vector
0r.

The parameter vector @ = [0 ,0';]), contains the angles of the employed Givens rotations and
provides one way of parameterizing O, 4. The following Lemma 1.1 demonstrates the usefulness
of this parameterization.

Lemma 1.1 (Properties of the parameterization of Oy 4) Define for d < s a mapping 0 —
Co(8) from OF :=[0,2m)%=D x [0,27)Ue=1/2 5 O, 4 by

Co(8) ==
/
d s—d Id d—1 1
HH sisd+i (0L, (s—d)(i—1)+5) [0( d)xd] T Raa—ia—iriOrigi—1y245) | =
i=1j=1 s i=1 j=1
/ Id
Rp(61) [ 0 } Rr(Or),
(s—d)xd
with 6 = [07,0%], where 01, = 001, 00,ds—a)) and Or = [Or1,...,0r4@—1)/2]". The

following properties hold:

(1) O q is closed and bounded.

(i) The mapping Co(-) is infinitely often differentiable.
For d < s, it holds that

(iii) For every C € Og g there exists a vector @ € ©F such that

14

€= Co(6) = Ru(6L) [ 0(s—dyxd

} Rr(0r).

The algorithm discussed above defines the inverse mapping 051 1064 — @Hé.

(iv) The inverse mapping Cal(-) - the parameterization of Os 4 - is infinitely often differentiable
on the pre-image of the interior of ©F. This is an open and dense subset of Os 4.

For d = s, it holds that

(v) Os,s is a disconnected space in R**® with two disjoint non-empty closed subsets OIS ={C e
R**|C'C' = I, det(C) = 1} and Oy ; := {C € R***|C'C = I, det(C) = —1}.
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(vi) For every C € OF, there exists a vector @ € O such that
C=Co(0)=Rp(0.) [ Ia | Rr(6r) = Rr(OR).

In this case, steps 1-4 of the algorithm discussed above define the inverse mapping C’al :
Of, — 65.

(vii) Define v :=[r,..., 7| € R*¢=V/2. Then a parameterization of Oy s is given by

col(C if C € Of
c50) = {"FC D TCe0s
_(U + C’O (Clb )) ZfO S Os,s
The parameterization is infinitely often differentiable with infinitely often differentiable in-
verse on an open and dense subset of O, s.

Remark 1.13 The following arguments illustrate why 051 is not continuous on the pre-image
of the boundary of ©%: Consider the unit sphere O3; = {C € R3}C'C = |C|]2 = 1}. One
way to parameterize the unit sphere is to use degrees of longitude and latitude. Two types of
discontinuities occur: After fizing the location of the zero degree of longitude, i.e., the prime
meridian, its anti-meridian is described by both 180° W and 180°E. Using the half-open interval
[0,27) in our parametrization causes a similar discontinuity. Second, the degree of longitude is
irrelevant at the north pole. As seen in Remark 1.10, with our parameterization a similar issue
occurs when the first two entries of C to be compared are both equal to zero. In this case the
parameter of the Givens rotation is set to zero, although every 6 will produce the same result. Both
discontinuities clearly occur on a thin subset of O 4.

As in the parametrization of the VAR I(1)-case in the VECM framework, where the restriction
B = [Is—q4,8%]" can only be imposed when the upper (s — d) x (s — d) block of the true By of the
DGP is of full rank, cf. Johansen (1995, Chapter 5.2), the set where the discontinuities occur
can effectively be changed by a permutation of the components of the observed time series. This
corresponds to redefining the locations of the prime meridian and the poles.

Remark 1.14 Note that the parameterization partitions the parameter vector 6 into two parts
01 € [0,2m)4 =D and O € [0,27)@=V/2 . Since changing the parameter values in O does not
change the column space of Co(0), which, as seen above, determines the cointegrating vectors, 0,
fully characterizes the (static) cointegrating space. Note that the dimension of 1, is d(s — d) and
thus coincides with the number of free parameters in B in the VECM framework ,cf. Johansen
(1995, Chapter 5.2).

Example 1.5 Consider the matriz

C =

Skl o
M\HN\»—'&‘»—‘

with d = 2 and s = 3. As discussed, the static cointegrating space is characterized by the left kernel
of this matriz. The left kernel of a matriz in R3*2 with full rank two is given by a one-dimensional
space, with the corresponding basis vector parameterized, when normalized to length one, by two
free parameters. Thus, for the characterization of the static cointegrating space two parameters are
required, which exactly coincides with the dimension of 1, given in Remark 1.14. The parameters in
Or correspond to the choice of a basis of the image of C'. Having fized the two-dimensional subspace
through @1, only one free parameter for the choice of an orthonormal basis remains, which again
coincides with the dimension given in Remark 1.14. To obtain the parameter vector, the starting
point is a QR decomposition of C' = RR(HR)C". In this example Rr(0r) = Ro12(0r1), with Or 1
to be determined. To find 0g 1, solve [ 0 % |R212(0p1) =[r 0] forr>0andfg; €0,2m).

In other words, find r > 0 and Og1 € [0,27m) such that [ O % ] = [ cos(0r1) sin(ér1) ],
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which leads to r = %, Or1 = 5. Thus, the orthonormal matriz RRr(0r) is equal to Ra 12 (g) and

the transpose of the upper triangular matriz C" is equal to:

0 &% % 0

2 2
5 _ 00 _ (. ™| o2 1 0 -1 _ |
C=Cc0=c Rz,m(i)_ A 3 [1 o= % %
o2 : T

Second, transform the entries in the lower 1 x 2-sub-block of C©) to zero, starting with the last
column. For this find 01,5 € [0,27) such that Rs23(01.2)[ 0 % f% =70 1 0 ]’~, i.e
[ % —% ' = r[ cos(0r2) sin(fp2) |. This yields r = 1, 0,5 = T=. Next compute CV) =
Rso5(F)CO):

1 0 0 % %

T T\’ _ _ 2 0 -1 2
C" =Ry “C-Rajipo (*) =10 %5 = v = |0 1
4 2 0 X M 1 10 1

V2 V2 V2 2 V2

In the final step, find 01 € [0,27) such that Rs13(0L.1)] % 0 % =11 0 07, ie,

[ % % ) =r[ cos(0p1) sin(fr1) |. The solution isr =1, 01 = 7+ Combining the trans-
formations leads to

s T\’

R ( ) R C-R (f) -

3,137 523<4) 2125
1 1 1
v I 0 =z _ 10
0 1 0 0o L = -1 L R
—1 O 1 0 1 1 1 1 O O
V2 V2 V2 V2 V2 2

The parameter vector for this matriz is therefore 8 = [07,0%]) = [[F, TF], [g]]/ with @ = C,*(C).

In case of complex unit roots, referring for brevity again to the considered block Cj simply as
C € C**?, the set of matrices to be parameterized is

Usa = {CecC™>C'c=1,).

The parameterization of this set is based on the combination of complex Givens rotations, as given
in Definition 1.7, which can be used to transform every matrix in Uy g to the form [Dqg,0f,_; d]
with a diagonal matrix Dy whose diagonal elements are of unit modulus. This transformation is
achieved with the following algorithm:

1. Set j =1 and CV) =C.

2. Transform the entries [¢;j,...,¢;q) in the j-th row of cY) to [¢5,5,0,...,0]. Since this is a
row vector, this is achieved by right-multiplication of C with transposed Givens rotations and
the required parameters are obtained via the algorithm described in Remark 1.12. The first
j — 1 entries of the j-th row remain unchanged. Denote the transformed matrix by CU+1).

3. If j = d — 1 stop. Else increment j by one (j — j + 1) and continue at step 2.

4. Collect all parameters used for the Givens rotations in steps 1 to 3 in a parameter vector
@r. Step 1-3 corresponds to a QR decomposition of ¢’ = QC’, with a unitary matrix Q given
by the product of the Givens rotations. Note that the first j — 1 entries of the j-th column
of C = C@ are equal to zero by construction.

5. Set j =0 and C(® =C.
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6. Collect the entries in column d — j of C\9) which have not been transformed to zero by
previous transformations into the vector [¢4—j d—j, Cd+1,d—j - - - » Cs,d—j] - Using the algorithm
described in Remark 1.12 transform this vector to [é4—; 4—;,0,...,0]" by left-multiplication
of CU) with Givens rotations. Since Givens rotations are unitary, the transformed matrix
CU+D is still unitary implying for its entries |é4_j4_;] = 1 and & 4_; = 0 for all s < d — j.
An exception occurs if d = s. In this case |¢4—j q—;| = 1 and no Givens rotations are defined.

7. If j =d — 1 stop. Else increment j by one (j — j + 1) and continue at step 6.

8. Collect all parameters used for the Givens rotations in steps 5 to 7 in a parameter vector
Pr-

9. Transform the diagonal entries of the transformed matrix C(4) = [Dd,()'(s_ ) 4)" into polar
coordinates and collect the angles in a parameter vector ¢ .

The following lemma demonstrates the usefulness of this parameterization.

Lemma 1.2 (Properties of the parametrization of U, 4) Define for d < s a mapping ¢ —
Cu(p) from 65 = @:é(s_d) X @(E:d_l)d/Q x [0,2m)¢ — Us.q by

Culp) =
!/
d s—d d—1 i
D
H H Qs.id+i (PL(s—d) (i-1)+5) [ 0 o) ] H H Qa,d—i,d—it+j(PRi(i-1)/2+j) | =
i=15=1 (s—d)xd i=1j=1
J J
D
Qulen) | "%0) | Qulin)
(s—d)xd

with @ = @], PR, Ppl’s where ¢, = [pr1,....¢Las-a)l's Pr = [PR1, - PRA@E-1)/2] and
$p = [¢D1s---,¢D.d and where Dy(pp) = diag(e?P1, ... e"¥p.¢). The following properties
hold:

(i) Us.q is closed and bounded.

(ii) The mapping Cy () is infinitely often differentiable.

(iii) For every C € Us 4 a vector ¢ € OF exists such that

D
¢=Cule)=Qulen) | 5" °7) | Qulen)
(s—d)xd
The algorithm discussed above defines the inverse mapping C’ljl :Us g — 6)]5.

(iv) The inverse mapping Cy;'(-) - the parameterization of Us g - is infinitely often differentiable
on an open and dense subset of Us 4.

Remark 1.15 Note the partitioning of the parameter vector ¢ into the parts ¢ ,pp and . The
component @, fully characterizes the column space of Cy (), i. e., @ determines the cointegrating
spaces.

Example 1.6 Consider the matriz

1—4 1—4
lii 7127i
¢ - [ Lot ] |
0 0
The starting point is again a QR decomposition of C' = QR(tpR)é' = Q2,172(@R71)C~’/. To find a
complex Givens rotation such that [ 5% 5% 1Qa12(¢r1) = [ re™= 0 ] withr > 0, transform
the entries of [ 35+ 5% | into polar coordinates. The equation | 5+ 5% | =[ ae'® be#t |
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has the solutions a = b = % and p, = pp . Using the results of Remark 1.12, the parameters

us

of the Givens rotation are pr1,1 = tan_l(g) 7 and R 12 = @q — o = 0. Right-multiplication
of C with Q2,12 ([%,0]) leads to

T
1

/

15k
Sk

0= ([J0)) =¢| 7

=
— \65 —1-i | _ { D> (¢p) ]
V2 0

\65 O1x2

Since the entries in the lower 1 x 2-sub-block of C' are already equal to zero, the remaining complex
Givens rotations are QQ32.3([0,0]) = @31,3([0,0]) = Is. Finally, the parameter values correspon-
1= —1—i 3

ding to the diagonal matriz Da(pp) = diag(e!?P1,e¥p.2) = dmg(ﬁ, 75 ) are pp1 = 5 and
5m

¥D2 = 7 -
The parameter vector for this matriz is therefore o = [, 'r, ] = [[O7 0,0,0], [%, O] , [3—“ 5—”]
with ¢ = C;*(C).

Components of the Parameter Vector

Based on the results of the preceding sections we can now describe the parameter vectors for
the MFI(1) case. The dimensions of the parameter vectors of the respective blocks of the system
matrices (A, B, C) depend on the multi-index I, consisting of the state space unit root structure Qg,
the structure indices p and the Kronecker indices a, for the stable subsystem. A parameterization
of the set of all systems in canonical form with given multi-index I" for the MFI(1) case therefore
combines the following components:

e Opf:= [9%%1, ...,033)]51]’ € Op ;= RIB7 with:

[bf7p§+1, blf,p’f+2’ ce, b’is, b§7p§+1, . ,b’;,fﬁs]’ for wy, € {0, 7},
OB,f,k = [R(blf’p7f+1)71.(blf’pff+1)a R(bllc’p}1€+2)a ce 7I(b]1€,s)ﬂ R(bg’péurl)v cee >I(bsllv’s)]/

for 0 < wy < m,

for k=1,...,1, with pé? denoting the j-th entry of the structure indices p corresponding to
By.. The vectors 0p, 1 contain the real and imaginary parts of free entries in By, not restricted
by the p.u.t. structures.

!/
Y ’ / _ mdB.p. .— |pk k ;
¢ Op,:=1[0p,1,-05,, €Op,=R"": The vectors Op ;, » := [bl,p’f’ o ’bd’f,pkk] contain
ik
1

the entries in By, restricted by the p.u.t. structures to be positive reals.

e Ocp =005, 005 €Ock CRIE: The parameters for the matrices Cy, as discussed
in Lemma 1.1 and Lemma 1.2.

e 0, € O,, C Rd: The parameters for the stable subsystem in echelon canonical form for
Kronecker indices a,.

Example 1.7 Consider an MFI(1) process with Qs = ((0,2),(5,2)), p=[1,3,1,2,1,2]', ne =0,
and system matrices

A = diag(1,1,i,i, —i,—i),
1 -1 2
0 0 2 0 1| 1—i 1—i 1+i 144
g - | T 1+i 13 co | 2 Wik i |2k i
e SR e - R o e
T 1-i 1+q Va2
0o 2 -



25

in canonical form. For this example it holds that 6 ¢ = [[—1,2],[1,1,1,-1,0,1], 05, = [[1,2], (1, 2]]

oor = [[[55] () fonon 5] [ 5]

with parameter values corresponding to the C-blocks collected in O¢ g considered in Examples 1.5
and 1.6.

1.3.2 The Parameterization in the I(2) Case

The canonical form provided above for the general case has the following form for I(2) processes
with unit root structure Q, = ((0,d3,d})):

Idi Id% 0 0 Bi1
0 Ip 0 0 Bioi
A = dl ,B — 54y
0 0 Idé—d% 0 81,2,2
0 0 0 A, B.

C:[ClE’l CEQ ClE72 C.:I7

where 0 < di < d} < s, B1 21 and By 22 are p.u.t., Cfl € Osyd%, Cfg IS Osvd%_d%, (Cfl)’Cfg =
04t xdi s (ceyeg, = 0g1 xqt 5 (CEyyCEy = Oay—qtyxqt and where the stationary subsystem
(A, B,, C,) is in echelon canonical form with Kronecker indices a,. All matrices are real valued.

The parameterizations of the p.u.t. matrices By 21 and B2 are as discussed above. The
entries of B; 1 are unrestricted and thus included in the parameter vector @p ¢ containing also
the free entries in By 2.1 and B 2,2. The subsystem (A,, B, ,C,) is parameterized using the echelon
canonical form.

The parameterization of Cf; € O, a1 proceeds as in the MFI(1) case, using 051(6{1?1). The

parameterization of Cfg has to take the restriction of orthogonality of CEQ to Cfl into account,
thus, the set to be parameterized is given by

141

Oga1—at (051) = {(352 € R**(% dl)\(cﬁ)/cfz = 041 x (a1 —d?) (1.13)
(ClE,z)lcfz = Id;—d}}-

The parameterization of this set again uses real Givens rotations. For C € O, g1 g (Cfl) it follows

that R (01)C = [O’d% x(d;—d})’él]l for a matrix C such that C'C = Iy _qr with Ry (01) corresponding

to Cfl. The matrix C is parameterized as discussed in Lemma 1.1.

Corollary 1.1 (Properties of the parameterization of O, g1_41 (Cfl)) Define for d} < di <

. ~ ~ gy (s—dk 1 glyeql_ g1
S a mapping 0 — OO,d%—d% (07051) from @%di = [O,Q?T)(dZ dp)(s—dy) [0,27‘-)((12 dy)(dy—d;—1)/2
to Oy aq3—q1(CT1) by

~ 0 1 1 1
. 1 (0:CE — 0. dix(dy—dy)
C’Oyd27d1( ’Clyl) RL( L) |: CO(Q) ?

where 01, denotes the parameter values corresponding to (07, 0']) = C’al(Cfl) as defined in Lem-

ma 1.1. The following properties hold:
(i) O ar—ar (CE)) is closed and bounded.

(ii) The mapping Coar—at (5, Cfl) is infinitely often differentiable.

For d} < s, it holds
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(iii) For every Cfy € O, di—d! (CE)) there exists a vector 6 = [élL, élR]’ € ©F 1 such that
3 ) ’ "2 1

Ot x (a3 —at)

Cly =Cou—a1(0;:CF)) = R(01) Iy —a

R(01) Rr(0R)

O(s—ay)x (s —at)

The algorithm discussed above Lemma 1.1 defines the inverse mapping C d1 e

(iv) The inverse mapping CO a3 d}('5cfl) - the parameterization of O, g1 g1 (CE)) - is infinitely
often differentiable on the pre-image of the interior of 63%7%. This is an open and dense
subset of O, g1 _a1 (CFy).

For di = s, it holds that

(v) O s_ar (CE)) is a disconnected space with two disjoint non-empty closed subsets:

O:s dl (Cfl) =
{0172 € Rox(s=dD) ‘(Cl ) Cl 2 = 0415 (s—at); (C1 2) C1 2 =1 a1,
det([Cfl,sz]) =1},
O; d (C1E1) =
{cf 2 € R#* (=) \(CE ) sz = 0g1 x(s—d?) (sz)lcfz =1, g,
det([cl,hcu]) = —1}.

(vi) For every O: (C1 1) there exists a vector € @O di—dl such that

Cly =Co—a1(0;CF)) = Rr(OR).

The first four steps of the algorithm discussed above Lemma 1.1 define the inverse mapping

C(;s dl(;clEJ) O:s dl(clE;l)g)@Os d1

(vii) Define v := [m,..., 7] € R~ (=di=D/2 Then, a parameterization of Os st (Cfl) s
given by
U+C_1 (612761 1)
ct (CPycl) = vee Ois 40
0,s—dt\"1,2) %11 —(v+Cpt (C1 ol d17c1 1)
if C € Og s—d! (C1,1)

The parameterization is infinitely often differentiable with infinitely often differentiable in-
verse on an open and dense subset of O, s.

The proof of Corollary 1.1 uses the same arguments as the proof of Lemma 1.1 and is therefore
omitted. It remains to provide a parameterization for CEQ restricted to be orthogonal to both Cfl
and CfQ. Thus, the set to be parametrized is given by

OS,G(ClEJ,ClE’Q) =
s 1
{CTy e REXA(CF)CTy = 01 war, (CF2)'CFy = Ogay—aryxat }-

The parameterization of Oy ¢ (Cf’), Cfy) is straightforward: Left multiplication of C{’, with R (0L)
as defined in Lemma 1.1 and of the lower (s—d}) xd}- block with Ry, (1) as defined in Corollary 1.1
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transforms the upper d} x d}-block to zero and collects the free parameters in the lower (s—d3) x d1-
block. Clearly, this is a bijective and infinitely often differentiable mapping on 0570(651, Cf2) and
thus a useful parameterization, since the matrix sz is only multiplied with two constant invertible

matrices. The entries of the matrix product are then collected in a parameter vector, as shown in
Corollary 1.2.

Corollary 1.2 (Properties of the parameterization of Os,g(Cfl, sz)) Define a mapping

A — C’o,G()\;Cfl,CEQ) from Rd1(s—dz) _y Os7g(Cfl,C{?2) for given matrices Cfl € O, q and
C1E,2 € Osq1-at (C1E,1) by

[ 041 xat ]
O@r—atyx1 =+ Ogay—atyx1
o / A At
CO,G(A§Cl,1acl,2) = Rp(0L) RL(éL)I )‘d}-&-l )\Qd% J
L Adi(s—di—-1)+1 **° Adi(s—al) 1 |

where 01, denotes the parameter values corresponding to [0 ,07%] = Cal(Cfl) as defined in Lem-

ma 1.1 and 01, denotes the parameter values corresponding to the parameter vector [0~/L,0~IR]’ =
05,1(1;_Uq (CEy;CE)) as defined in Corollary 1.1. The set Oy q(CY,,CEy) is closed and both Co

as well as CalG(~) - the parameterization of OS’G(Cfl,CEQ) - are infinitely often differentiable.

Components of the Parameter Vector

In the I(2) case, the multi-index I' contains the state space unit root structure Qg = ((0,d}, d3)),
1 1

the structure indices p € Ngl+d2, encoding the p.u.t. structures of Bis; and B2, and the

Kronecker indices a, for the stable subsystem. The parameterization of the set of all systems in

canonical form with given multi-index I" for the I(2) case uses the following components:

e O0ps :=0pys1 € Opy = R?5.7: The vector 0p.¢1 contains the free entries in B; not
restricted by the p.u.t. structure, collected in the same order as for the matrices By in the
MFI(1) case.

bl

— — dB.p. R
° 9371) = 037;,,71 S 63717 = R+ : The vector 0371,71 = |b dp

1
1
di

1
1_ g1 1 90ty
d dh1+1,pd1_di1+l

contains the entries in By restricted by the p.u.t. structures to be positive reals.

e Ocp:=[00p11,00 810 €Oce CRIP: The parameters for the matrices C{’; as in the
MFI(1) case and Cf’; as discussed in Corollary 1.1.

¢ 0cc€Ocg= R9c.6: The parameters for the matrix Clcfz as discussed in Corollary 1.2.

e 0, €cO,, C Rds: The parameters for the stable subsystem in echelon canonical form for
Kronecker indices .

Example 1.8 Consider an I(2) process with Qs = ((0,1,2)), p = [0,1,1), ne = 0 and system
matrices

11 0 1 2 -2 91 —11 $
A=|l0 1 0|, B=|1 -1 3 |, C= Bz
00 1 2 0 1 L1314
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In this case, 0,1 = [—1,2,-2,-1,3,0,1]", Op 1 = [1,2]". It follows from
Vs ™ g ,
R312 i R3 13 (5 Cih = [1 0 0],

)
,)CIE,QZ [0 % :7%}/ and Rz,m(?)[é}:{
)

7 1
[ 0 1 1 ]/ and RQ,LQ (I) |: 1

Q
Q@
o

Il

N
>
=)
S
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Q

&

I
=
R
&
o
=

[oe)
Q
=
o
=

Il
rol
=3
=3
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3

=%

[oe)
Q
Q

|
S

1.3.3 The Parameterization in the General Case

Inspecting the canonical form shows that all relevant building blocks are already present in the
MFI(1) and the I(2) cases and can be combined to deal with the general case: The entries in
B, are either unrestricted or follow restrictions according to given structure indices p, and the
parameter space is chosen accordingly, as discussed for the MFI(1) and I(2) cases. The restrictions
on the matrices C, and its blocks C; require more sophisticated parameterizations of parts of
unitary or orthonormal matrices as well as of orthogonal complements. These are dealt with in
Lemmas 1.1 and 1.2 and Corollaries 1.1 and 1.2 above. The extension of Corollaries 1.1 and 1.2
to complex matrices and to matrices, which are orthogonal to a larger number of blocks of Cg, is
straightforward.

The following theorem characterizes the properties of parameterizations for sets M of transfer
functions with (general) multi-index I" and describes the relations between sets of transfer functions
and the corresponding sets Ar of triples (A, B,C) of system matrices in canonical form, defined
below. Discussing the continuity and differentiability of mappings on sets of transfer functions and
on sets of matrix triples also requires the definition of a topology on both sets.

Definition 1.8 (i) The set of transfer functions of order n, M,, is endowed with the pointwise
topology T First, identify transfer functions with their impulse response sequences. Then,
a sequence of transfer functions k;(z) = Is + Z;‘;l K, ;27 converges in Ty to ko(z) = I +
250:1 K027 if and only if for every j € N it holds that K ; 250 Kjp.
(i) The set of all triples (A,B,C) in canonical form corresponding to transfer functions with
multi-index T is called Ar. The set Ar is endowed with the topology corresponding to the
distance d((A1, B1,Ch), (A2, Ba, C3)) := ||A1 — Asl|pr + ||B1 — Ballpr + ||C1 — Cal|Fr-

Note that in the definition of the pointwise topology convergence does not need to be uniform
in j and moreover, the power series coefficients do not need to converge to zero for j — oo and
hence, the concept can also be used for unstable systems.

Theorem 1.2 The set M,, can be partitioned into pieces Mr, where T' := {Qg,p, e}, i. €.,

Mn = U Ml",
F:{QS’P’Q-}‘nu (QS)+”-(‘)‘0):n

where n, (Qg) = 2221 2?21 d;?&k, with 8, = 1 for wy € {0,7} and 6 = 2 for 0 < wi, < 7 is
the state dimension of the unstable subsystem (A, By, Cy) with state space unit root structure Qg
and ne(e) 1= Y i (e; 1s the state dimension of the stable subsystem with Kronecker indices
e = (Qo1,.--, 0 s), e € Np.

For every multi-index T' there exists a parameter space Or C RUY) for some integer d(T"), endowed
with the Fuclidean norm, and a function ¢r : Ap — Orp, such that for every (A,B,C) € Ar the
parameter vector 0 := ¢r(A, B,C) € Or is composed of:
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e The parameter vector Op 5 = [0 ;1,...,0p ;)] € Opy = RS, collecting the (real and
imaginary parts of ) non-restricted entries in Bi,k = 1,...,1 as described in the MFI(1)

case.
e The parameter vector Op, = | 334,71,...,0'34,’1]’ € Op, = RiB‘P, collecting the entries in
B,k = 1,...,1, restricted by the p.u.t. forms to be positive reals in a similar fashion as

described for By in the 1(2) case.

e The parameter vector Oc.p = [0 g1, 00 5] € Oce C RIE, consisting of the vectors
Ocer =00pr1:- 005k collecting the parameters O¢,pk,; for all blocks Cf’j, k=
1,...,0 and j = 1,...,hy, obtained using Givens rotations (see Lemmas 1.1 and 1.2 and
Corollary 1.1 and its extension to complex matrices).

o The parameter vector 8¢ g = [0’07G71, "'ae/C,G,l], € O¢cg = R?e.¢ | consisting of the vectors
Occr = 0c.Gra - 0carn) collecting the parameters Oc,ck; (real and imaginary
parts for complex roots) for C,gj, k=1,....,0 and j = 2,...,hy, subject to the orthogonality
restrictions (see Corollary 1.2 and its extension to complex matrices).

e The parameter vector 8, € O, C R collecting the free entries in echelon canonical form
with Kronecker indices .

(i) The mapping Yr : Mr — Ar that attaches a triple (A,B,C) in canonical form to a transfer
function in My is continuous. It is the inverse (restricted to Mr) of the T -continuous function
7:(A,B,C) = k(z) =I+2C(I, —zA)"'B.

(i) Every parameter vector 6 = [OSBJ,OSBVP, /C,Ea IC7G,9/.]’ € Or C Op s x Op,y X Oc.p X
Oc,c X Oo corresponds to a triple (A(0),B(0),C(0)) € Ar and a transfer function k(z) =
7(A(8),5(80),C(0)) € Mr. The mapping 6" : @ — (A(8),B(0),C(8)) is continuous on Or.

(iii) For every multi-index T the set of points in Ar, where the mapping ¢r is continuous, is open
and dense in Ar.

As mentioned in Section 1.2, the parameterization of ® is straightforward. The s X m entries
of ® are collected in a parameter vector d. Thus, there is a one-to-one correspondence between
state space realizations (A, B,C, ®) € Ar x R**™ and parameter vectors T = [0’,d']’ € Op x R*™.
The same holds true for parameters used for the symmetric, positive definite innovation matrix
3 € R%*% obtained, e. g., from a lower triangular Cholesky factor of X.

1.4 The Topological Structure

The parameterization of M, in Theorem 1.2 partitions M,, into subsets Mr for a selection of
multi-indices I'. To every multi-index I' there exists a corresponding associated parameter set
Or. Thus, in practical applications, maximizing the pseudo likelihood requires choosing the multi-
index I'. Maximizing the pseudo likelihood over the set Mt effectively amounts to including also all
elements in the closure of M, because of continuity of the parameterization. It is thus necessary
to characterize the closures of the sets Mr.

Moreover, maximizing the pseudo likelihood function over all possible multi-indices is time-
consuming and not desirable. Fortunately, the results discussed below show that there exists a
generic multi-index T'y such that M, C Mr,. This generic choice corresponds to the set of all
stable systems of order n corresponding to the generic neighborhood of the echelon canonical
form. This multi-index therefore is a natural starting point for estimation.

However, in particular for hypotheses testing, it will be necessary to maximize the pseudo
likelihood over sets of transfer functions of order n with specific state space unit root structure
Qg, denoted as M (Qg,ne) below, where n, denotes the dimension of the stable part of the state.
We show below that also in this case there exists a generic multi-index I'y(2g,n4) such that
M(Qs, n.) - MFg(Qs,n.)'
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The main tool to obtain these results is investigating the properties of the mappings ¢, that
map transfer functions in Mr to triples (A, B,C) € Ar, as well as the analyzing the closures
of the sets Ar. The relation between parameter vectors § € Or and triples of system matrices
(A, B,C) € Ar is easier to understand than the relation between Ar and My, due to the results
of Theorem 1.2. Consequently, this section focuses on the relations between Ar and Mp — and
their closures — for different multi-indices I'.

To define the closures we embed the sets Ar of matrices in canonical form with multi-indices I
corresponding to transfer functions of order n into the space A,, of all conformable complex matrix
triples (A4, B, C) with A € C"*", where additionally A|;;,45((A) < 1. Since the elements of A,, are

matrix triples, this set is isomorphic to a subset of the finite dimensional space C"QH"S, equipped
with the Euclidean topology. Note that A, also contains non-minimal state space realizations,
corresponding to transfer functions of lower order.

Remark 1.16 In principle the set A, also contains state space realizations of transfer functions
k(z)=1Is+ Z;‘;l Kz with complex valued coefficients K. Since the subset of A, of state space
systems realizing transfer functions with real valued K is closed in A, realizations corresponding
to transfer functions with coefficients with non-zero imaginary part are irrelevant for the analysis
of the closures of the sets Ar.

After investigating the closure of Ap in A,,, denoted by Ar, we consider the set of corresponding
transfer functions m(Ar). Since we effectively maximize the pseudo likelihood over Ar, we have
to understand for which multi-indices T’ the set m(Ag) is a subset of 7(Ar). Moreover, we find a
covering of w(Ar) C Uiez Mr,. This restricts the set of multi-indices I' that may occur as possible
multi-indices of the limit of a sequence in 7(Ar) and thus, the set of transfer functions that can
be obtained by maximization of the pseudo likelihood.

The sets Mr, are embedded into the vector space M of all causal transfer functions k(z) =
Is + 3772, Kj27. The vector space M is isomorphic to the infinite dimensional space ITjenR;™
equipped with the pointwise topology. Since, as mentioned above, maximization of the pseudo
likelihood function over Mr effectively includes Mr, it is important to determine for any given
multi-index I', the multi-indices T for which the set M is a subset of Mr. Note that Mt is not
necessarily equal to 7(Ar). The continuity of 7, as shown in Theorem 1.2 (i), implies the following
inclusions:

Mr = m(Ar) C 7(Ar) C Mr.

In general all these inclusions are strict. For a discussion in case of stable transfer functions see
Hannan and Deistler (1988, Theorem 2.5.3).

We first define a partial ordering on the set of multi-indices I'. Subsequently we examine the
closures Ar in A,, and finally we examine the closures M in M.

Definition 1.9 (i) For two state space unit root structures Qs and Qs with corresponding ma-
trices A, € C™*™ and A, € C™*™ in canonical form, it holds that Qg < Qg if and only
if there exists a permutation matrix S such that

’r -Au j12
sas = [ 0]

Moreover, Qg < Qg holds if additionally Qg #+ Qg.

(ii) For two state space unit root structures Qg and Qg and dimensions of the stable subsystems
Ne, e € Ng we define

(Qs,7e) < (Qs,ma) if and only if Qg < Qg, Tie < M.
Strict inequality holds, if at least one of the two inequalities above holds strictly.
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(iii) For two pairs (Qs,p) and (Qg,p) with corresponding matrices A, € C"« "™ and A, €
C™eX™u 4n canonical form, it holds that (Qg,p) < (s, p) if and only if there exists a per-
mutation matriz S such that

;. ./Zlu j12 _ |1
e f g sep)

where py 6 N"” and p restricts at least as many entries as pi, i.e., p; > (p1); holds for all
i=1,. . Moreover, (Qs,p) < (Qs,p) holds if additionally (QS, D) # (Qs,p).

() Let ae = (Qo,1,-.-0es), Qe € Ny and &g = (Qe1,...,0.,s), 00 € Ng. Then de < e if
and only if e < e, @ = 1,...,5. Moreover, &ue < e holds, if at least one inequality is
strict, compare Hannan and Deistler (1988, Section 2.5).

Finally, define

[ = (Q5.5,Gs) ST = (Qs,p,00) if and only if (Qs,5) < (Qs,p) and de < o
Strict inequality holds, if at least one of the inequalities above holds strictly.

Please note that (i) implies that Qg only contains unit roots that are also contained in Qg,
with the integration orders hy of the unit roots in g smaller or equal to the integration orders
of the respective unit roots in g. Thus, denoting the unit root structures corresponding to Qs
and Qg by Q and €, it follows that Qg < Qg implies Q < Q. The reverse does not hold as, e.g.,
for Qs = ((0,1,1)) (where hence Q = ((0,2))) and Qg = ((0,2)) (with Q = ((0,1))) it holds that
Q=< ), but neither Qs < Qg nor Qg < Qg holds, as here

11 . 10
A“:(o 1)’ A“:(o 1>'

This partial ordering is convenient for the characterization of the closure of Ar.

1.4.1 The Closure of Ar in A,

Note that the block-structure of A implies that every system in Ar can be separated in two
subsystems (Ay, By,Cy) and (As, B, Cs). Define Aqg p, := Aqg p.(1) as the set of all state space
realizations in canonical form corresponding to state space unit root structure {2g, structure indices
p and ne = 0. Analogously define A, := Ay (},a.) @ the set of all state space realizations in
canonical form with Qg = {} and Kronecker indices a,. Examining Aq, , and A,, separately
simplifies the analysis.

The Closure of Aqg ,

The canonical form imposes a lot of structure, i.e., restrictions on the matrices A, B and C. By
definition Aqg , = AQS p X A§. p X A§ ., p and the closures of the three matrices can be analyzed

separately. A657 and AC p are very easy to investigate. The structure of A is fully determined
by Qs and consequently AAsyp consists of a single matrix A, which immediately implies that

AA
Qs,p
of unitary (or orthonormal) matrices and blocks CS that have to fulfill (recursive) orthogonality
constraints. The corresponding sets have been shown to be closed in Lemmas 1.1 and 1.2 and

: C  _ AC
Corollaries 1.1 and 1.2. Thus, Ag_, = Ag_

It remains to discuss AB 5.p" The structure indices p defining the p.u.t. structures of the matrices
By restrict some entries to be positive. Combining all the parameters - unrestricted with complex
values parameterized by real and imaginary part and the positive entries - into a parameter vector
leads to an open subset of R™ for some m. For convergent sequences of systems with fixed Qg
and p, limits of entries restricted to be positive may be zero. When this happens, two cases have

= Aés,p' The matrix C, compare Theorem 1.1 is composed of blocks CZ that are sub-blocks
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to be distinguished. First, all p.u.t. sub-matrices still have full row rank. In this case the limiting
system, (Ao, Bo,Co) say, is still minimal and can be transformed to a system in canonical form
(.Ao, BO,CO) with fewer unrestricted entries in Bo.

Second, if at least one of the row ranks of the p.u.t. blocks decreases in the limit, the limiting
system is no longer minimal. Consequently, (Qg,p) < (Qs,p) in the limit.
To illustrate this point consider again Example 1.4 with equation (1.12) rewritten as

Tet11 = Te1 + T2+ Biage, Tipr2 = Teo + Bioig, Tit1,3 = Te,3 + Bioogr,

If B; 2,1 = [0 by 2,1 2] 75 0 and B; 2,2 = [bl 2,2 1,b1,27272} 7é 0, by 2,21 > 0, it holds that {yt}tEZ is an
I(2) process with state space unit root structure Qg = ((0,1 2))
Now, consider a sequence of systems with all parameters except for by 1 2 constant and by 21,2 — 0.

The limiting system is then given by

E G E
Yy = C17133t,1 + C1,2$t,2 + C172-Tt,3 + €,
Ti41,1 1 1 0] [z bi11 bi,1,2
Tt4+1,2 = 0 1 0 Tt,2 + 0 0 Et, 1,1 = 21,2 =T1,3 = 0.
Tt+1,3 0 0 1 X3 b1,2,2,1 b1,2,2,2

In the limiting system z; 2 = 0 is redundant and {y;}+cz is an I(1) process rather than an I(2)
process. Dropping x; 2 leads to a state space realization of the limiting system {y; }1cz given by

E E ~ =~ 2
yr = Ciqmen +Cioxes +er = Oy + ey, Ty € R7,
- Ti41,1 1 0f |z b1,1,1 bi1,2 ~ >
Tiy1 = ’ = T+ o % ey =2+ + Be 11 =13 =0.
t+1 |:It+1,3:| |:0 1| |xe,3 bi22,1 bi22.2 ¢ t b L1 1.3

In case B has full rank, the above system is minimal. Since by 221 > 0, the matrix B needs to
be transformed into p.u.t. format. By definition all systems in the sequence, with b1 212 # 0,
have structure indices p = [0, 2, 1]’ as discussed in Example 1.12. The limiting system - in case of
full rank of B - has indices p = [1,2])’. To relate to Definition 1.9 choose the permutation matrix

1 0 0
S=1]0 0 1 | toarrive at
0 1 0

1 0 1 L 0 (p1)1
SAuS’:[o 1 0]:{02 Jm] sz[l]z[(pﬂz].

0 0 1 2 2 P2
This shows that (p); > (p1):, ¢ = 1,2 and thus, the limiting system has a smaller multi-index T’
than the systems of the sequence. In case B has reduced rank equal to one a further reduction in
the system order to n = 1 along similar lines as discussed is possible, again leading to a limiting
system with smaller multi-index T'.

The discussion shows that the closure of AB s,p 1s related to lower order systems in the sense

of Definition 1.9. The precise statement is given in Theorem 1.3 after a discussion of the closure
of the stable subsystems.

The Closure of A,,

Consider a convergent sequence of systems {(A;, B;j,C;)};en in A4, and denote the limiting system
by (Ao, Bo, Co). Clearly, Ajmax|(Ao) < 1 holds true for the limit Ao of the sequence {A;} en with
Ajmax|(Aj) < 1 for all j. Therefore, two cases have to be discussed for the limit:

o If A\max|(Ao) < 1, the potentially non-minimal limiting system (Ag, By, Cp) corresponds to
a minimal state space realization with Kronecker indices smaller or equal to a,, cf. Hannan
and Deistler (1988, Theorem 2.5.3).
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o If A\jmax|(Ao) = 1, the limiting matrix Ag is similar to a block matrix A= diag(jg,zi.),
where all eigenvalues of Jo have unit modulus and Ajmax]| (fl.) < 1.

The first case is well understood, compare Hannan and Deistler (1988, Chapter 2), since the limit
in this case corresponds to a stable transfer function. In the second case the limiting system can
be separated into two subsystems (jg, B, C’u) and (121., B, C'.), according to the block diagonal
structure of A. The state space unit root structure of the limiting system (Ao, By, Cp) depends on
the multiplicities of the eigenvalues of the matrix .J; and is greater (in the sense of Definition 1.9)
than the empty state space unit root structure. At the same time the Kronecker indices of the
subsystem (fl., B, C’.) are smaller than a,, compare again Hannan and Deistler (1988, Chapter 2).
Since the Kronecker indices impose restrictions on some entries of the matrices A; and thus also
on Ay, the block J, and consequently also the limiting state space unit root structure might be
subject to further restrictions.

The Conformable Index Set and the Closure of Ar

The previous subsection shows that the closure of Ar does not only contain systems corresponding
to transfer functions with multi-index smaller or equal to I', but also systems that are related in
a different way that is formalized below.

Definition 1.10 (Conformable index set) Given a multi-index T" = (s, p, ), the set of con-
formable multi-indices IC(T') contains all multi-indices T' = (Qg, P, &), where:

o The pair (Qg,p) with corresponding matriz A, in canonical form extends (Qg,p) with cor-
responding matriz A, in canonical form, i.e., there exists a permutation matriz S such
that

Toar Au Q ~_|P
SAUS—[O J2:| and S’p—[ﬁJ7

o (e < (Ny.
L4 ﬁu‘f'ﬁo:nu“!‘no

Note that the definition implies I' € K(T"). The importance of the set IC(T) is clarified in the
following theorem:

Theorem 1.3 Transfer functions corresponding to state space realizations with multi-indea:f <
are contained in the set w(Ar). The set m(Ar) is contained in the union of all sets My for I' <
with T' conformable to T, i. e.,

UM cr@rc U U M.

r<r Tek(n) <

I
r

Theorem 1.3 provides a characterization of the transfer functions corresponding to systems in
the closure of Ar. The conformable set K(T') plays a key role here, since it characterizes the set
of all minimal systems that can be obtained as limits of convergent sequences from within the set
Ar. Conformable indices extend the matrix A, corresponding to the unit root structure by the
block J».

The second inclusion in Theorem 1.3 is potentially strict, depending on the Kronecker indices
e in I'. Equality holds, e. g., in the following case:

Corollary 1.3 For every multi-index I with ne = 0 the set of conformable indices consists only
of T', which implies m(Ar) = Up<p M.
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1.4.2 The Closure of Mr

It remains to investigate the closure of Mr in M. Hannan and Deistler (1988, Theorem 2.6.5 (ii)
and Remark 3, p. 73) show that for any order n, there exist Kronecker indices ae 4 = e 4(n)
corresponding to the generic neighborhood M,, , for transfer functions of order n such that

M,, = U M,, C M,,,,

Qol|ne(e)=n

where M,, := 7(A,,). Here M, ,, denotes the set of all transfer functions of order n with state
space realizations (A, B,C) satisfying Ajmax|(4) < 1. Every transfer function in M, , can be
approximated by a sequence of transfer functions in M,, .

It can be easily seen that a generic neighborhood also exists for systems with state space unit
root structure 2g and without stable subsystem: Set the structure indices p to have a minimal
number of elements restricted in p.u.t. sub-blocks of By, i.e., for any block By p, j € C™hedi s,
or By h,,j € R™"3%% in case of a real unit root, set the corresponding structure indices to p =
[1,...,n%p, ;]. Any p.u.t. matrix can be approximated by a matrix in this generic neighborhood
with some positive entries restricted by the p.u.t. structure tending to zero. Combining these
results with Theorem 1.3 implies the existence of a generic neighborhood for the canonical form
considered in this paper:

Theorem 1.4 Let M(Q2s,n,) be the set of all transfer functions k(z) € M, (s)+n, with state
space unit root structure Qg. For every Qg and n., there exists a multi-index T'y := T'5(Qg, ne)
such that

M(Qs,n.) C Mpg. (114)

Moreover, it holds that M(Qg,ne) C (n) for every Qs and ne satisfying n.(s) +ne < n.

Ce,g

Theorem 1.4 is the basis for choosing a generic multi-index I' for maximizing the pseudo
likelihood function. For every €2g and n, there exists a generic piece that — in its closure — contains
all transfer functions of order n,(2s) + ne and state space unit root structure Qg: The set of
transfer functions corresponding to the multi-index with the largest possible structure indices p in
the sense of Definition 1.9 (iii) and generic Kronecker indices for the stable subsystem. Choosing
these sets and their corresponding parameter spaces as model sets is therefore the most convenient
choice for numerical maximization, if only g and ne are known.

If, e. g., only an upper bound for the system order n is known and the goal is only to obtain
consistent estimators, using . 4(n) is a feasible choice, since all transfer functions in the closure of
the set M,, ,(n) can be approximated arbitrarily well, regardless of their potential state space unit
root structure g, 1,(Qs) < n. For testing hypotheses, however, it is important to understand
the topological relations between sets corresponding to different multi-indices I'. In the following
we focus on the multi-indices I'¢(Qg, ne) for arbitrary Qg and ne.

The closure of M (g, ns) contains also transfer functions that have a different state space unit
root structure than Qg. Considering convergent sequences of state space realizations (4;, B;, C;)jen
of transfer functions in M (g, ne ), the state space unit root structure of their limits (Ag, By, Cp) :=
lim;_,(Aj, B;,C;) may differ in three ways:

e For sequences (A, B;,C;)jen in canonical form rows of B, ; can tend to zero, which reduces
the state space unit root structure as discussed in Section 1.4.1.

e Stable eigenvalues of A; may converge to the unit circle, thereby extending the unit root
structure.

e Off-diagonal entries of the sub-block A, ; of A; = TjAjTj_1 may be converging to zeros in
the sub-block A, o of the limit Ay = TOAOTO_1 in canonical form, resulting in a different
attainable state space unit root structure. Here T € C**" for all j € N are regular matrices
transforming A; to canonical form and Ty € C™*™ transforms Ay accordingly.
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The first change of g described above results in a transfer function with smaller state space
unit root structure according to Definition 1.9 (ii). The implications of the other two cases are
summarized in the following definition:

Definition 1.11 (Attainable unit root structures) For given ne and s the set A(Sls,n,)
of attainable unit root structures contains all pairs (s, fie), where Qg with corresponding matriz
Ay in canonical form extends Qg with corresponding matriz A, in canonical form, i.e., there
exrists a permutation matrix S such that
i A Tz
’ u
SAS = [ 0 J ,

where A, can be obtained by replacing off-diagonal entries in A, by zeros and where fiq = ne —d;
with dj the dimension of J, € C% x4

Remark 1.17 [t is a direct consequence of the definition of A(§2s,ns) that (Qs,7e) € A(Qs, M)
implies A(Qg,e) C A(Qg,Ne).

Theorem 1.5 (i) Mr is Tpi-open in Mrp.
(ii) For every generic multi-index I'y corresponding to Qs and ne it holds that

~Aar,) < U UM

Fek(ry) I<r

C U U M(Qg,7e) = Mr,.

(QS»"FL-)EA(QSW-) (stﬁ-)f(ﬁsaﬁO)

Theorem 1.5 has important consequences for statistical analysis, e.g., PML estimation, since
— as stated several times already — maximizing the pseudo likelihood function over Or effectively
amounts to calculating the supremum over the larger set Mr. Depending on the choice of T' the
following asymptotic behavior may occur:

e If " is chosen correctly and the estimator of the transfer function is consistent, openness
of Mr in its closure implies that the probability of the estimator being an interior point of
MTr tends to one asymptotically. Since the mapping attaching the parameters to the transfer
function is continuous on an open and dense set, consistency in terms of transfer functions
therefore implies generic consistency of the parameter estimators.

e If the multi-index is incorrectly chosen to equal I', estimator consistency is still possible if the
true multi-index I'g < I, as in this case Mr, C M. This is in some sense not too surprising
and something that is also well-known in the simpler VAR framework, where consistency of
OLS can be established when the true autoregressive order is smaller than the order chosen
for estimation. Analogous to the lag number in the VAR case, thus, a necessary condition
for consistency is to choose the system order larger or equal to the true system order.

Finally, note that Theorem 1.5 also implies the following result relevant for the determination
of the unit root structure, further discussed in Sections 1.5.1 and 1.5.2:

Corollary 1.4 For every pair (Qg, Nie) € A(Qls, M) it holds that

M(Qs,’ﬁ.) C M(Qs,n.).

1.5 Testing Commonly Used Hypotheses in the MFI(1) and
I(2) Cases

This section discusses a large number of hypotheses, respectively restrictions, on cointegrating
spaces, adjustment coefficients and deterministic components often tested in the empirical lite-
rature. Similarly to the VECM framework, as discussed for the I(2) case in Section 1.2, testing
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hypotheses on the cointegrating spaces or adjustment coefficients may necessitate different repa-
rameterizations.

1.5.1 The MFI(1) Case

The two by far most widely used cases of MFI(1) processes are I(1) processes and seasonally inte-
grated processes for quarterly data with state space unit root structure ((0,d}), (7/2,d3), (7, d3)).
In general, assuming for notational simplicity w3 = 0 and w; = =, it holds that for ¢ > 0 and
T1,u =0

Yt =
l
ch,th,k,R +Coxt o+ Pdy + ¢, =
k=1
-1
Crxeq + Z(th,k + CrTop) + Cial ) + Cotre + Oy + &4 =

k=2
t—1 t—1 t—1
CiB1 > e +2ZR CkBr > (Zr) e | +CiB Y (1) e+
Jj=1 = J=1 J=1
t—1
Cod AL Begs_j+ CoAl w1 o + 0dy + 84 =
j:l
-1 t—1
ClBlzet ; +QZZ< (CuBy) cos(wi (j — 1)) + T(CBy) sin(wi(j — 1)))€t_j+
k=2 j=1
t—1 t—1
CBY (1) et +Co Y AT Bagrj + CoAL w10 + Bdy + 4.
j=1 j=1

The above equation provides an additive decomposition of {y; }+cz into stochastic trends and cycles,
the deterministic and stationary components. The stochastic cycles at frequency 0 < wy < 7 are,
of course, given by the combination of sine and cosine terms. For the MFI(1) case this can also be
directly seen from considering the real valued canonical form discussed in Remark 1.4, with the
C9S(wk) B sm(wk)) in this case.
sin(wg)  cos(wy)

The ranks of Cx By, are equal to the integers df in Qg = ((wq,d}), ..., (w,d})). The number of
stochastic trends is equal to d}, the number of stochastic cycles at frequency wy, is equal to 2d¥
for k=2,...,1— 1 and equal to d} if k = [, as discussed in Section 1.3.

Moreover, in the MFI(1) case, d¥ is linked to the complex cointegrating rank ry, at frequency
wy, defined in Johansen (1991) and Johansen and Schaumburg (1999) in the VECM case as the
rank of the matrix I := —a(zg). For VARMA processes with arbitrary integration orders the
complex cointegrating rank ry at frequency wy, is rp := rank(—k~1(z;)), where k(z) is the transfer
function, with 7, = s—d} in the MFI(1) case. Thus, in the MFI(1) case, determination of the state
space unit root structure corresponds to determination of the cointegrating ranks in the VECM
case.

In the VECM setting, the matrix IIj is usually factorized into II; = oy [, as presented for
the I(1) case in Section 1.2. For wy = {0, 7} the column space of 8 gives the cointegrating space
of the process at frequency wy. For 0 < wy < 7 the relation between the column space of §; and
the space of CIVs and PCIVs at the corresponding frequency is more involved. The columns of 3y,
are orthogonal to the columns of Ci, the sub-block of C from a state space realization (A, B,C) in
canonical form corresponding to the VAR process. Analogously, the column space of the matrix
ag, containing the so-called adjustment coefficients, is orthogonal to the row space of the sub-block
Bk of B.

matrices Ay g for k=2,...,1 -1, given by Ay g = Id;f ® (
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Both integers d} and 7}, are related to the dimensions of the static and dynamic cointegrating
spaces in the MFI(1) case: For wy € {0, 7}, the cointegrating rank r;, = s — d¥ coincides with
the dimension of the static cointegrating space at frequency wg. Furthermore, the dimension of
the static cointegrating space at frequency 0 < wy < 7 is bounded from above by r, = s — d¥,
since it is spanned by at most s — df vectors 3 € R* orthogonal to the complex valued matrix
Ci. The dimension of the dynamic cointegrating space at 0 < wy < 7 is equal to 2rj, = 2(s — d¥).
Identifying again £(z) = By + S1z with the vector [3], 8]]’, a basis of the dynamic cointegrating
space at 0 < wg < 7 is then given by the column space of the product

O I R o A ol

with the columns of 5 € Cs*(s=d) spanning the orthogonal complement of the column space of
Ci, i.e., B is of full rank and 3,.C, = (R(Bk)’ —4Z(Bk)")Cr = 0. This holds true, since both factors
are of full rank and [y, v}]’ satisfies (Zxv)+71)Cr = 0, which corresponds to the necessary condition
given in Example 1.2 for the columns of [y{,71]" to be PCIVs. The latter implies (Zx7, +71)Cx = 0
also for [3{,71]’, highlighting again the additional structure of the cointegrating space emanating
from the complex conjugate pairs or eigenvalues (and matrices), as discussed in Example 1.2.

Note that the relations between 74, and d¥ discussed above only hold in the MFI(1) and I(1)
special cases. For higher orders of integration no such simple relations exist.

In the MFI(1) setting the deterministic component typically includes a constant, seasonal
dummies and a linear trend. As discussed in Remark 1.6, a sufficiently rich set of deterministic
components allows to absorb non-zero initial values 1 4.

Testing Hypotheses on the State Space Unit Root Structure

Using the generic sets of transfer functions Mr, presented in Theorem 1.4, we can construct
pseudo likelihood ratio tests for different hypotheses Hy : (Q2s,me) = (£25,0,7e,0) against chosen
alternatives. Note, however, that by the results of Theorem 1.5 the null hypothesis includes all
pairs (g, M) € A(2s,0, e,0) as well as all pairs (Qg,n.) that are smaller than a pair (Qs,ﬁ.) €
A(Qs,0,Me,0)-

As common in the VECM setting, first consider hypotheses at a single frequency wy. For an
MFI(1) process, the hypothesis of a state space unit root structure equal to Qg0 = ((wg,d} )
corresponds to the hypothesis of the cointegrating rank r; at frequency wy being equal to rg =
s — df ;. Maximization of the pseudo likelihood function over the set M (((wr, d 5)),n — rdf )
— with a suitably chosen order n — leads to estimates that may be arbitrary close to transfer
functions with different state space unit root structures €0s. These include Qs with additional
unit root frequencies wy, with the integers d¥ restricted only by the order n. Therefore, focusing
on a single frequency wy does not rule out a more complicated true state space unit root structure.
Assume n > dps with 6y = 1 for wy, € {0, 7} and §;, = 2 else. Corollary 1.4 shows that

M({},n) > M(((wk,1)),n = k) D -+ D M(((wk, 5)),n — 56k),

since, e. g., (((wg,1)),n — o) € A({},n).

Analogously to the procedure of testing for the cointegrating rank r; in the VECM setting,
these inclusions can be employed to test for df: Start with the hypothesis of d¥ = s against the
alternative of 0 < d} < s and decrease the assumed d} consecutively until the test does not reject
the null hypothesis.

Furthermore, one can formulate hypotheses on d¥ jointly at different frequencies wy,. Again,
there exist inclusions based on the definition of the set of attainable state space unit root structures
and Corollary 1.4, which can be used to consecutively test hypotheses on g.

Testing Hypotheses on CIVs and PCIVs

Johansen (1995) considers in the I(1) case three types of hypotheses on the cointegrating space
spanned by the columns of 3 that are each motivated by examples from economic research: The dif-
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ferent cases correspond to different types of hypotheses related to restrictions implied by economic
theory.

(i) Hy: B=Hep,B € R>*" H € R**t p € RIX" r <t < s: The cointegrating space is known to
be a subspace of the column space of H (which is of full column rank).

(ii) Hy: B =[bp], € RS> b e RS> e R¥*"1 0 < t < r: Some cointegrating relations are
known.

(i) Hy : B = [Hip1,..., Hope], B € RS Hj € R4 @, € R 1y <t; < s, forj=1,...,c
such that Z;Zl r; = r. Cointegrating relations are known to be in the column spaces of
matrices Hj, (which are of full column rank).

As discussed in Example 1.1, cointegration at wy, = 0 occurs if and only if a vector §; satisfies
ﬁ;Cl = 0. In other words, the column space of C; is the orthocomplement of the cointegrating
space spanned by the columns of S and hypotheses on f restrict entries of C;.

The first type of hypothesis, Hy, implies that the column space of C; is equal to the orthocom-
plement of the column space of Hy. Assume w.l.o.g. H € Os, 91 € Oy and H; € O; 54,
such that the columns of [Hy, , H, ] form an orthonormal basis for the orthocomplement of the
cointegrating space. Consider now the mapping:

It—r

rx(t—r

Ci(6.,6R) = |:H'RL(éL)/ [0 J , HJ_] - Rp(0r), (1.15)

where RL(éL) = HZ;; H;:l Rm’t_rﬂ(HL’r(i,l)H) e R¥*t and RR(BR) S RG=)X(s=7) a5 in
Lemma 1.1. From this one can derive a parameterization of the set of matrices C] corresponding
to Hy, analogously to Lemma 1.1. The difference of the number of free parameters under the null
hypothesis and under the alternative is the difference between the number of free parameters in
0 € [0,2m)"¢=") and O, € [0,27)"*=") implying a reduction of the number of free parameters of
r(s—t) under the null hypothesis. This necessarily coincides with the number of degrees of freedom
of the corresponding test statistic in the VECM setting, cf. Johansen (1995, Theorem 7.2).

The second type of hypothesis, H{, is also straightforwardly parameterized: In this case a
subspace of the cointegrating space is known and given by the column space of b € R**!. Assume
w.l.o.g. b € Os;. The orthocomplement of 8 = [b, ¢] is given by the set of matrices C; satisfying
the restriction v'C; = 0, i. e., the set Oy 4, (b) defined in (1.13). The parameterization of this set has
already been discussed. The reduction of the number of free parameters under the null hypothesis
is t(s — r) which again coincides with the number of degrees of freedom of the corresponding test
statistic in the VECM setting, cf. Johansen (1995, Theorem 7.3).

Finally, the third type of hypothesis ,H[/, is the most difficult to parameterize in our setting.
As an illustrative example consider the case Hé/ : B = [Hip1, Hopol, 8 € R Hy € RN H, €
R¥2 oy € R™™ o € R27X72 1 < ¢; < s and rq1 +rp = r. W.lo.g. choose H, € Oy, such
that its columns span the t,-dimensional intersection of the column spaces of H; and Hy and
choose flj € O, ;,(Hp),j = 1,2 such that the columns of ﬁj and H; span the column space of H;.

Define H := [I:Ihﬁg,Hb] € Oy ;, with =1 +ty+ts. Let wlo.g. H € O (ﬁ) and define
pj := min(r;,t;), ¢j :== max(r;,t;) for j = 1,2 and p, = ¢1 — t1 + g2 — to. A parameterization of
B" € O, satisfying the restrictions under the null hypothesis can be derived from the following
mapping:

s,8—t1

Ipl Opl Xp2 Op1 XDPb
0(Q1—T1)><;D1 O(Q1—T1)><P2 O(L]1—7‘1)><Pb
~ 0 L, 0
(0,0 = H-Rp(0n) P21 P2 PP Rp(ORs),
ﬁ ( " R’ﬁ) H( H) 0((12—7’2)><P1 0(112—7"2)><1"2 0(612—7”2)><Pb R( Rﬁ)
0Pb><1’1 0p1;><p2 Ipb

OG—gi—ag)xp1 O—qi—a)xps  OF—aq1—aa)xmy
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where Ry (0y) := Ry (0,,01,,01,)) := R, (05,)Ru, (01,) R, (01,) € R is a product of
Givens rotations corresponding to the entries in the blocks highlighted by bold font and where
Rr(Or,p) € R™*" as in Lemma 1.1. The three matrices are defined as follows:

p1 t—q2—T1
Ru,(0m) = [I TI Reism r+iOnmioarrri1)+s):
i=1 j=1
6 (]) — P1 lf] S q1 — T
i ' t1 + ty + pp  else,
p2 E*thfw
Ru,(0m,) = [T Bemition i)+ Omgi—rayi-1)+5):
i=1 j=1
S () = t1 + p2 ifj<ga—ro
2 ' t1 4+t +pp  else,
Py T—q1—q2
R, (OHb) = H H Rt;P1+P2+i’fl+t~2+Pb+j(aHb,(£*Q1*Q2)(i*1)+j)'
i=1 j=1

Consequently, a parameterization of the orthocomplement of the cointegrating space is based on
the mapping:

Ci(0m,0rc) =

Op, x(q1—r1) Op, x (g2—72) Oplx(f*th*qz)
Iy —r 0(g1—r1)x (g2 —72) O(qy —r1)x (F—a1—a2)
)il Ru(0m) 0 Opz x (a1 =r1) 092;(‘12_”) Opzx(f*tflfw) , H. -Rr(Or,c),
(g2—72)x(q1—71) q2—T2 (g2—7r2) X (t—q1—q2)
Opy, x (g1 —r1) Op,, x (q2—r2) Opbx(f*fnﬂm)
0(5—01—42)><(q1—7“1) O(f—q1—q2)><((12—1"2) t—q1—q2

where Ry (05) € R as above and Rr(Opc) € RETIXG) a5 in Lemma 1.1. Note that for all
01, Or g and Or ¢ it holds that 37 (0x,0r 5)'C1(0H,0Rc) = 0px (s—r). The number of parameters
restricted under HY/ is equal to r1(q1 —71) +72(q2 —72) + (r1 +72)(t—q1 —q2) + (s —7) (s —7+1)/2,
and thus, through ¢; and g2, depends on the dimension ¢, of the intersection of the columns spaces
of Hy and H,. The reduction of the number of free parameters matches the degrees of freedom of
the test statistics in Johansen (1995, Theorem 7.5), if 3 is identified, which is the case if r; < #;
and o < ts.

Using the mapping 57(-) as a basis for a parameterization allows to introduce another type of
hypotheses of the form:

"

(IV) HO : ﬂl =C = [Hﬂpl,...,HchC],ﬂl € RSX(S*T),HJ' € Os,tjasoj € Ot].mj,’l"j < tj < s, for
7 =1,...,csuch that Z;Zl r; = s — r. The orthocomplement of the cointegrating space is
contained in the column spaces of the (full rank) matrices H.

This type of hypothesis allows, e. g., to test for the presence of cross-unit cointegrating relations,
cf. Wagner and Hlouskova (2009, Definition 1) in, e. g., multi-country data sets.

Hypotheses on the cointegrating space at frequency wi = m can be treated analogously to
hypotheses on the cointegrating space at frequency wy = 0.

Testing hypotheses on cointegrating spaces at frequencies 0 < wy < 7 has to be discussed in
more detail, as one also has to consider the space spanned by PCIVs, compare Example 1.2. There
are 2(s — d¥) linearly independent PCIVs of the form 3(z) = Sy + 81 z. Every PCIV corresponds
to a vector zx By + B1 € C® orthogonal to Cx and consequently hypotheses on the space spanned
by PCIVs can be transformed to hypotheses on the complex column space of Cy € Csxdi,
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Consider, e. g., an extension of the first type of hypothesis of the form

wfr 3 - |
TN

~
—

s Os><s :| |: (HPQ;Q - FI}(}S}) P:IOQ:SI + 1?1%0)]
—cos(wg)Is  sin(wg)ls| |[—(Hop1 + Higo) (Hopo — Hic1)

_ s Osxs HQ I—:Il QZN)(N) %1
| —cos(w)ls sin(wg)ls| |—H; Hol| |—¢1 o]’

with Hy, H; € R*t ¢o, ¢y € RP¥", r < ¢ < s, which implies that the column space of Cj, is equal
to the orthocomplement of the column space of (Hy + iﬁl)(qgo + zqgl) This general hypothesis
encompasses, e. g., the hypothesis [}, 71| = Ho = [H}, H;] ¢, with H € R**t Hy H; € RS*t ¢ €
R¥X" by setting éo = (;31 = q~5, Hy := Hy and H; := —(cos(wk)Ho+ H1)/ sin(wy ). The extension is
tailored to include the pairwise structure of PCIVs and to simplify transformation into hypotheses
on the complex matrix Cj used in the parameterization. The parameterization of the set of matrices
corresponding to HE is derived from a mapping of the form given in (1.15), with Ry (81) and
Rp(6r) replaced by QL(¢r) = [[i=) [1jm1 Quit—rti(@L.ri-1)+;5) € R and Da(¢p)Qr(er)
as in Lemma 1.2.

Similarly, the three other types of hypotheses on the cointegrating spaces considered above
can be extended to hypotheses on the space of PCIVs in the MFI(1) case. They translate into
hypotheses on complex valued matrices 35 orthogonal to C. To parameterize the set of matrices
restricted according to these null hypotheses, Lemma 1.2 is used. Thus, the restrictions implied by
the extensions of all four types of hypotheses to hypotheses on the dynamic cointegrating spaces
at frequencies 0 < wy < 7 for MFI(1) processes can be implemented using Givens rotations.

A different case of interest is the hypothesis of at least m linearly independent CIVs b; € R?,
j=1,...,m with 0 < m < s — d}, i.e., an m-dimensional static cointegrating space at frequency
0 < wp < m, which we discuss as another illustrative example to the procedure for the case of
cointegration at complex unit roots.

For the dynamic cointegrating space, this hypothesis implies the existence of 2m linearly in-
dependent PCIVs of the form §i1(z) = b; and fB2(2) = b;z, j = 1,...,m. In light of the discussion
above the necessary condition for these two polynomials to be PCIVs is equivalent to b}Ck =0,
for j = 1,...,m. This restriction is similar to H{, discussed above, except for the fact that the
cointegrating vectors b; are not fully specified. This hypothesis is equivalent to the existence of an
m-dimensional real kernel of Cj,. A suitable parameterization is derived from the following mapping

~ M~ =

C(Oy, ) = Rr(6) { gZ?f) } )

where 6, € [0,27)™C~™) and Cy(p) = Cu(er,ep,Pr) € Us_m,ar as in Lemma 1.2. The
difference in the number of free parameters without restrictions and with restrictions is equal to
m(s —m).

The hypotheses can also be tested jointly for the cointegrating spaces of several unit roots.

Testing Hypotheses on the Adjustment Coefficients

As in the case of hypotheses on the cointegrating spaces S, hypotheses on the adjustment coef-
ficients o, are typically formulated as hypotheses on the column spaces of ay. We only focus on
hypotheses on the real valued «; corresponding to frequency zero. Analogous hypotheses may be
considered for «aj, at frequencies wy, # 0, using the same ideas.

The first type of hypothesis on «; is of the form H, : a; = Ay, A € R**t ¢ € R*™™" and
therefore can be rewritten as BjAy = 0. W.lo.g. let A € Os; and A; € O ;. We deal with
this type of hypothesis as with Hy : § = Hp in the previous section by simply reversing the roles
of C; and B;. We therefore consider the set of feasible matrices B] as a subset in Og s_, and use
the mapping B, (0r,0r) = [ARL(01) [I;—r,0,x(t—r))'s AL]RR(8R) to derive a parameterization,
while C] is restricted to be a p.u.t. matrix and the set of feasible matrices C} is parameterized
accordingly.
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As a second type of hypothesis Juselius (2006, Section 11.9, p. 200) discusses H), : a1, 1 = H1,
H e R5*t ¢p € R™6~7) linked to the absence of permanent effects of shocks H | e; on any of the
variables of the system. Assume w.lo.g. H; € O, . Using the parameterization of O,_,(H )
defined in (1.13) for the set of feasible matrices B} and the parameterization of the set of p.u.t.
matrices for the set of feasible matrices C;, implements this restriction.

The restrictions on H, reduce the number of free parameters by r(s — t) and the restrictions
implied by H/, lead to a reduction by ¢(s — r) free parameters, compared to the unrestricted case,
which matches in both cases the number of degrees of freedom of the corresponding test statistic
in the VECM framework.

Restrictions on the Deterministic Components

Including an unrestricted constant in the VECM equation Agy; = e; + @ leads to a linear trend
in the solution process y; = Z;:l(aj + D) +y1 = 22:1 €j + 11 + Dot, for ¢ > 1. If one restricts
the constant to &y = ady, &y € R” in a general VECM equation as given in (1.4), with IT = of’
of rank r, no summation to linear trends in the solution process occurs, while a constant non-
zero mean is still present in the cointegrating relations, i.e., the process {/'y;}+cz. Analogously
an unrestricted linear trend ®;¢ in the VECM equation leads to a quadratic trend of the form
®1t(t — 1)/2 in the solution process, which is excluded by the restriction ®;t = a®t.

In the VECM framework, compare Johansen (1995, Section 5.7, p. 81), five restrictions related
to the coeflicients corresponding to the constant and the linear trend are commonly considered:

1. H(r) : ®dy=®1t+ Py, Ii.e., unrestricted constant and linear trend,
H*(r) : ®d; = a®t + Dy, i e., unrestricted constant, linear trend restricted to
cointegrating relations,
3. Hi(r) : ®dy= P, i.e., unrestricted constant, no linear trend,
4. Hf(r) : ®dy = ad, i.e., constant restricted to cointegrating relations,
no linear trend,
5. Hy(r) : ®dy =0, i.e., no deterministic components present,

with @y, ®; € R* and &g, B1, € R” and the following consequences for the solution processes: Under
H(r) the solution process contains a quadratic trend in the direction of the common trends, i.e.,
in {B' y+}+ez, and a linear trend in the direction of the cointegrating relations, i.e., in {5y }iez.
Under H*(r) the quadratic trend is not present. H;(r) features a linear trend only in the directions
of the common trends, Hs(r) a constant only in these directions. Under Hj (r) the constant is also
present in the directions of the cointegrating relations.

In the state space framework the deterministic components can be added in the output equation
yr = Cxy+Pd; +e, compare (1.9). Consequently, the above considered hypotheses can be imposed
by formulating linear restrictions on ®. These can be directly parameterized by including the
following deterministic components in the five considered cases:

) ®dy = C Dot + Byt + D,
) : ‘I’dt = (I)lt + (I)O7

) ¢ ®dy = C Pyt + Do,

T(r) + ®dy = Dy,
) .

T W N =
SEEEE

®d; = C, Dy,

where @y, ®; € R® and <i>0, <i>1, P, € R, The component Cq d, captures the influence of the initial
value Ciz1,1 in the output equation.

In the VECM framework for the seasonal MFI(1) case, with II; = a0, of rank rj for 0 <
wg < m, the deterministic component usually includes restricted seasonal dummies of the form
aki)kz}; + Ozki)k(zk)t, i)k € C" to avoid summation in the directions of the stochastic trends.
The state space framework allows to straightforwardly include seasonal dummies in the output
equation in the form of @z} + @ (25)t, P € C*. Again, it is of interest whether these components
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are unrestricted or whether they take the form of C;c&);,c,z,tc —l—Ck(i)k(zk)t, P, € (Cdlf, similarly allowing

for a reinterpretation of these components as influence of the initial values z; ; on the output.
Note that @z} + W is equivalently given by @k’l sin(wgt) + <i>k72 cos(wgt) using real

coefficients @y 1, @2 € R® and the desired restrictions can be implemented accordingly.

1.5.2 The I(2) Case

The state space unit root structure of I(2) processes is of the form Qg = ((0,d?}, d})), where the
integer df equals the dimension of z:f’;, and d} equals the dimension of [(zy)', (zF,)']. Recall that
the solution for ¢ > 0 and 2, = 0 of the system in canonical form in this setting is given by

Yy = Cflel + szxt% + szxfz + Coto + Pdy + &4
t—1 k t—1
= 65181,2,1 Zzgt*j + (6518171 + 65281’2,1 + 05281’22) th*j
k=1j=1 j=1
t—1
+Co Y AL Bagr i+ CoAL w10 + Rdy + 4.
j=1

For VAR processes integrated of order two the integers d} and d3 of the corresponding state space
unit root structure are linked to the ranks of the matrices II = af’ (denoted as r = 7)) and
o\ TBL = &n' (denoted as m = r1) in the VECM setting, as discussed in Section 1.2. It holds that
r = s—d} and m = di —d}. The relation of the state space unit root structure to the cointegration
indices 7, 71,72 was also discussed in Section 1.3.

Again, both the integers d} and di and the ranks r,m, and consequently also the indices
ro,r1 and 79, are closely related to the dimensions of the spaces spanned by CIVs and PCIVs.
In the I(2) case the static cointegrating space of order ((0,2),(0,1)) is the orthocomplement of
the column space of Cfl and thus of dimension s — di. The dimension of the space spanned by
CIVs of order ((0,2),{}) is equal to s — d} — rc i, where . ¢ denotes the rank of C{’, since this
space is the orthocomplement of the column space of [Cfl,CEQ,CEQ]. The space spanned by the
PCIVs By + 81z of order ((0,2),{}) is of dimension smaller or equal to 2s — d} — d3, due to the
orthogonality constraint on [8), 51] given in Example 1.3.

Consider the matrices 3, 81 and B3 as defined in Section 1.2. From a state space realization
(A, B,C) in canonical form corresponding to a VAR process it immediately follows that the columns
of By span the same space as the columns of the sub-block Cfl. The same relation holds true for
£1 and the sub-block CEQ. With respect to polynomial cointegration, Bauer and Wagner (2012)
show that the rank of CSQ determines the number of minimum degree polynomial cointegrating
relations, as discussed in Example 1.3. If CEQ = 0, then there exists no vector v, such that {y'y; }+cz
is integrated and cointegrated with {85A0y: ttez. In this case {8'y: }ez is a stationary process.

The deterministic components included in the I(2) setting are typically a constant and a linear
trend. As in the MFI(1) case, identifiability problems occur, if we consider a non-zero initial state
21, The solution to the state space equations for ¢t > 0 and z; ,, # 0 is given by:

t—1
Y = ZCAjlest_j + Cfl(xﬁl + zfQ(t —1)+ Cﬁéxﬁz + CEQxfer
j=1
C.Ai_le. + ®d; + &4
Hence, if ®d; = ®o + @1, the output equation contains the terms C{* 2{’; + szxfg + CPafy —
CPafy + @ and (CF 2§, + ®1)t. Again, this implies non-identifiability, which is resolved by

assuming z1, = 0, compare Remark 1.6.
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Testing Hypotheses on the State Space Unit Root Structure

To simplify notation we use

M(((Ovd%vd%))vn_d% _d%) if d% > Oa
M(d%v d%) = M(((Ovd%))a n-—= d%) if d% =0, d% >0,
M., if db = d} =0,

)

with n > d} + di. Here M(d},d}) for d} + db > 0 denotes the closure of the set of transfer
functions of order n that possess a state space unit root structure of either Qg = ((0,d},d3)) or
Qs = ((0,d})) in case of d} = 0, while M(0,0) denotes the closure of the set of all stable transfer
functions of order n.

Considering the relations between the different sets of transfer functions given in Corollary 1.4
shows that the following relations hold (assuming s > 4; the columns are arranged to include
transfer functions with the same dimension of A,):

M(0,0) > DM(0,1) > DM(1,0)

U
M(0,2) D M(1,1) D M(2,0)
U U
M(0,3) D M(1,2)
U
M(0,4)

Note that M(d},d}) corresponds to H,_ga1-q = Hyr, in Johansen (1995). Therefore, the rela-
tionships between the subsets match the ones in Johansen (1995, Table 9.1) and the ones found
by Jensen (2013). The latter type of inclusions appear for instance for M (0, 2), containing transfer
functions corresponding to I(1) processes, which is a subset of the set M (1, 0) of transfer functions
corresponding to I(2) processes.

The same remarks as in the MFI(1) case also apply in the I(2) case: When testing for Hy :
Qs = ((0,d7 ,d3)), all attainable state space unit root structures A(((0,d; o, d5))) have to be
included in the null hypothesis.

Testing Hypotheses on CIVs and PCIVs

Johansen (2006) discusses several types of hypotheses on the cointegrating spaces of different
orders. These deal with properties of 3, joint properties of [3, 81] or the occurrence of non-trivial
polynomial cointegrating relations.

We commence with hypotheses of the form Hy : f = Ky and H| : 8 = [b, ] just as in the
MFI(1) case at unit root one, since hypotheses on § correspond to hypotheses on its orthocom-
plement spanned by [C{}, C{%] in the VARMA framework:

Hypotheses of the form Hy : 8 = Ko, K € R¥*", o € R™" imply ¢’ K'[C},Cf,] = 0. W.lo.g.
let K € Oy and K| € Os 5. As in the parameterization under Hy in the MFI(1) case at unit
root one, compare (1.15), use the mapping

It—r

rx(t—r)

[Cf’lr,clEj’QT](éLyaR) = [K . RL(éL)/ |:O :| R KJ_:| . RR(BR)7
to derive a parameterization of the set of feasible matrices [Cfl,Cfg}, i.e., a joint parameterization
of both sets of matrices Cf’; and Cfy, where [Cf,CF,] € Oy sy

Hypotheses of the form Hf : B = [b,p],b € Rt p € R**"=Y) 0 < t < r are equivalent
to V'[CF},CFy] = 0. Assume w.lo.g. b € O, and parameterize the set of feasible matrices Cf
using Oy 41 (b) as defined in (1.13) and the set of feasible matrices CF, using Og.ar—qr ([bs CE).
Alternatively, parameterize the set of feasible matrices jointly as elements [C{*},C{’] € Oy s—r (D).
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Applications using the VECM framework allow for testing hypotheses on [3, 81]. In the VARMA
framework, these correspond to hypotheses on the orthogonal complement of [3, 5], i.e., Cfl.
Implementation of different types of hypotheses on [8, 51] proceeds as for similar hypotheses on 3
in the MFI(1) case at unit root one, replacing [C{’},C{,] by CF;.

The hypothesis of no minimum degree polynomial cointegrating relations implies the restriction
CSQ = 0, compare Example 1.3. Therefore, we can test all hypotheses considered in Johansen (2006)
also in our more general setting.

Testing Hypotheses on the Adjustment Coefficients

Hypotheses on « and £ as defined in (1.6) and (1.7) correspond to hypotheses on the spaces
spanned by the rows of By 21 and B; 2 2. For VAR processes integrated of order two, the row space
of Bi2,1 is equal to the orthogonal complement of the column space of [a, o ], while the row
space of By g := [B] 51,87 55| is equal to the orthogonal complement of the column space of a.
The restrictions correéponding to hypotheses on o and £ can be implemented analogously to the
restrictions corresponding to hypotheses on a; in Section 1.5.1, reversing the roles of the relevant
sub-blocks in B,, and C, accordingly.

Restrictions on the Deterministic Components

The I(2) case is, with respect to the modeling of deterministic components, less well studied than
the MFI(1) case. In most theory papers they are simply left out, with the notable exception
Rahbek, Kongsted and Jorgensen (1999), dealing with the inclusion of a constant term in the I(2)-
VECM representation. The main reason for this appears to be the way deterministic components
in the defining vector error correction representation translate into deterministic components in
the corresponding solution process. An unrestricted constant in the VECM for I(2) processes leads
to a linear trend in {3}y }tez and a quadratic trend in {B5y: }+cz, while an unrestricted linear trend
results in quadratic and cubic trends in the respective directions. Already in the I(1) case discussed
above five different cases — with respect to integration and asymptotic behavior of estimators and
tests — need to be considered separately. An all encompassing discussion of the restrictions on the
coefficients of a constant and a linear trend in the I(2) case requires the specification of even more
cases. As an alternative approach in the VECM framework, deterministic components could be
dealt with by replacing y; with y; — ®d; in the VECM equation. This has recently been considered
in Johansen and Nielsen (2018) and is analogous to our approach in the state space framework.

As before, in the MFI(1) or I(1) case, the analysis of (the impact of ) deterministic components is
straightforward in the state space framework, which effectively stems from their additive inclusion
in the Granger-type representation, compare (1.9). Choose, e.g., ®d; = ®y + P1t, as in the I(1)
case. In analogy to Section 1.5.1, linear restrictions of deterministic components in relation to the
static and polynomial cointegrating spaces can be embedded in a parameterization. Focusing on
Py, e.g., this is achieved by

¢y = [Cf1vcfz]¢o+él,2¢~>o+c¢€5o,

where the columns of C~172 are a basis for the column space of CEQ, which does not necessarily
have full column rank, and the columns of C; span the orthocomplement of the column space of
[Cfl, Cf% C~1,2]. The matrix ®; can be decomposed analogously. The corresponding parametrization
then allows to consider different restricted versions of deterministic components and to study the
asymptotic behavior of estimators and tests for these cases.

1.6 Summary and Conclusions
Vector autoregressive moving average (VARMA) processes, which can be cast equivalently in the

state space framework, may be useful for empirical analysis compared to the more restrictive class
of vector autoregressive (VAR) processes for a variety of reasons. These include invariance with
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respect to marginalization and aggregation, parsimony as well as the fact that the log-linearized
solutions to DSGE models are typically VARMA processes rather than VAR processes. To realize
the potential of these advantages necessitates, in our view, to develop cointegration analysis for
VARMA processes to a similar extent as it is developed for VAR processes. The necessary first
steps of this research agenda are to develop a set of structure theoretical results that allow to
subsequently develop statistical inference procedures. Bauer and Wagner (2012) provide the very
first step of this agenda by providing a canonical form for unit root processes in the state space
framework, which is shown in that paper to be very convenient for cointegration analysis.

Based on the earlier canonical form paper this paper derives a state space model parameteri-
zation for VARMA processes with unit roots using the state space framework. The canonical form
and a fortiori the parameterization based upon it are constructed to facilitate the investigation
of the unit root and (static and polynomial) cointegration properties of the considered process.
Furthermore, the paper shows that the framework allows to test a large variety of hypotheses on
cointegrating ranks and spaces, clearly a key aspect for the usefulness of any method to analyze
cointegration. In addition to providing general results, throughout the paper all results are deve-
loped for or discussed in detail for the multiple frequency I(1) and I(2) cases, which cover the vast
majority of applications.

Given the fact that, as shown in Hazewinkel and Kalman (1976), VARMA unit root processes
cannot be continuously parameterized, the set of all unit root processes (as defined in this paper)
is partitioned according to a multi-index I' that includes the state space unit root structure. The
parameterization is shown to be a diffeomorphism on the interior of the considered sets. The topo-
logical relationships between the sets forming the partitioning of all transfer functions considered
are studied in great detail for three reasons: First, pseudo maximum likelihood estimation effec-
tively amounts to maximizing the pseudo likelihood function over the closures of sets of transfer
functions, Mr in our notation. Second, related to the first item, the relations between subsets
of Mr have to be understood in detail as knowledge concerning these relations is required for
developing (sequential) pseudo likelihood-ratio tests for the numbers of stochastic trends or cy-
cles. Third, of particular importance for the implementation of, e. g., pseudo maximum likelihood
estimators, we discuss the existence of generic pieces. In this respect we derive two results: First,
for correctly specified state space unit root structure and system order of the stable subsystem —
and thus correctly specified system order — we explicitly describe generic indices I'¢(Q2g, ne) such
that Mr_ (s n,) is open and dense in the set of all transfer functions with state space unit root
structure (2g and system order of the stable subsystem n,. This result forms the basis for establis-
hing consistent estimators of the transfer functions — and via continuity of the parameterization —
of the parameter estimators when the state space unit root structure and system order are known.
Second, in case only an upper bound on the system order is known (or specified), we show the
existence of a generic multi-index I'y, () for which the set of corresponding transfer functions
Mpa.,g(") is open and dense in the set M, of all non-explosive transfer functions whose order (or
McMillan degree) is bounded by n. This result is the basis for consistent estimation (on an open
and dense subset) when only an upper bound of the system order is known. In turn this estimator
is the starting point for determining g, utilizing the subset relationships alluded to above in
the second point. For the MFI(1) and I(2) cases we show in detail that similar subset relations
(concerning cointegrating ranks) as in the cointegrated VAR MFI(1) and I(2) cases hold, which
suggests constructing similar sequential test procedures for determining the cointegrating ranks
as in the VAR cointegration literature.

Section 1.5 is devoted to a detailed discussion of testing hypotheses on the cointegrating spaces,
again for both the MFI(1) and the I(2) case. In this section particular emphasis is put on modeling
deterministic components. The discussion details how all usually formulated and tested hypotheses
concerning (static and polynomial) cointegrating vectors, potentially in combination with (un-
)restricted deterministic components, in the VAR framework can also be investigated in the state
space framework.

Altogether, the paper sets the stage to develop pseudo maximum likelihood estimators, inves-
tigate their asymptotic properties (consistency and limiting distributions) and tests based upon
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them for determining cointegrating ranks that allow to perform cointegration analysis for coin-
tegrated VARMA processes. The detailed discussion of the MFI(1) and 1(2) cases benefits the
development of statistical theory dealing with these cases undertaken in a series of companion
papers.
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Pseudo Maximum Likelihood
Parameter Estimation for
Multiple Frequency I(1)
Processes: A State Space
Approach

2.1 Introduction

Time series in many different scientific disciplines show trending behavior and additionally seaso-
nality that is not adequately modeled using deterministic terms such as sinus and cosinus terms
of different frequencies. Often such time series are analyzed jointly as they show co-trending of
different sort at some or all frequencies.

The predominant approach to modeling such multivariate time series is the vector autoregressive
(VAR) framework of Johansen and coworkers, see, e. g., Johansen and Schaumburg (1999) or Jo-
hansen (1995). The VAR framework uses the vector error correction (VECM) representation for
estimation and inference which is well studied for (seasonally) integrated processes.

It is well known that the more flexible vector autoregressive moving average (VARMA) model
is better suited than the VAR framework for modeling multivariate time series for a number of
reasons: First, VARMA processes are closed under marginalization such that the vector of a subset
of variables of an VARMA process also is a VARMA process, whereas subsets of VAR processes
also are VARMA processes. Second, temporally or spatially aggregating VARMA processes again
leads to a VARMA process. Third, the solutions to dynamic stochastic general equilibrium models,
that are commonly used in economics, are VARMA rather than VAR processes. And finally, the
VARMA framework which in a certain sense is equivalent to the state space framework, arguably
is more parsimonious for high dimensional time series than the VAR framework.

Therefore, this paper deals with the estimation of VARMA models for seasonally integrated pro-
cesses in the state space framework. Recently Bauer and Wagner (2012) provided a canonical
form for such models in state space representation and Bauer, Matuschek, de Matos Ribeiro and
Wagner (2020) discuss a specific parameterization for such models.

While the literature on estimation and inference for (seasonally) integrated processes for the VAR
framework is well developed, the same is not true for the VARMA framework. Early exceptions
are Aoki (1990) and Aoki and Havenner (1997) who focus on processes integrated at frequency 0
(that is, showing a unit root at z = 1) but not at other seasonal frequencies. The same is true for
Yap and Reinsel (1995) who provide estimation algorithms and asymptotic distributions for the
corresponding estimates for I(1) VARMA processes. Another contribution in this respect is given
by Ribarits and Hanzon (2014) who make extensive use of a VECM representation for state space
models. Liitkepohl and Claessen (1997) and Poskitt (2006) provide similar developments for the
VARMA framework based on echelon forms.
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For seasonally integrated processes theory almost exclusively focuses on VAR processes: Johansen
and Schaumburg (1999) extend the VECM representation from the I(1) to the seasonally inte-
grated case of order one (in the following called multiple frequency I(1), see Definition 2.1 for an
explicit definition). Cubadda (2001) and Cubadda and Omtzigt (2005) further develop the esti-
mation algorithms as well as the theory. Further results for more general processes for the VAR
case can be found in Lee (1992) and Gregoir (1999).

In the VARMA case Bauer and Buschmeier (2016) discuss estimation for MFI(1) processes using
so called subspace algorithms. They show that these algorithms can be used under the assumption
of known state space order to obtain consistent estimators for the system for stationary as well
as seasonally integrated processes, but do not provide results on the limiting distribution. These
estimators thus can serve as consistent initial guesses for subsequent pseudo maximum likelihood
estimation which numerically can be performed using the parameterization provided in Bauer
et al. (2020).

Based on these preliminary results this paper discusses the asymptotic properties of pseudo maxi-
mum likelihood (PML) estimators obtained by maximizing the Gaussian pseudo likelihood func-
tion. In particular the contributions of the paper are:

(i) We discuss in depth two different versions of the PML estimator depending on the treat-
ment of initial values. Taking initial values equal to zero leads to so called prediction error
estimation. Alternatively, initial values corresponding to the stationary distributions for the
stationary part of the state can be used. We show that the two different versions are related
but different.

(ii) We formulate sufficient assumptions for the consistency of the estimators. This is done in
a coordinate-free fashion, drawing heavily from Hannan and Deistler (1988, Chapter 4).
Hereby, the pseudo likelihood function is assumed to be maximized over a set of transfer
functions Mrp such that the data generating transfer function kg is inside the closure Mp
of this set. Here Mr denotes the set of all transfer functions with multi-index IT", defined in
Bauer et al. (2020), see also the explanation above Assumption 2.1 below. We show that
the corresponding estimator in this situation is consistent without requiring compactness of
the set Mr or the corresponding parameter set. The restriction kg € Mr requires that the
state space order is not underestimated. But it does not impose any assumption of correctly
specified integration or cointegration properties such as the cointegrating rank.

(iii) We derive the asymptotic distribution of the estimated parameter vector in the situati-
on of correct specification of the multi-index I'. As usual, it is shown that all parameters
corresponding to cointegrating spaces are estimated super-consistently with mixed normal
distributions, while the remaining parameters corresponding, e.g., to short term dynamics
are asymptotically normally distributed with the standard rate square root sample size. Our
results cover many different cases with respect to the in- or exclusion of deterministic terms.

(iv) We demonstrate in a simulation study that our approach compares favorably to the sub-
space estimators of Bauer and Buschmeier (2016) as well as VAR approximations in some
situations. The superiority in our simulations increases — as expected — with zeros tending
to the unit circle.

Consequently, the paper clarifies the asymptotic properties of PML estimators for general
MFI(1) processes. Based on the results a number of specification tests can be performed with
more results in this respect being derived in the companion paper Matuschek et al. (2020).

This paper is structured as follows. In Section 2.2 we describe the data generating processes
considered in this paper and the parameter space. In Section 2.3 we show the consistency of the
pseudo maximum likelihood estimator and derive the asymptotic distribution of the parameters.
In Section 2.4 we compare the estimation quality of the cointegrating space and the prediction
performance of the pseudo maximum likelihood, the Johansen Schaumburg, cf. Johansen and
Schaumburg (1999), and the CCA subspace algorithm, cf. Bauer and Buschmeier (2016), in a
small simulation study. Section 2.5 summarizes and concludes the paper. All proofs are relegated
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to the appendix.

Notation in this paper is as follows: I, denotes the p-dimensional identity matrix, 0™*™ the m
times n zero matrix. For a square matrix X we denote the spectral radius (i.e., the maximum of
the modulus of its eigenvalues) by Ajmax|(X). We denote the smallest eigenvalue of a symmetric
matrix X by Amin(X). For a m x n matrix X with n < m of full rank X | denotes a m x (m —n)
matrix of full rank such that X'X, = 0"*(m=7) and X' X, = Ly_yn. L denotes the backshift
operator such that L({y;}iez) = {yt—1}iez for a process {y; }1ez. The Kronecker delta d; ; is one
if i = j and zero if i # j. For two matrices A € C™*™ and B € C**!, A® B € C™*)*()) denotes
their Kronecker product. For ¢ € C, R(c) denotes its real part and Z(c) its imaginary part. For
a matrix or vector X its complex conjugate is denoted by X, its complex conjugate transpose by
X'. For a set ©, © denotes the closure and ©°¢ denotes the complement (within a suitable ambient

space). Convergence in distribution is denoted by A Forx € R and r € R, B(x,r) denotes
the open ball with center x and radius r. For finite sequences {a¢}i=1,.. 1, {bt}i=1,. 1, we define
{ag,by) = T4 Zle asb; analogously to Johansen and Nielsen (2018).

2.2 Setup and Assumptions

This paper deals with the same class of VARMA processes {y: }iez, yr € R® as discussed in Bauer
and Wagner (2012, p. 1316-1317): We refer to a stochastic process {y; }rez as a VARMA process,
if there exist integers p, ¢ > 0 and matrices A; e R**° | j=1,...,pand B; e R°**, j=1,...,¢,
where A, # 0,B, # 0, and a real-valued white noise process {e;}icz, with E(ge}) = £ > 0
(detailed assumptions are stated below), such that!”

Y + Aryp—1 + Aaypo + -+ Apyr—p = ¢ + Bigg1 + -+ Bygr—g, t €L (2.1)

Defining the matrix polynomials a(z) := Iy + A1z + -+ + A,2P and b(z) := Iy + B1z+ - - - + By21
where z € C, the pair (a(z),b(2)) is called a VARMA system corresponding to the stochastic
process {y; }rez. We define the difference operator at frequency 0 < w < 7 as

1-1L, w=20
Ay(L) :=<¢ 1—2cos(w)L+ L% we(0,m)
1+ L, w=T.
For a set of frequencies Q := {w1,...,w;}, we denote z;, := e™* for k = 1,...,l and Ag =

Hif:l Ay, (L). We are now ready to define MFI(1) processes:

Definition 2.1 A stochastic process {y; }tcz is a multiple frequency I(1) process (MFI(1) process)
with unit root frequencies Q@ = {wy,...,wi}, 0 < wy < wy < -+ < w; < m, if there exists a
deterministic process'® {d;}iez, di € R® such that

AQ(L)(yt - dt) = U, te Z7

where {vi}rez is the stationary solution of a VARMA system (a(z),b(z)) fulfilling det(a(z)) # 0
for |z] <1, det(b(z)) # 0 for all |z| <1 and b(zx) #0 fork=1,...,1L

Remark 2.1 This definition of MFI(1) processes differs slightly from the definition in Bauer and
Wagner (2012), since we allow the presence of a general deterministic process {d:}iez, where
Bauer and Wagner (2012) only allow for processes such that Aqdy; = 0. This is done to account
for a linear trend term that is often included in empirical modeling.

Second, the symbol QU in this paper is used for the set of frequencies and not for the unit root
structure. In Bauer and Wagner (2012) for an MFI(1) process the unit root structure is denoted
as ((w1,1), ..., (wy, 1)). Since in this paper we only deal with MFI(1) processes, the simpler notation
of only listing the unit root frequencies suffices.

17Note that contrary to definitions in the literature we here do not assume any stability condition. Thus, not all
VARMA processes are stationary in our setting.
18Here and below a process {d¢}iez is called deterministic, if d¢ = E(d¢).
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Similar as in Bauer and Wagner (2012, Theorem 2), it can be shown that every MFI(1) process
{yt}+ez has a unique state space representation of the form

ye = [Cu C.]{xt’“}+dt+ht+st (2.2)
~———— | Tty
C
Tt41,u _ -Au 0 Tt,u Bu
|:xt+17' :| a |:0 A':| |:'rt7. :|+|:B. :|€t
e e

T1,u _ 0 )
T1,e o Zjio AJ.BQE_]‘

where A € R"*" B € R"*5 C € R®*", {d;}tez is deterministic and {h;}iez fulfills Aq(L)hy =0
for all ¢t € Z. Additionally,

e all eigenvalues of A, are simple (i.e., their algebraic and geometric multiplicity coincide)
and have unit modulus;

® ANmax|(As) < 1T and Ajpax|(A) <1 for A:= A — BC;

e the state space system (A, B, C) is minimal, i.e., there is no alternative state space repre-
sentation of {y; }+cz with a smaller state dimension;

e the subsystem (A, By, Cy) is of the form
A, =diag(Ar, ..., A), Bu=[By ... B, ca=[C ... a],

where the blocks correspond to the unit root frequencies Q of {y;}iez with 0 < w; < wy <
oo <wp < m Ifwy, € {0,7) we have Ay = zil.,, By := By where By is positive upper
triangular (p.u.t.)!® and Cj, := Cy where C}.Cy, = I.,. If wy, ¢ {0, 7} we have

| cos(wi)l, —sin(wg)le, [ B o
A = sin(wg)l,,  cos(wg)le, » Bi = B  Ce=[C G,

where By, := £(Bj — iB}) is p.u.t. and Cy := (Cj, + iC}.) is such that C}.Cj = I.,;

e the state space representation of the (stable) subsystem (A,, Bs, Co) is in echelon canonical
form.

For notational simplicity we assume throughout the paper w; = 0 and w; = 7. Further, we
will use the notation A,, for the set of all triples of system matrices (4, B,C), A € R"*" in the
canonical form, that is fulfilling all restrictions listed above.

This canonical form is associated to a multi-index I', whose properties are examined in Bauer et al.
(2020, Theorem 2). I" determines

e the state space unit root structure Qg = ((wy,¢1), ..., (Wi, 1)),

e the indices p € N¢ with ¢ = 22:1 ¢y (where 6, =1 for k € {1,1} and §; = 2 else) denoting
the dimension of A, where p; denotes the column index of the entry of the i-th row of B,
that is restricted to be a positive real,

e the Kronecker indices (see, e.g., Hannan and Deistler (1988, Chapter 2.4) for a precise
definition) «, of the stable subsystem.

9Here a matrix M = [m; ;] € C™%%,r < s, of full row rank is called positive upper triangular (p.u.t.), if there
exists indices 1 < mj < ... < my < s such that m; ; = 0if j <mi,mjm; ER,m4m, >0fori=1,...,r.
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Consequently, I' also determines the system order n = ¢+ n,, where A, € R™**™ . Bauer et al.
(2020) show that the multi-index T is a property of the system such that the set of all systems of
order n where all eigenvalues of A are within the closed unit disc can be partitioned into sets Ar.
That is, A, = UrAr where Ar N A =@ for I' # I'. Conversely, every process {y1 }1ez generated
by a state space system (2.2) such that (A,B,C) € Ar and Ajpax|(A) < 1 is an MFI(1) process
with unit roots determined by the eigenvalues of A. In this paper we only consider processes of
this form:

Assumption 2.1 The process {y: }tez, Yy € R®, is generated by a state space system (Ao, Bo,Co) €
Ar corresponding to ko(z) = Is + 2Co(I, — 2As) "' Bo € Mr using (2.2) where x1,, = 0,21,4 =
Z;‘;o ALBee_; where the errors {ei}iez are a strictly stationary martingale difference sequence
satisfying:

o E(gy|Fi—1) =0, where Fr—1 = o(e4—1,64—2,...).
o E(gse}) = E(ese}| Fr—1) = X6 > 0.
o E(le]*) < o0.

Furthermore, the deterministic process d; is given by

-1

d;, = di+ Z [dj, cos(wy(t — 1)) + dj sin(wy,(t — 1))] +dy(—1)" " (2.3)
k=2
+ Z [d}, cos(wy(t — 1)) + dj sin(wy,(t — 1))] + dppsrt
k=1+1

where di,d;,dmi1 € RS, and dy,,di, € R, fork =2,....,1 —1 and k =1+ 1,...,m and where
Wit1, .-, W are frequencies, which are not unit root frequencies in ).
Finally, we assume that \jpmeqe(A,) < 1 (strict minimum-phase condition).

The properties of processes generated according to Assumptions 2.1 are discussed in detail in
(Bauer and Wagner, 2012). Of particular importance for this paper is the concept of cointegration:

Definition 2.2 An s-dimensional MFI(1) process {y: }rez with unit root frequencies ) is called
cointegrated of order (Q,Q), where G §Q, if there exists a vector B € R*, B # 0, such that
{B'yi }rez has unit root frequencies Q. In this case the vector 3 is called cointegrating vector (CIV)
of order (Q,9Q).

An s-dimensional MFI(1) process {y; }tez with unit root frequencies ) is called polynomially coin-
tegrated of order (Q,Q), where Q G Q, if there exists a vector polynomial B(z) = Y 0 o Bmz™,
Bm €R*, m=0,...,q, By #0, for some integer 1 < g < oo such that

(i) B(L) {y:}rez has unit root frequencies Q) |
(11) maxg=1, ;(|8(zk)|0k) # O where §p =1 if wy, ¢ Q and 5, = 0 else.

In this case the vector polynomial B(z) is called polynomial cointegrating vector (PCIV) of order
(€, Q).

Remark 2.2 Consider the analysis of PCIVs of order (Q,Q) with Q C Q\ {wy}. As discussed in
Bauer and Wagner (2012, Section 5), it is sufficient to consider CIVs if wy € {0,7} and PCIVs
of degree one else.

The decomposition y; = 22:1 Cre e+ Cottye +de + hy + € with x41 j = Agy i + Brer following
from the block diagonality of A implies that for wy € {0,7} the vector 0 # B € R® is a CIV if
and only if B'Cray ) is stationary, since the other terms do nmot contain processes integrated at
frequency wy. This is the case if and only if 3'Cy = 0, because as shown in Bauer and Wagner
(2012, Theorem 2) Cy, has full column rank as a consequence of minimality and the state component
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process {xy i }rez 18 not cointegrated.

For wy ¢ {0,7} the polynomial B(z) = By + Bz is a PCIV of order (Q,9Q) if and only if condition
(i1) of Definition 2.2 is fulfilled and (8 + B1L)Crxy is stationary, since the other terms do not
contain processes integrated at frequency wy. Since

(B + BLL)Crar = ByCrBrer—1 + (BiCrArk + B1Cr) T1—1 ks
B(z) is a PCIV if and only if

5 5 %] =0

and B(zx) # 0.

The following lemma shows that the space of these PCIVs is isomorphic to the left kernel of the
complex matrix Cj.

Lemma 2.1 Let wy, ¢ {0,7} and let v € C* be a vector satisfying v # 0 and v'Cy = 0. Then
B(z) = (1 — zx2) + F(1 — Zx2) is a (real valued) PCIV of order (Q,Q) with Q C Q\ {wi}.
Conversely, for any PCIV B(z) of polynomial degree 1 of order (£, Q) with . C Q \ {wr} we find
a vector v € C*, v # 0, such that B(z) = y(1 — z,2) + (1 — Zk2) and v'Cj, = 0.

Therefore, the space spanned by CIVs respectively PCIVs of polynomial degree one is linked to
the cointegration and polynomial cointegration properties of the process {y; }+cz. This motivates
the following definition linking the integer ¢, with cointegrating ranks r:

Definition 2.3 The complex cointegrating space of the process {y; }1ez at frequency wy is defined
as the orthogonal complement of the column space of Cy. The cointegrating rank ry at frequency
wy is the dimension s — ¢ of the complex cointegrating space at wy.

Note that the state space system (A, B,C) is related to the transfer function k(z) = I, + 2C(I,, —
2A)TIB =1, + Z;io CAIBzI*t! € M,,. Here, M,, denotes the set of all rational transfer functions

of order?? n with poles inside the closed unit disc. Let Mt denote the set of all transfer functions
within M,, that correspond to (A, B,C) € Ar. Bauer et al. (2020) show that M, = |Jp Mr.

The inverse transfer function is k~1(z) = Iy — 2C(I,, — zA)"'B, where A = A — BC. As in the
VAR framework the matrices I1; = k~1(z;) = a;f; € C*° a;, B; € C**"3, play a big role in this
paper. It follows from the inversion that ﬂ;Oj =0 for all j = 1,...,1. Furthermore II;, II; € R***.
Thus, the complex cointegrating spaces are determined by the values of the transfer function at
the unit roots, as are the cointegrating ranks. If the matrix II; = k~!(2;) is of full rank, then the
corresponding frequency w; is not contained in €.

In this paper consistency is derived in a coordinate free fashion analogously to the results of Han-
nan and Deistler (1988, Section 2.4). For this we will consider the maximization of the pseudo
likelihood function over the product space Mr ® ¥ ® Op for appropriate I' to be discussed below.
Here, 3 C R%*% denotes the set of all s X s non-negative definite symmetric matrices. A parame-
terization can be obtained for example using o € R¥(t1)/2 of vectorizations of the lower diagonal
part (including the diagonal) of the Cholesky factor. This set can be equipped with the Euclidean
topology.

The set ©p contains the parameters for the deterministic terms. In this respect note that with
matrices of the form A; we have:

r = dj cos(w;t) + d; sin(w;t)

tp o DR ARi
CjALBx = C; { R(2;B;) ]x ¢, { cos(w;t) B} — sin(w;t)B;

1(25By) cos(w;t)BY + sin(w;t) Bf

for appropriate vectors dj = C;ef, d =C; e € R?. Consequently, parts of the deterministic terms

could also originate from non-zero state components of 1 ,,. The results below will show that the

20The order of a transfer function is defined as the state dimension of a minimal state space representation of the
rational transfer function, see Hannan and Deistler (1988, Chapter 2).
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coefficients corresponding to these directions cannot be estimated consistently. Therefore, in the
estimation we will set these directions equal to zero and only estimate the orthogonal complement:
For j =1,..,0 let dj +id; = [C’j,Cj#][e;,e;’J_]. Then, we will use e; = 0 and e; | € C*7%. For

j = 1,1 the vector e; | is real. Consequently, ©p collects for j = 1,...,l the vectors e; | and for
J=1+1,...,m the real vectors dj, d; Also, this space is equipped with the Euclidean topology.

Finally, consider Mr C M,,. We equip this set with the pointwise topology T},+.%!
For the multi-index I" we will consider two different scenarios:

e I'o(n) = ({},(),ayn) where oy, refers to the generic echelon neighborhood for systems of
order n. This set contains all stable transfer functions of order n corresponding to the generic
Kronecker indices. Bauer et al. (2020, Theorem 4) show that Mp ) = M,. Thus, even if
all considered systems are stable, the closure contains all systems corresponding to unit root
processes and in particular all MFI(1) systems of order n. Here it is only assumed that the
true order n of the data generating system is known. In fact only n > ng is required below

such that ko € My (n)-

e I': In this scenario we assume that the whole multi-index I' is known and used in the esti-
mation.

For the results on the asymptotic distribution of the parameter values we will only use the second
scenario. In this situation of correctly specified multi-index I" we use the parameterization intro-
duced in Bauer et al. (2020): Let Or C ©¢,gp X Op 5 X Op , X O4 C R¥T) | such that a parameter
vector 6 € Or is composed of

e the parameter vector Oc g € ©¢c,r C R™ collecting parameters for the block columns of
the unitary matrices C = Cj(6y), moreover 0o = [ 00 0o p 0Oc g | where O =
[ 0cr1 -+ Ucp, | contains the parameters determining the column space of Cj and
thus, the complex cointegrating space for each frequency wy and0c.p = [ 0o po -+ Oopiy1 |
and 0cr = 0o r1 --- 0Ocg, | describe the choice of the basis of the column space, see
Bauer et al. (2020, Lemmas 1 and 2) for details,??

e the parameter vector 0p ¢y € ©Op y = C"57 collecting the non-restricted entries in all By,
e the parameter vector 0, € Op, = R}”” collecting the positive real entries in all By
restricted due to the p.u.t. form,

e the parameter vector 8, € ©, C R"ste collecting the free entries in the echelon canonical
form of the stable subsystem (A,, Bs, Co) with Kronecker indices a,.

Then, the true parameter vector 8, will be assumed to be an inner point of ©r. From Bauer
et al. (2020) it follows that k., always is an interior point of M. Hence, 6, only is no interior point
of the parameter set, if it refers to a boundary in ©¢ g as all other components of the parameter
space are open sets (or points on the boundary of the strict minimum-phase condition such that
Amaz|(A) = 1). We will always assume that the true system is strictly minimum-phase such that
Ajmaz|(Ao) < 1). Clearly, the complement of this boundary constitutes an open and dense set such
that points in the interior occur generically. For all other points suitable reparameterizations can
be easily found. We will not deal with these issues here.

21 A sequence of transfer functions k, = Z?io K]-ynzj converges in T if and only if Kj, — K o for some Kj o
for j € No.

22In fact the parameterization is changed slightly: Cj(0z) = Rr(01,%) [Ic;,0) Rr(0R,k) in the real case where
R;, and Rp are products of Givens rotations. While in Bauer et al. (2020) the matrix Ry is built rowwise, in this
paper we change the ordering of the parameters and build the matrix columnwise. Clearly, this is a simple design
choice not changing any of the results in Bauer et al. (2020).
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2.3 Pseudo Maximum Likelihood Estimation

In this paper we will use the Gaussian likelihood function for estimation. This requires calculations
of the expectation and the variance for the stacked vector of observations. To this end, note that
for ¢ > 1 the equations in (2.2) can be solved for

-1
Y = ZCAj_lBet_j +CeAL ) o+ dy + &y
i=1

= k(L) + Co AL 2y o + dy

where — with slight abuse of notation — we set all processes to zero for ¢ < 0 for notational
convenience. Thus, e.g., k(L)e; = Zf;é Kiei_;.

For the calculation of the pseudo likelihood function we will consider two different approaches that
are commonly used in the literature: The pseudo maximum likelihood approach (PML) uses the
stationary distribution of the stable part of the state. Accordingly we set 1, = 0 and z; o such
that E(z1,4) = 0 and Var(z1,4) = Ps(6,0), such that P,(f, o) solves the Ljapunov equation

Py = Au(0)PaAs(0) + Ba(0)5(0) B (0).

This can only be done when maximizing over Mt and hence the dimension n, of the stable part is
known. Note that consequently, the covariances Cov(ys,y:—;) only depend on the system via the
transfer function k(z) and not on the system matrices (A4, B, C) directly.

Alternatively, e.g., in the situation where the multi-index I' is not considered to be known, the
prediction error method of estimation is used. In this approach state values at time ¢t = 1 are
ignored and instead all of them are set equal to zero, that is 21 o = 0. Consequently, here P, (0, 0) =
0. While this does not conform with the data generating process, the exponential decay AL 1z o
implies that for the asymptotical analysis the error is negligible in our setting. Furthermore, in
terms of computations the approach is favorable since here instead of running the Kalman filter
only filtering with fixed system is needed.

In order to define the pseudo likelihood function we use Y7 :=[ v} ... % |’ € RT® for denoting
the stacked observations, D7 (fp) € RT® is equal to [ d1(fp)’ ... dr(8p) ], where

di(0p) = D(0p)ss, s¢ = [1,sin(wa(t — 1)), cos(wa(t — 1)), ..., cos(wm(t — 1)), sin(wm, (t —1)),t)

denotes the deterministic terms corresponding to p given in (2.3). Note that under our assump-
tions Ey; = d; and, moreover, that there exists a matrix S such that s; = Ss;_1. Further, let
I'r(k(z),%) denote the variance matrix corresponding to Yr — Dr(0p), which according to the
model is given by

Tr(k(2), %) = Tr(k(2)) (Ir @ X) Tr(k(2))' + Or.ePe(6,0)OF,

Ko 0 ... 0
K K, .

Tr(k(z)) :== ,1 0 ;
: (]
Kr_y ... K, K,

where K; are the coefficients of the power series expansion of the transfer function k(z) =
Z;io K;z?. The j—th block row of the observability matrix Or o of the stable subsystem consists

of Co AL
Using this notation we obtain —2/T times the logarithm of the Gaussian pseudo likelihood function
as (up to a constant)

L1 (k(2),%,0p;Yr) =

% (logdet FT(]C(Z), E) + (YT — DT(GD))/FT(]{J(Z), Z)il(YT - DT(QD))) . (24)
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The formulas for the prediction error (PE) approach can be significantly simplified: First, in this
case I'r(k(2),X) = Tr(k(2)) (It ® ) Tr(k(z))’ such that

det(Tr(k(2), X)) = det(Tr(k(2)) (Ir @ ) Tr(k(2))) = det(Tr(k(2)))? det(2)T = det ().
Second, noting that due to the block triangular structure 77 (k(2)) ™! = Tr(k~1(2)) we define
t—1

e1(k(2),0p) ==k~ (L) (ys — de(0p)) = ¥ K;(yi—j — di—j(6p)),

J

I
=)

where K ; = —CA’™'B,A = A — BC, denote the power series coefficients of the inverse transfer
function £~1(2). Letting

Tﬁl(k(z))(YT — DT(GD)) = ET(]C(Z),QD) = [ al(k:(z),ﬁp)’ N ET(]{)(Z),HD)/ ]/ S RTS,

we obtain in this case that —2/7 times the logarithm of the Gaussian likelihood function simplifies
to

LPE7T(/€(Z), >, 0p; YT) = logdet 3 + ET(/{J(Z), QD)/ (IT X E)_l 5T(]<1(Z), GD)/T

T
= logdet ¥ + %Zat(k‘(z)ﬁD)/Z—lgt(k(z),90) (2.5)

We obtain the pseudo maximum likelihood estimate and the prediction error estimate respec-
tively by minimizing (2.4) over the set Mr x ¥ ® O p:

(fe(z), i,ép) = arg __min Lr(k(2),%,0p;Yr),
(k(z)EMr,2€X,0p€EOD)
(l;(z), i,ép) = arg min Lppr(k(z),%,0p;Yr).

(k(z)EMr,2€Z,0p€OD)

Then, using the coordinate free consistency proof in the stationary case of Hannan and Deistler
(1988, Section 4.2.), the following result can be shown, whose proof in connection with some useful
lemmas is given in Appendix B.2.1:

Theorem 2.1 Let {y;}+cz be a real valued MFI(1) process generated by a system of the form (2.2)
with d; of the form (2.3) and {e;}iez fulfilling Assumption 2.1, where all frequencies wy, ..., w;
are rational multiples of 2.

Let ko(2) € Mr.

Then, the pseudo mazimum likelihood estimator l;:(z) =1+ Zjil szj converges in probability
to the true transfer function ko(z) with rate TV2, i.e., TV||K; — Ko — 0 in probability for all
j €N and all 0 < v < 1/2. Furthermore,

T’YHﬁ]C],O” — 07 .] = 17"'7l

in probability for all 0 < v < 1 where f[j = IAc*l(ei‘*’j).
For Op the following results hold:

o 1701, 1 (dm+1 — dm+1,0)|| — 0 in probability for all 0 <y < 3/2.

o 7701 o(dmt1 — dm1,0)|l = 0 in probability for all 0 <y < 1/2.

o 1[G (e — dro)| + Sy CH o (A5 + iy — df o — i )|+ (o (Ao — di)]] 0 in
probability for all0 <y < 1/2.

o T7||dy — dyo|| = 0 in probability for k=1+1,...,m and all 0 <~ < 1/2.

55



56

The same holds for all prediction error estimators.

Remark 2.3 The restriction of the frequencies being rational multiples of 27 is mot necessary.
However, it greatly simplifies the proof since, as will be seen in the appendix, the theorem is in this
case equivalent to the consistency of the pseudo mazimum likelihood estimator in the I(1) case.
Since the restriction is fulfilled in all relevant cases like quarterly or monthly data, it is therefore
reasonable to use it.

Remark 2.4 Our result of convergence of the transfer function estimator in suitable sets of trans-
fer functions mirrors the coordinate free consistency theorem in the stationary case of Hannan and
Deistler (1988).

Remark 2.5 Inspecting the results with respect to the deterministic terms a number of facts stick
out: First, for the parameters corresponding to the linear trend term td,,+1 the directions in the
cointegrating space converge faster than 1/T as usual. In the directions of the common trends, ho-
wever, convergence is slower of order 1/\/T roughly. This corresponds to the difference in the order
of growth between the linear trend term and the stochastic common trends. The same distinction
also holds for deterministic terms with unit root frequency: In the directions of the cointegrating
spaces convergence as in the stationary case occurs, in the direction of the common trends, ho-
wever, not even convergence holds. Here the non-identification with terms due to the initial state
manifests itself.

For all other frequencies the deterministic terms show the usual convergence speed in all directions.
For the rest of the paper thus we use the following notation:

/

Oap:=[ €L Rlear) ... ITle-11) e 3(dj,) (d,) ],

R / / /
04 = [ Oab  €mi1 €1 L ] ,

N[

such that 64 € R™ where ng = (s —¢1) + 22;12 2(s —cx) + (s — )+ (m+1—1)s. By the above
construction there exists a matriz P(C,) € R™#*5Cm=1) sych that P(Cy.0)0p = 04. It follows that
’P(Cuﬁo)éD is a consistent estimator for 04 := P(Cy,0)0D,0-

The theorem states that we achieve consistent estimation of the transfer function both with
the PML and the PE approach, if the data generating transfer function is contained in the closure
of set over which maximization is performed. Since M is open in My for each T, see Bauer et al.
(2020, Theorem 5), and since for given correctly specified I' the parametrization is continuous on
a generic subset, see Bauer et al. (2020, Theorem 2), we obtain the following corollary:

Corollary 2.1 Let {y:}tcz be as in Theorem 2.1, where ko is in Mrp. Further, assume that ko is
a point of continuity of the parameterization 0 = ¢r(yr(ks)).

Then, [ 6" 0, 1,0 = ér(vr(k(2))), and [ @ 6, 1,0 = ¢r(¢r(k(2))), converge in probability to
the true parameter vector [ 6, 65, ]’

Therefore, in the case of a correctly specified multi-index (generically) we obtain consistent pa-
rameter estimators. In this case the true parameter vector is an interior point of the parameter
space and we can also develop the asymptotic distribution following standard asymptotic proce-
dures proceeding in two steps: The first step is the derivation of the asymptotic distribution of
the score vector and the second step is to derive convergence of the suitably normalized Hessian
of the log-likelihood function. The proof of the theorem is given in Appendix B.2.2:

Theorem 2.2 (Asymptotic Distribution) Let the assumptions of Theorem 2.1 hold. Additio-
nally, let [ 0, 0p . |, be an interior point of Or ® ©Op over which the pseudo likelihood function

is mazimized such that 0 denotes the PMLE. Assume that the model for the deterministic terms
contains the deterministic terms included in the data generating process.

Split @ = [ 0, 0, | with 0, :=0cr € R™, and 05y := [ o p Ocp U5 05, 0] andlet
04 be partitioned as above. Then, the following asymptotic distribution holds for the components
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of 0:
(4)

\/T(ést —Ost0) KN N, Vy), Vi = [Eaagt(go)lzglabgt(eo)];}ﬂ

where O,e.(0) denotes the derivative of £,(0) with respect to the a-th component of 0.

B) Reorder the remaining parameters 0, = [0, 1,...,0" ,|" where 0, corresponds to Cy(6) and 64
u,1 w,l s

as T = [1], 74, ..., T1|", where T, corresponds to all parameters for unit root (or pair of complex unit
roots) zy. That is,

T{ = [9111,1’e/l,L7e;n+17e;‘n+l,LL "'7Tl/ = [G:L,l7e,1,L]aTl,+l = 05[(d?+1)/3 (d§+l),}7 "'7T'r,n = 05[(d:n),7 (d:n)/]

Here it is understood that only parameters included in the model occur. Further, let Dr; =
diag(TL,,,T"?I;,,T%?1,) denote the corresponding diagonal scaling matriz where uy denotes
the dimension of 0, 1, fi the dimension of the parameters for the constant and seasonal dummies
and gi 1is non-zero only for k =1 where g1 = s — c¢1 such that it denotes the dimension of ey41,1 .
Then, the vectors T3, are asymptotically uncorrelated. Their asymptotic distribution is given by:

~ d _
DT,k(Tk — Tk,o) — Hk 1Vk.

Here Hy, denotes the limit of the suitably normalized entries of the Hessian obtained as the limit
to T—h(a:b) Zthl 0act(0,)" 25 0pe1(0,) and vy denotes the limit to T—9(®b) >y TOaet(06)' S5 ey,
where the normalization factors h(a,b) and g(a,b) depend on the entries a and b.

(C) For a corresponding to an entry in 0, we have

aast(go) = kil(La 00)(8ack)xt,k(90); l'k,tJrl(ao) = zkxk,t(eo) + Bk,ost
for zi, = £1,
0act(06) = —2R{k™(L,05)(0.Cr) 7t 1 (06)},  Trt41(00) = Zxwk i (00) + Br oty

for z # +1 and else
aaf':t(eo) - _k_l(Lv 90)(_804D(9d,0)st(9))’

(D) Let Wy, (u) denote a (real or complex) Brownian motion with variance Xo. Then, Hy, . depends
on B0 Wy, (u), while vy, . depends on By, oWy (u) and o, ;X5 Wi (u). These two Brownian motions
are independent.

Moreover, Dy (T — Ti,0) is mized Gaussian distributed with conditional (on By oWy (u)) variance
ot

(E) For k =1 we obtain T(0y1 — 0y1.0) 4 HiiVL* where

1
Hl,*,a,b =tr [(&;C{)51’00/1’0251041,03170(8b01)21,*] s Zl,* = Bl,o/ Wl,*(u)Wl,*(u)/ 1’0’
0
1
Visa = tr[(0aC)B1 00 o5 X1 k], Xiw = / AW (u)Wh . (u) By ,
0
where W1 .(u) depends on the specification of the deterministic terms: Wi .(u) = Wi(u), if no

constant or linear trend is included in the model, W1 .(u) = Wi(u) — fol Wi (v)dv, if a constant,
but no linear trend is included and

1 1
Wi i (u) = Wi(u) — /0 Wi (v)dv — 12(u — 1/0.5)/O (v—0.5)W1(v)dv,

if both a linear trend and a constant are included.
(F) The prediction error estimator shows the same asymptotic distribution.
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Remark 2.6 The results of Theorem 2.2 can easily be extended to the case of seasonal trends
corresponding to the unit root frequencies. Since these trends are not relevant in most applications,
this is omitted.

In the special case of an I(1) process with no deterministic terms (both in the data generating
process (DGP) and in the model) with only one common trend, i.e., ¢; = 1, and hence s — 1
cointegrating relations 8 normalized such that ¢/ = Is_; Johansen (1995) obtains in the Johansen
setting of a finite order VAR model for estimators 3,¢’3 = I,_; the asymptotic distribution
(compare Theorem 13.3):

-1
TR -p) S (1 - Bc)Ci o (BLO /01 W(u)W(u)’duBi,c,) /01 By oW (w)dW (u) S5 o/ S5 a) 7

Note that 3'C; =0 = f'C1, and thus

0=T(B'C; = B'Cro) = T(B ~ B)Cro +TH'(C1 = Cu0) +op(1).
Therefore, the PML estimate of the cointegrating space is in this case closely related to the estimate
of the vector C; .. Moreover, if ¢ = 3 it follows that

—1

T(CL(0) - Cr0) S —B(@'S5 a) 'a/ES! / W () () B, (B / 1 w<u>w<u>'du61,o)

is sufficient for equality of the asymptotic distributions.
For ¢; = 1 the vectors ¢ p and 6c r do not occur. Therefore, all parameters corresponding to
the C; are contained in O¢ 1 € R*~! in this case. We obtain for a derivative of the residuals with
respect to an entry in Cy

91(00,0p.0) = Ok~ (L;0))(yr — de(0p,0)) = (OT1(60))(Cromr1) + i,
where v, collects terms dominated by x;,1. As II;(0)C1(0) = 0, we obtain (9I1;)C; o + 111 ,0C; = 0.
Thus, the dominant term equals

—I0; o(0C1)xt 1 = —af'(0C1)zr 1 = —af BVoxsa,

as the derivatives of C; lie in the orthocomplement of C;, denoted as  and normalized such that
B'8 = Is_1. The derivative with respect to the j-th parameter for C; then has the representation
BVe,j, where thus Vi € R=Dx(5=1) i5 a regular matrix.
It follows that 7' times the diagonal block of the Hessian corresponding to the parameters for
C1 contains as its (4, j)-th entry

tr [Z;laVC,iT_l (@1, 24.1) Vé’ja'] ,

where the notation (a;, b;) = T! Zthl azb} is used.

Theorem 2.2 shows that 771 (x41,2¢1) 4 Iy = fol B1,oW (u)(B1,oW(u)) du for a Brownian
motion W with variance ¥y. The block of the appropriately normalized Hessian of the scaled
negative log-likelihood function then converges to Z; ,Via/'S7 LaVe.

The derivative of the scaled negative log-likelihood function with respect to the i-th parameter to
C; is of the form

1
—tr [ oV (1, 0] L [Z;laVC,ivL*] = fVéJo/Zglvl’*, V1 = / By oW (u)dW (u)'.
0

Thus, we obtain

T(o.r —Oc.r.0) 4

VAT —1y/7 Iy—1 -1
— (VoS5 aVe) Wea' S5 vy L 27} =
—1/ ry—1 =1 ry—1 —1
Vo (@E5 a) d' S v 2, =
-1

1 1
— Vgl(alEgla)fla’Egl / W (uw)dW (u)’ 170 <Bl,o / W(U)W(u)’du3170>
0 0
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Then, the result follows from
T(C1(0) — C1.0) = TBVe(Oo.r, — Oc.1.0) + 0p(1).

This has two implications: First, the estimation of the cointegrating space in the VAR framework
and in the VARMA framework achieves the same asymptotic distribution in this case. Therefore,
we do not pay a price asymptotically in terms of accuracy by using the larger VARMA model in
case the true data generating process is an VAR(p). Secondly, in the VARMA context the long
VAR framework also asymptotically achieves the same distribution. Therefore, we do not gain
asymptotically from using the correct model class in terms of the estimation accuracy for the
cointegrating space. This insight is true not only in the specific case above but also in general
as is shown in the companion paper Matuschek et al. (2020). Furthermore, this is also visible in
the simulations in the next section. For the other parameters and prediction, however, using the
parsimonious true model is beneficial, as is also visible in the simulations to follow.

The derivation of the asymptotic distribution allows to test hypotheses on the parameters with
tests similar to the Wald tests. The following corollary, which is proven in Appendix B.2.2, gives
the test statistics and asymptotic distribution for these tests :

Corollary 2.2 (Wald-type test) Let the assumptions of Theorem 2.2 hold.

Let DY := diag(T"/?1,,_,, D%) with D% = diag(Dr.1,...,Dr,) using the matrices Dy defined in
Theorem 2.2, ngt := Ne +Nc,R +Nc,D +NB,; +1B,p and ng 1= Ng + Ny +ngq. Consider p linearly
independent restrictions collected in Hy : RO = r, with R € RP*™ of full row rank p, r € RP and
suppose that there exists a matrix D¥ such that

lim DER(DS)™' = R>,
T—00
where R € RP*™ has full row rank p. Then, it holds that the Wald-type statistic
Wi = (RO — ) (R(Z) " R) RO = v), (2] =T+ 1r [S7 (0i20(60), 052(0) )|

is asymptotically X? distributed under the null hypothesis.

2.4 Simulation Results

In this section we compare the pseudo maximum likelihood estimator to the vector error correction
model (VECM) approach in an VAR setting of Johansen and Schaumburg (1999) and the CCA
subspace estimator of Bauer and Buschmeier (2016). The data generating processes used are of
the form

ye = hye—1 + oy o + T3y 3 + Iays g +&¢ + Aer g

with

|7 0 | —04 04—~ | = 0 1 06-01y 04+~
Hl_[o 0]’H2_{ 0 0 s =1 g o | Ta= 0 1
and

.. 1 05
<€tfv1.1.d.N(07[0.5 1 })

In the case A = 0 the processes correspond to those used in Bauer and Buschmeier (2016) and are
similar to the ones used in Cubadda and Omtzigt (2005). For v = 0.2 and A = 0 as well as A = 0.9
we generate samples of sizes T € {100, 500} with initial values for the state set to zero. For the
simulations we make 5000 replications. All systems have unit root frequencies Q = (0, 7, 7).

Each algorithm estimates the complex cointegrating space at unit root 3. We calculate the gap
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between the true and the estimated cointegrating space, where the gap dy(M, N)) between to linear
subspaces M, N € C? is defined by

dg(M, N) = max ( sup  |[(L — Q)zl[, sup ||(Ls — P)étll) ;

z€M,||z||=1 zEN,||z||=1
where P denotes the orthogonal projection on M, @ the orthogonal projection on N and || - || the
Euclidean norm on C*. Additionally, we make predictions with each algorithm with forecasting
horizon twelve, which corresponds in the case of quarterly data to a three years ahead prediction.
We compare the average (over the twelve prediction horizons) of the root mean squared error.
For the Johansen Schaumburg VECM procedure we minimize the AIC to choose the lag length k.
Since we have four unit roots, we have a lower bound of four for k such that k= max{4, ka 10}
For the CCA subspace algorithm we choose f = p = 2k arc. To choose the system order n, we
minimize a singular value criterion, see Bauer (2001). The number of common cycles introduces
a lower bound n = 4, such that 7 = max{4,7ngyc}. Since the CCA subspace algorithm delivers
a stable system as an estimate, in order to obtain a state space system with the true state space
unit root structure we first estimate the matrices CY°™ (corresponding to unit root z = 1), C5°™
(corresponding to unit roots z = +i) and C§°™ (corresponding to z = —1) separately, using the
state space error correction model described Matuschek et al. (2020). This provides estimates for
the different cointegrating spaces. Next, we reestimate C' by a regression in a linear regression
model

Yyr = C2y + €4 By = AP E + By,
under the restrictions

([ _ C(I _ACCA)—IBCCA)ClECM -0
([ _ iC(I _ iACCA)—lBCCA)C;:CM -0
(I—I-C(I —|—ACCA>—1BCCA)C§:CM —0,

where Z; is computed using (A°“*, B¢ C°“*), which are the estimated system matrices from the
CCA subspace procedure. Denoting the reestimated matrix by C™=, we also find a new estimate
for the matrix A using the equality A = A — BC. The resulting system is given by

(Areg7 BCCA’Creg) _ (ACCA + BCCACx-eg7 BCCA’Creg).

This system is also used for the predictions.

For the pseudo maximum likelihood algorithm we use (A°°4 B°°* C°°*) as a starting value for
the PML algorithm maximizing over ©r(,), that is over all state space systems of fixed order
with empty unit root structure, such that the resulting PML estimate is again a stable system.
Applying again the reestimation of the matrix C and A under restrictions as described above, we
use the reestimated system as a starting value for the PML algorithm over systems with the true
unit root structure, that is maximizing over ©r. We use this final estimate to derive the complex
cointegrating spaces and the predictions. In Figure 2.1 the density of the logarithm of the gap
between true and estimated complex cointegrating space for the three algorithms for sample sizes
T =100 and T" = 500 is compared for the VAR case A = 0. In this case the Johansen Schaumburg
algorithm outperforms the CCA subspace and the PML algorithm for sample size T" = 100. For
sample size T' = 500 all algorithms perform comparably. This is not surprising, as the data genera-
ting process is a VAR process. The advantage for the Johansen Schaumburg procedure, however,
disappears for sample size T = 500.

In the VARMA case with A = 0.9, shown in Figure 2.2, the pseudo maximum likelihood algorithm
performs best for sample size T' = 100 and the Johansen Schaumburg procedure performs better
than the CCA subspace algorithm. For sample size T" = 500 the CCA subspace and the PML algo-
rithm outperform the Johansen Schaumburg procedure. Since the MA-part of the data generating
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Figure 2.1: Density of the logarithm of the gap between estimated and true complex cointegrating
space at unit root frequency 7 for 7' = 100 (left) and 7" = 500 (right) in the VAR case

Figure 2.2: Density of the logarithm of the gap between estimated and true cointegrating space at
unit root frequency 7 for T'= 100 (left) and 7" = 500 (right) in the VARMA case with A\ = 0.9

process has zeros near the unit circle, the estimated lag length k increases which explains why the
Johansen Schaumburg algorithm is not as good as the other algorithms in this case.

The results for the predictions are similar to the complex cointegrating space estimations. As seen
in Figure 2.3, in the VAR-case A = 0 the predictions of the Johansen Schaumburg algorithm have
the smallest root mean square error for sample size T = 100 and there are no differences visible
between the algorithms for sample size T' = 500. The density of the root mean squared error of
the predictions in the VARMA case with A = 0.9 is shown in Figure 2.4. In this case for sample
size T = 100 the PML algorithm is best and the Johansen Schaumburg approach is better than
the CCA subspace algorithm. For sample size T' = 500 the CCA subspace and the PML algorithm
are better than the Johansen Schaumburg algorithm.
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Figure 2.3: Density of the average (over the two dimensions) of the root mean squared errors for
T =100 (left) and T' = 500 (right) for twelve steps ahead predictions in the VAR case.
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2.5 Summary and Conclusion

This paper shows that transfer functions corresponding to MFI(1) processes can be consistently
estimated by maximizing the pseudo likelihood function in the state space framework. As state
space systems correspond in a certain sense to VARMA systems, this overcomes the limitation
in the literature to VAR processes only. Consistent estimates can be obtained even if the unit
root, structure is unknown or ignored such that models corresponding to stationary processes are
considered. The model allows for a deterministic constant, a linear trend and seasonal dummies.
The cointegrating space for each unit root is estimated with rate T'. If a linear trend is included
in the model the corresponding coefficients in the direction of the cointegrating space at unit root
frequency zero are estimated with rate 73/2.

The asymptotic distribution of the parameters describing the cointegrating space is a mixture
of Brownian motions. The Brownian motions become demeaned Brownian motions if a constant
and seasonal dummies are included in the model. If a linear trend is included in the model, the
asymptotic distribution of the parameters describing the cointegrating space at unit root frequency
zero is a mixture of demeaned and detrended Brownian motions. The asymptotic distribution of
the coefficients of the trend in the direction of the cointegrating space is also a mixture of Brownian
motions. The other parameters are asymptotically normally distributed.

In the simulation study the pseudo maximum likelihood algorithm, as expected, estimates the
cointegrating space more precisely and leads to better predictions in small samples than the
Johansen Schaumburg approach in the VAR framework and the CCA subspace algorithm for a
VARMA process, where the MA part has roots near the unit circle.

This indicates that state space modeling has the potential to improve estimation of cointegrating
spaces as well as predictions in situations where in the VAR framework a large order is needed,
while more parsimonious approximations in the VARMA framework can be found. The derivation
of the asymptotic distribution in principle opens the door for the derivation of tests for hypotheses
on the parameters provided the multi-index I' is specified correctly. An investigation of methods
for specifying this multi-index as well as pseudo likelihood ratio tests for cointegrating spaces is
conducted in a companion paper showing that procedures analogous to the Johansen framework
can also be used in the VARMA situation (Matuschek et al., 2020).
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Stochastic Trends and Economic
Fluctuations: Reconsidered From
the State Space

3.1 Introduction

In his seminal paper Granger (1981) introduced the concept of cointegration. Since then the usage
of models and methods that allow for and incorporate unit roots and cointegration has become a
common practice for the modeling of econometric time series with applications in various fields.
There are non-parametric and parametric approaches for cointegration analysis. Non-parametric
approaches as, e.g., Stock and Watson (1988) focus on the estimation and development of hy-
potheses tests for the cointegrating relationships and treat all other characteristics of the data
generating process as nuisance parameters.

Parametric approaches perform cointegration analysis in a fully specified model class. The most
prominent model class for cointegration analysis is the vector error correction model (VECM)
using the vector autoregressive (VAR) framework, popularized by Johansen and his co-authors,
see, e.g., the monograph Johansen (1995).

A less prominent parametric approach is the vector autoregressive moving average (VARMA) fra-
mework, see, e.g., Yap and Reinsel (1995) and Poskitt (2006). This approach can overcome some
limitations of the VAR framework. First, unlike VARMA processes, VAR processes are not closed,
as shown by Amemiya and Wu (1972), with respect to temporal aggregation and, as shown by
Zellner and Palm (1974), with respect to marginalization. Second, as shown by Campbell (1994),
the solutions of dynamic stochastic general equilibrium (DSGE) models are typically VARMA
rather than VAR processes. Third, VARMA models may be more parsimonious than VAR models
in some cases.

With a few early exceptions as, e.g., Aoki and Havenner (1989) and Aoki (1990) the state space
framework, which is, as discussed below, equivalent to the VARMA framework, has not received
a lot of attention. In a recent series of papers, however, the authors have developed several tools
for cointegration analysis in the state space framework. A brief description will be given below for
the I(1) case, see Bauer and Wagner (2012), Bauer et al. (2020), de Matos Ribeiro, Matuschek,
Bauer and Wagner (2020) and Matuschek et al. (2020) for details.

The aim of this paper is to provide a tutorial for the application of these tools. To achieve this,
we repeat the seminal analysis of postwar US economic data by King et al. (1991) using the state
space framework, showing which economically relevant questions can be examined with these me-
thods and explaining which code can be used for this analysis. The results are also compared to
those obtained using the VECM. Additionally, we test the robustness of the VECM and the state
space framework by repeating the analysis on a larger data set with economic data until 2018, not
until 1988 as in King et al. (1991), and on the subsample of the data set from 1989 until 2018.
This paper is structured as follows: Section 3.2 describes cointegration analysis using the state
space framework and the VECM and the methods used by King et al. (1991). The latter two are
only described briefly, since they have been extensively covered elsewhere. Section 3.3 describes
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the data sets used in the analysis. Section 3.4 compares the results of King et al. (1991) to those
obtained using the VECM and the state space framework. Section 3.5 contains the results of the
analysis of the longer data set using the VECM and the state space framework. Section 3.6 con-
tains the analysis of the subsample from 1989 to 2018. Section 3.7 summarizes and concludes the

paper.

3.2 Methods

3.2.1 The State Space Framework

An s-dimensional stochastic process {y: }+cz has a state space representation, if there are matrices
A e R™™ B e R¥*"™ C € R*™ and & € R**™, an n-dimensional stochastic process {z;}iez
called the state process, which is in general unobserved, an s-dimensional white noise process

{et}tez and an m-dimensional deterministic process {d;};cz such that?
Yt = Cﬂ?t + (I)dt + Et (3 1)
Ti41 = AIt + BEt. ’

Every ARMA process has a state space representation. Consider an ARMA process
Yyt = Z?:l aiYt—; + 22:1 bigt—i + ¢,

neglecting the deterministic process for simplicity. Choosing

ay az ... ap—1 QAp bl N bq_l bq Is
I, 0 ... 0 0 0 ... 0 0 0 i1
0 I, ... 0 0 °: D : :
A = : : : : , B= [0 y Lt = Yt-p
0 O I 0 0 0 0 s €t-1
0 0 0 0 I 0 0 0 :
: : : : : : - Do : €t—q
00 ... 0 0 0 ... I, 0 0
c = (a1 az ... ap b1 b2 N bq)

we get (3.1). Conversely, every process, which has a state space representation, also has an ARMA
representation. Like ARMA representations, the state space representation of a stochastic process
is not unique. There are two sources of non-uniqueness: First, it is possible to introduce superfluous
components in the state space representations without changing the data generating process. For
example

Yy = Cize1+Pd + ¢4
Tir1 = Aixe + Biey

with z; € R™ and

Yt (Cy 0) (i“ + ®dt + ¢,

A1 O Tt 1 B1
x = i €
i <A21 A22> (%,2 By !
lead to the same {y;}iez for all ng € N, {x; 2}z with x5 € R™2, Ay € R™2%"1 Ayy € R2XM2
and By € R™2*%, The reason is that due to the structure of the matrices there is no feedback from

23We will only consider state space systems in so-called innovation representation, with the same error in both
the output equation and the state equation. Since , as shown by Aoki (1990, Chapter 7.1), every state space system
has an innovation representation, this is no restriction.
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{z12}iez t0 {yi ez and {4 1}1ez. A state space representation is called minimal, if {y;},cz has
no state space representation with lower dimensional state process. Minimality in the state space
framework is analogue to left coprimeness in the VARMA framework, cf. Hannan and Deistler
(1988, Chapter 2). Second, minimality is not sufficient for uniqueness of the state space represen-
tation, because the basis of the state process can be freely chosen. Since for every regular matrix
T e R?’an

Yt = CT_lTJ?t + (I)dt + &
Tlit = TATilTIt + TBEt

is equivalent to (3.1), the matrices (A4, B,C) and (TAT~!,TB,CT~!) are observationally equiva-
lent, i. e., they generate the same stochastic process. By Hannan and Deistler (1988, Theorem 2.3.4)
two minimal state space systems are observationally equivalent if and only if such a regular matrix
T exists. The above discussion shows that the state space representation is not unique. To achie-
ve uniqueness, a canonical form is necessary, placing restrictions on the system matrices. Many
canonical forms exists, e.g., the echelon canonical form, cf. Hannan and Deistler (1988, Theo-
rem 2.5.2). Bauer and Wagner (2012) developed a canonical form that separates the integrated
and the stationary subsystem. For the I(1) case the system matrices in Bauer-Wagner canonical

form are
L., 0 By
A - < O A.) ’ B - <B.> ’ C - (Cl C.) ’

where the absolute value of all eigenvalues of A, is smaller than one, the matrices (Ao, B, Cs)
with A, € R™*"s B, € R"*¢ and C, € R**™ are in echelon canonical form, C{Cy = I,,, and
By € R™** ig a positive upper triangular matrix of full rank, i.e., of the form

0 ... 0 by, = e *
B — 0 0 byj, * >|< 7
; T
where 1 < j1 < j2 < -+ < jp, <5, b5, > 0fori=1,...,n. and * denotes unrestricted entries.

Here (Ao, Be, C,) is the stationary subsystem and (A; = I,,_, By, C1) is the integrated subsys-
tem. Bauer and Wagner (2012) show that 8 € R®, 8 # 0 is a cointegrating vector if and only if
B'Cy = 0. Thus, C; spans the orthocomplement of the cointegrating space and the cointegrating
vectors can be easily derived from the Bauer-Wagner canonical form. The dimension of the coin-
tegrating space, the cointegrating rank, is r = s — n., where n. is the number of common trends.
As in the VARMA case no continuous parameterization of all state space systems of a certain
state process dimension n exists, see Hazewinkel and Kalman (1976). Thus, we need to partition
the model set into subsets where a continuous parameterization exists. Bauer et al. (2020) use a
partitioning based on the canonical form of Bauer and Wagner (2012) where the relevant parame-
ters are collected in a multi-index I'. For the I(1) case I' consists of the number of common trends
N¢, the positions of the positive entries of By, ji,...,jn. and the Kronecker indices of the stable
subsystem, see Hannan and Deistler (1988, Chapter 2.4). Bauer et al. (2020) discuss the number of
free parameters for each subset in great detail. The number of parameters of the stable subsystem
depends on the Kronecker indices. Obviously, A; does not contain any free parameters. For the
calculation of the number of free parameters in C7, consider a parameterization that places re-
strictions on the columns to ensure the normalization and the orthogonality to previous columns.
Using this parameterization, the first column of the matrix C; contains s — 1 free parameters, due
to the normalization. The second column contains s — 2 free parameters, due to the normalization
and the orthogonality to the first column. By the same argument there are s — i free parameters

in the i-th column.?* Thus, there are n. - s — %nc(nc + 1) free parameters in Cy. The number of

24Since Bauer et al. (2020) use Givens rotations and distinguish between the parameters that span the coin-
tegrating space and the ones which choose a basis in the cointegrating space, the parameters are slightly more
complicated. The number of parameters, however, is accurate.
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free parameters in the i-th row in By is s + 1 — j;. Thus, By contains n.(s + 1) — > 1<, j; free
parameters. Consequently, the integrated subsystem contains n.(2s + 1) — %nc(nc +1) = >0 di
free parameters. In the case j; = i for ¢ = 1,...,n. the number of free parameters simplifies to
2n.(s — ne).

Additionally, Bauer et al. (2020, Theorem 4) show that the set of all transfer functions correspon-
ding to I(1)-systems with state dimension n, ¢ common trends, j; =i for i = 1,...,n. and generic
Kronecker indices of the stable subsystem is open and dense in the set of all transfer functions
corresponding to I(1)-systems with state dimension n and ¢ common trends. Bauer et al. (2020,
Theorem 4) also show that the set of all stationary systems of state dimension n with generic
Kronecker indices is open and dense in the set of all I(1) systems of state dimension n. These
results provide the basis for consistent estimators for unknown I'. Denoting the transfer function,
i.e, the function relating the error sequence to the observed process with k(z) de Matos Ribeiro
et al. (2020) use the power series expansion of the inverse transfer function with coefficients K ;
to define the residuals e;(k(z,0),0p) = Z;;ll K;(yi—j — ®(0p)dy), where 6 is the parameter vec-
tor of the system matrices (A, B, C) and 6p is the parameter vector containing the entries of ®.
de Matos Ribeiro et al. (2020, Section 3) show that if we set 1 = 0 the logarithm of the likelihood
function for given yy,...,yr is

lﬁ:—%@@ME+%ZQﬁM@ﬁMbﬁT%@@®ﬁM) (3.2)

A necessary condition for consistency of the pseudo maximum likelihood estimator is the conver-
gence of the sum in (3.2). Since, as discussed in Bauer and Wagner (2012), K ; = —C(A—BC)’~'B,
this is the case if the absolute value of all eigenvalues of A — BC' is smaller than one. This condi-
tion is called the strict minimum phase condition. If this condition is fulfilled, de Matos Ribeiro
et al. (2020, Theorem 1) show that the pseudo maximum likelihood estimator is consistent under
relatively mild conditions on €;. The cointegrating space is estimated with rate 7', where T is the
sample size. For given multi-index I", de Matos Ribeiro et al. (2020, Theorem 2) also derive the
asymptotic distribution.

For the determination of the cointegrating rank r = s — ¢ Matuschek et al. (2020) rewrite (3.1) to
a state space error correction model (SSECM) first introduced by Ribarits and Hanzon (2014)

Alys — ®dy) = I(yp—1 — Pdi—1) — Cvp + &4
Vir1 = A’Ut —+ (In — A)_1ABA(yt — (I)dt) (33)
M = —I,+C(I, — A) B,

where A := 1 — L with the lag operator L{y: }+ez := L{yt—1}tez, A := A — BC and vy = x1. The
matrix II in the SSECM can be written as II = a8’ with «, 8 € R5*" of full rank. The columns of
(B form a basis of the cointegrating space. Focusing on the case without deterministic terms, i.e.,
® = 0 for simplicity concentrating ¥ out of (3.2) the likelihood up to a constant is proportional

to
log ( ) , (3.4)

where v;(6) depends on the parameters in A and B. After having estimated A and B with the
pseudo maximum likelihood estimator from (3.2) the authors maximize (3.4) under the constraint
II=—I,+C(I, — A)~!'B, using Lagrange multipliers. They then repeat the maximization under
the additional constraint rank(IT) = r. The test statistic is the difference of the log-likelihoods at

these maxima and is .
1 1 - 1
tr (/ (aw) W’ (/ WW’du) / WdW')
0 0 0

distributed, where W is a s — r dimensional Brownian motion. If a deterministic linear trend or a
deterministic constant are included the test statistic is

N ( [awm ([ HH/duy [ Hdwl)
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Z(Ayt —Iys—1 + Cvy(0))(Ayr — Mys—1 + Cuy(0))’
t=1
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distributed with H = (W', 1)".

After having determined the cointegrating rank, Matuschek et al. (2020) estimate the basis of the
cointegrating space 3 by maximizing (3.4) under the constraints IT = —I, + C(I,, — A)~!'B and
rank(IT) = r. To test a hypothesis on the cointegrating space as, e.g., 8 = H¢, the authors maxi-
mize (3.4) under this additional constraint. The pseudo likelihood ratio test taking the difference
between the log-likelihoods is y2-distributed.

3.2.2 The Johansen Vector Error Correction Model

Johansen developed vector error correction models for integrated VAR processes of orders one and
two, see Johansen (1995). In the I(1) case he rewrites the equation of a VAR process

Yo = dob g iY—i + Pdy + ey,
to the form
Aye = aB'y1 + 202 Tildyrs + ®dy + &4, (3.5)

where a and 8 are full rank matrices in R**" and I'; € R***® and ¢; is white noise. Here, r < s is the
cointegrating rank, i.e., the number of linearly independent cointegrating vectors. The columns of
B span the cointegrating space. The parameters are estimated by projecting Ay, and y;—; on the
lagged differences. Then, the pseudo likelihood ratio test statistic for the cointegrating rank uses
a generalized eigenvalue problem of the residual matrices. The eigenvectors corresponding to the
r largest eigenvalues are the estimates of 5 and, thus, of the cointegrating vectors. Hypotheses on
the cointegrating space can be tested with pseudo likelihood ratio test, which are x2-distributed
under the null hypotheses.

This approach is more restrictive than the state space framework, since not every process that has
a state space representation is a VAR process. Conversely, every VAR process has a state space
representation. Consider the VAR process

Yt = Zf:l a;iYi—i + €t,

neglecting the deterministic process for simplicity. Choosing

I, 0 ... 0 0 {)S Yt—1
A= |0 L 0 0l p=|. |, =] :
: Yt—p
0o 0 .. I, 0 0
Cc = (a1 as ... ap)

we get (3.1). VARMA processes can be written as VAR(co) processes, see, e.g., Saikkonen (1992).
So the results of the estimator are still valid for VARMA processes for p — co. An approximation
with a large lag order p still leads to consistent estimators and tests.

3.2.3 The Approach of Stock and Watson

For the DOLS estimator Stock and Watson (1993) assume that the time series {y;}:cz has a
partitioning y¢ = (Y1, Yr,2) such that

Ayin = U
' ' 3.6
Yt2 = p+0yp1 +uo, (36)

where u; := (uy,1,u,2) is a stationary, linearly regular process.  cannot be estimated with the OLS
estimator, because y; 1 and u; 2 are correlated. Thus, u; o must be replaced by w2 —E(ug 2| {ue1}).
E(u2|{ut1}) depends potentially on both future and past lags of y; 1 and is thus of the form
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E(ugal{us1}) = > e d;Ay;—j1. This is approximated by a finite sum E;j':q d;Ay;—j1. Inser-

j=—00
ting this in the second equation of (3.6) and using vy 2 = w2 — E(us 2|{us.1})

Y2 = p+0y+ Z;?:g di Ay, + v 2, (3.7)

follows. Since {v 2 }1ez and {us 1 }ez are uncorrelated, the likelihood for given Ay_g 1, ..., Ayriga
can be divided into a factor depending on the marginal distribution of {u;1}iez and a factor
depending on p, 8, d_g,...,ds and the marginal distribution of {v;2}iez. If there are no cross
restrictions, 6 can be estimated with a OLS estimator. The OLS estimator in (3.7) is called
dynamic OLS (DOLS) estimator. Unlike the parametric approaches in the previous subsections
the DOLS estimator only estimates the cointegrating space and not the other parameters in the
model. Additionally, Stock and Watson (1993, Section 4) derive the asymptotic distribution of the
DOLS estimator.

The rank tests used in King et al. (1991) are from Stock and Watson (1988, Section 3). Stock and
Watson (1988) assume that {Ay;}+cz has a MA representation

Aye = p+ 32720 Cjer—

with 3% jCj < 00, Cg = Iy and C(2) := Y72, Cj27. If y; is cointegrated, then C(1) has reduced
rank k < s. Choosing a matrix 8 € R***~* whose columns span the cointegrating space, and a
matrix 8, € R*** whose columns span the orthocomplement of the cointegrating space, Stock
and Watson (1988) regress Wy := 8y, on Wy_1. Under the null hypothesis of cointegrating rank
s — k the matrix ® := SWiWio1 (00 Wt,th,l)fl has k unit eigenvalues in the case without
deterministic terms. Under the alternative of cointegrating rank s —m with m < k the real part of
k—m eigenvalues is smaller than one. Thus, ordering the eigenvalues Ay, ..., A\x by the real parts in
decreasing order, the null hypothesis R(Ap,4+1) = 1 is tested against the alternative R(Am41) < 1.
The distribution under the null is not straightforward. Stock and Watson (1988) assume that AW,
has a finite VAR representation. For known VAR polynomial = and known [, the distribution
of A\ 41 is a known function of Brownian motions. If §; and = are unknown, £, is estimated
by ebtlmatlng the prlnC1pal components of y; and Z is estimated by a VAR(p) regrebbion of AW,
onto W,_ 1, where Wt 6 "y and B | is the estimator of 5, . Then, the distribution of )\m+17 the

1
eigenvalue of 3 WtWt 1 (Z Wt 1Wt 1) , is also a function of Brownian motions. For the case

that a deterministic constant and trend is included in the model Wt is replaced by Wt 31 — Bgt,
where 31 and f3, are the OLS estimates of the regression of W, on a constant and ¢.

For known cointegrating rank the asymptotic distribution of the DOLS estimator allows Wald-type
tests for hypotheses on the cointegrating space.

3.3 Data Set

The original data set as described in King et al. (1991, Section III) is from the homepage of the
authors. It contains seasonally adjusted quarterly data from 1949:1 to 1988:4. The data consist of
the logarithms of per capita real consumption expenditures (c), per capita gross private domestic
fixed investment (7), and per capita ”private” gross national product (y), which is the gross national
product without the government purchases, the money supply (m), the implicit price deflator of
the private GNP (Ap) and the three-month US treasury bill rate (R). Since an extension of the
data set is not available, an analogous data set from 1949:1 to 2018:4 is used, obtained from the site
of the Federal Reserve Bank of St. Louis. It consists of seasonally adjusted quarterly observations
of the logarithm of the US per capita real consumption expenditure ¢ in 2012 dollars, the logarithm
of the US per capita gross private domestic fixed investment ¢ in 2012 dollars, the logarithm of the
US per capita total gross national product y less real total government purchases in 2012 dollars,
the logarithm of the US saving deposits per capita m in 2012 dollars, the logarithm of the implicit
price deflator of the US private GNP Ap and the three-month US treasury bill rate R in percent.
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Figure 3.1: U.S. economic data and great ratios from 1949 to 2018

Figure 3.1 shows the variables c, ¢ and y and the great ratios ¢c—y and i —y, which are stationary
according to economic theory for the new data set.
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3.4 Analysis of the Data Set of King et al. (1991)

3.4.1 Choice of System Parameters

For all methods some system parameters need to be set before beginning with the estimation. For
the DOLS estimator the number of leads and lags is necessary, for the VECM the VAR order
p of the system and for the state space framework the state dimension n. King et al. (1991) use
g =q=D5,i.e., five leads and five lags. However, they do not explain this choice. To choose the VAR,
order of the VECM, we estimate systems of different lag lengths with a pseudo maximum likelihood
estimator and compute the Bayesian information criterion (BIC). For the three-dimensional data
set the BIC is minimal for p = 2. For the six-dimensional data set we do the same. Again, the BIC
is minimal for p = 2. Table C.1 in the appendix contains the BIC for p = 1,...,8 for both data
sets.

Similarly, to determine the state dimension, we compute the BIC for state space systems of order
n=1,...,10 and compare the BIC for the three-dimensional data set.2?> The BIC is minimal for
n = 3. As for the three-dimensional data set we estimate models for different system orders and
compute the BIC for the six-dimensional data set. We use system orders n = 1,...,15. The BIC
is minimal for n = 7. Table C.2 in the appendix contains the BIC for the different system orders
for both data sets.

3.4.2 Deterministic Components

Often, economic time series contain deterministic terms like a deterministic constant and a de-
terministic linear trend. For the economic analysis it is important to find out which of these
deterministic components are present. Johansen (1995) distinguishes five cases of deterministic
components:

1. The VECM equation (3.5) contains an unrestricted linear trend and constant. This leads to
a linear trend in the cointegrating space and a quadratic trend in its orthocomplement.

2. The VECM equation (3.5) contains an unrestricted constant and a linear trend restricted to
the cointegrating space. This leads to a linear trend in all components.

3. The VECM equation (3.5) contains a unrestricted constant. This leads to a constant in the
cointegrating space and a linear trend in its orthocomplement.

4. The VECM equation (3.5) contains a constant restricted to the cointegrating space. This
leads to a constant in all components.

5. The VECM equation (3.5) does not contain any deterministic components.

These five cases can be easily implemented in the state space framework. For the first case, include
a deterministic linear trend in the state equation, i. e., the second equation of (3.1). For the second
case, include a deterministic linear trend in the output equation, i. e., the second equation of (3.1).
For the third case include a deterministic constant in the state equation and for the fourth case
include a deterministic constant in the output equation.%

Figure 3.1 shows a linear trend in the variables, but not in the great ratios, which suggests that
case three might describe our data best. King et al. (1991) sometimes include a constant and a
trend and sometimes only a constant in their analysis. Testing hypotheses on the deterministic
terms is complicated. In the cases two and four the restrictions depend on the dimension of the
cointegrating space. This dimension is not known and the tests to determine it depend on the deter-
ministic components. Both for the VECM and the state space framework we use the cointegrating
rank predicted by economic theory and use pseudo likelihood ratio tests for the determination

25The matlab function for this is optimize_estimate.
26For the first case choose the option {?AR’, [0,2]} for the variable deter in optimize_estimate, for the second
{’MA’, [0,2]}, for the third {’AR’,[0,1]}, for the fourth {’MA’,[0,1]} and for the fifth {AR’, [0,0]}.
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Table 3.1: Test statistics and p-values of the hypotheses on the deterministic terms for VECM and
state space framework for the three- and the six dimensional data set until 1988

Null, alternative | VECM: test statistic (p-value) state space: test statistic (p-value)
5=3
case 3, case 2 0.53 (0.767) 0.21 (0.900)
case 4, case 3 12.06 (< 0.001) 12.67 (< 0.001)
5=6
case 3, case 2 4.35 (0.227) 3.47 (0.324)
case 4, case 3 19.13 (< 0.001) 28.19 (< 0.001)

of the deterministic components. Since Figure 3.1 clearly shows that there is no quadratic trend
and there are deterministic components present, we neglect cases one and five. We test the null
hypotheses that there is only a unrestricted constant against the alternative that there is a trend
restricted to the cointegrating space. If the hypothesis is rejected, we conclude that there is a
trend restricted to the cointegrating space. Otherwise, we test the null hypothesis that there is a
constant restricted to the cointegrating space against the alternative of an unrestricted constant.
For the three-dimensional data set consisting of ¢, i and y we use a cointegrating rank of two.
Thus, for the first test the linear trend has two coefficients under the alternative, which are zero
under the null. Consequently, the test statistic is x3 distributed under the null. For the second test,
the constant has three coefficients under the alternative and only two under the null. Thus, under
the null one coefficient is zero and the test statistic is x3 distributed under the null. Table 3.1
contains the test statistics and their p-values for both the VECM and the state space framework.2”
With both methods the first hypothesis is not rejected at 5%-level, but the second hypothesis is
rejected. Thus, we use the third case for the modeling, which is consistent with the observations
in Figure 3.1.

For the six-dimensional data set we use a three-dimensional cointegrating space. Thus, the test sta-
tistics are y3-distributed under the null for both hypotheses. The test statistics and their p-values
for both the VECM and the state space framework are also shown in Table 3.1. Again, neither the
pseudo likelihood ratio test using the VECM nor the one using the state space framework reject
the null hypothesis of the first test at 5%-level. Again, the null hypothesis of the second test is
rejected. Thus, we use the third case in both models.

3.4.3 Determination of the Cointegrating Rank

A question of economic interest is the determination of the cointegrating vectors. The first step
for this is the determination of the cointegrating rank, i.e., the number of linearly independent
cointegrating vectors. Johansen (1995, Chapter 11) developed a test for the cointegrating rank.
This test does not test directly hypotheses on r, but the number of common trends, i.e., s — r.
Using this procedure, we first test the null hypothesis of cointegrating rank s —r = s, i.e., 7 =0
against the alternative of at least one cointegrating relation. Then, we test the null hypothesis
r < 1 against the alternative r > 2. We continue this procedure until one hypothesis is rejected
or until we test the hypothesis r < s — 1 against the alternative r = s. The distributions of the
test statistics under the null hypotheses depend on the deterministic terms. Due to the structure
of the tests the distribution of hypotheses as, e.g., r < 1 depends on s. The critical values for
the third case are shown in Table 3.2. The rank tests of Matuschek et al. (2020) test the same
hypotheses as the ones of Johansen (1995). The authors show that the test statistics of these tests
also have the same distribution under the null hypotheses, such that the critical values of Table 3.2
are also asymptotically valid for these tests. As explained in Section 3.2.3, the rank tests of Stock
and Watson (1988) test the null hypothesis of k& common trends against the alternative of m < k

27 After having calculated the first case with optimize_estimate, we calculate the other cases with optimize_ione
and compare the critical values to calculate the test statistic.
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Table 3.2: Critical values for the hypotheses on the cointegrating rank for different levels of signi-
ficance « in the model with a unrestricted constant

Hypothesis | Hy: s—r=6 Hg:s—r>5 Hy:s—r>4 Hy:s—r>3

a=0.1 89.37 64.74 43.84 26.70
o =0.05 93.92 68.68 47.21 29.38
a=0.01 102.95 76.37 53.91 34.87

Hypothesis | Hy: s—r>2 Hp:s—r>1

a=0.1 13.31 2.71
a=0.05 15.35 3.84
a=0.01 19.69 6.64

Table 3.3: p-values for the rank tests of Stock and Watson (1988) and test statistics for the rank
tests in the VECM and the state space framework for the three-dimensional data set until 1988

Null, test statistic test statistic
Null, p-values of .
. alternative VECM state space
alternative | Stock Watson
— 0, =1 021 r=0,r>1 51.08 51.48
oy —oo1 r<i1,r>2 16.53 1.22
r=nr= : r<2r=3 23.05 0.96

common trends. Table 3.3 shows the results of the rank tests for the three-dimensional data set.?®
The rank test of Stock and Watson (1988) rejects the null when tested against the alternative
of cointegrating rank two. The tests of Johansen (1995) and Matuschek et al. (2020) both reject
the hypotheses r = 0 and r < 1 at 5%-level. The hypothesis r < 2 is not rejected at 5%-level.
Thus, all three tests find a cointegrating rank of two, which is consistent with economic theory.
Another possibility to examine the cointegrating rank in the state space framework is to look at
the eigenvalues of the matrix A. As discussed above the number of common trends, i.e., s — r
coincides with the eigenvalues of A which are one. Additionally, the eigenvalues of A := A— BC are
of interest, because eigenvalues of A near the unit circle complicate the analysis and because, as
discussed above, the strict minimum phase condition is necessary for pseudo maximum likelihood
estimation. For this reason, we estimate the system matrices without imposing restrictions on the
cointegrating space and examine the eigenvalues of A and A, shown in Table 3.4. One eigenvalue
of A is very close to one and the eigenvalues of A are not near the unit circle. This fits to the
result of the rank tests that the cointegrating rank is two and there is thus one common trend.
For the six-dimensional data set King et al. (1991) do not show all the tests. They just state that
the null hypothesis of cointegrating rank r = 6 is rejected against the alternative r = 3. The
test statistics for the VECM and the state space framework are shown in Table 3.5. The test of
Johansen (1995) rejects the hypothesis r < 3 at 5%-, but not at 1%-level. The hypothesis r < 4
then cannot be rejected at 10%-level. The test of Matuschek et al. (2020) rejects the hypothesis
r < 3 at 1%-level. The hypothesis r < 4 is rejected at 5%, but not at 1%-level. The hypothesis r < 5
cannot be rejected at 5%-level. Thus, using the 5%-level King et al. (1991) find a cointegrating rank
of three, the test of Johansen (1995) finds a cointegrating rank of four and the test of Matuschek
et al. (2020) a cointegrating rank of five. Again, we take a look at the eigenvalues of A and A for
the estimator without restrictions on the cointegrating rank for the state space framework, also
shown in Table 3.4. One eigenvalue of A is 0.994 and thus very close to one, a second eigenvalue is
0.945. This fits to the results of the rank tests, since they find a cointegrating rank of five and thus
only one common trend. The absolute value of two eigenvalues of A is 1.024. Thus, the minimum
phase condition is not fulfilled.

28For the rank test we use the matlab function ranktest_real.
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Table 3.4: Eigenvalues of the matrices A and A and their absolute values for the state space system
estimated for the three- and six-dimensional data set until 1988

Eigenvalues of A

absolute value

Eigenvalues of A

absolute value

s=3
0.997 0.997 -0.401 0.401
0.854+40.087i 0.858 0.005 0.005
0.854-0.0871 0.858 0.232 0.232
s=6
0.467 0.467 0.945+0.394i 1.024
0.87340.304i 0.924 0.945-0.3941 1.024
0.873-0.304i 0.924 -0.729 0.729
0.88340.103i1 0.889 0.289 0.289
0.883-0.103i 0.889 -0.414 0.414
0.937 0.937 -0.181 0.181
0.994 0.994 -0.030 0.030

Table 3.5: Test statistics for the rank tests in the VECM and the state space framework for the
six-dimensional data set until 1988

Null, alternative

test statistic VECM

test statistic state space

r=0,r>1
r<l,r>2
r<2,r>3
r<3 r>4
r<4,r>5
r<5 r==6

151.85
98.68
54.27
30.88
11.04

1.28
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3.4.4 Estimation of the Cointegrating Space

It is of economic interest to find cointegrating relations in economic time series. Thus, an estima-
tor of the cointegrating space is useful. After having determined the cointegrating rank the DOLS
estimator and the pseudo maximum likelihood estimators for the VECM and the state space fra-
mework can estimate the cointegrating space. To make the basis of the cointegrating space unique,
we impose the condition that the upper r x r-block is the identity matrix.

For the three-dimensional data set all rank tests found a cointegrating rank of two. Economic theo-
ry predicts a cointegrating space spanned by the two great ratios (1 0 —1)/ and (O 1 —1)/.
We test with all three methods whether this is the cointegrating space.?? Table 3.6 contains the
results. While the estimates are not exactly identical, they are similar and the hypothesis that the
cointegrating space coincides with the theoretic prediction is not rejected at 5%-level for all three
methods. It is, however, notable that the p-values for the tests using the VECM and the state
space framework are much higher than the one using DOLS.

For the six-dimensional data set the results of the rank tests were different for the different me-
thods. Thus, King et al. (1991) estimate a three-dimensional cointegrating space, we estimate a
four-dimensional cointegrating space using the VECM and a five-dimensional cointegrating space
using the state space framework. Table 3.7 contains the estimates. We notice that the standard
errors of the estimates for the state space framework are very large, in particular for the last entry.

29We use the matlab function optimizeconstr to estimate the system, where the cointegrating space is spanned
by these vectors and calculate the test statistic by taking the difference between this log-likelihood and the one of
the unrestricted estimator, the standard errors are computed with the function standarderror.

Table 3.6: Estimates of the cointegrating space with standard errors in brackets, test statistic of
the test whether the cointegrating space is spanned by (1,0 —1)" and (0,1, —1)" and p-value of the
test for the three-dimensional data set until 1988

method DOLS VECM state space
c 1 0 1 0 1 0
1 0 1 0 1 0 1
Y —1.058 —1.004 —1.113 -1.144 —1.115 —1.064
(0.026) (0.038) (0.101) (0.188) (0.091) (0.201)
test statistic 4.96 1.06 1.19
p-value 0.08 0.59 0.55
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Table 3.7: Estimates of the cointegrating space for the different methods with standard errors in
brackets for the six-dimensional data set until 1988

method DOLS VECM
c 1 0 0 1 0 0 0
1 0 1 0 0 1 0 0
m-—0p 0 0 1 0 0 1 0
Y —1.118 —-1.120 —1.152 0 0 0 1
(0.050) (0.083) (0.063)
R 0.004 0.002 0.009 0.053 0.069 0.064 0.048
(0.003) (0.005) (0.004) (0.408) (0.436) (0.436) (0.374)
Ap 0.004 0.006 0.002 —0.062 —-0.071 —-0.055 —0.061
(0.003) (0.004) (0.003) (0.329) (0.351) (0.351) (0.301)
state space
c 1 0 0 0 0
1 0 1 0 0 0
m—p 0 0 1 0 0
Y 0 0 0 1 0
R 0 0 0 0 1
Ap —-0.065 —-0.073 —0.086 —0.063 0.646

(1.301) (1.134) (0.876) (1.224) (37.175)

3.4.5 Testing Hypotheses on the Cointegrating Space

For the three-dimensional data set economic theory predicts that the cointegrating space is spanned
by the two great ratios ¢ — y and ¢ — y. For the six-dimensional data set several hypotheses can
be considered. One hypothesis, which is not tested by King et al. (1991), is that the cointegrating
space is spanned by the great ratios ¢ —y, i —y and m — p — y. We test this hypothesis in the
first line of Table 3.8 for the VECM and the state space framework. Instead, King et al. (1991)
test the hypothesis that the cointegrating vectors are the first two great ratios and a long-run
money-demand relation (line two of Table 3.8). They also test the hypothesis that additionally to
these three cointegrating vectors there are stationary real rates (line three of Table 3.8). Line four
of Table 3.8 tests the hypothesis that the great ratios and real rates are cointegrated, combined
with the money-demand cointegrating vector. Line five of Table 3.8 contains the tests for the
stationary velocity model, which allows cointegration between the great ratios and real rates. The
hypotheses considered in King et al. (1991) are for a three- or four-dimensional cointegrating space.
In the models, where the cointegrating rank is larger than the one considered in the hypothesis, we
test the hypothesis that the proposed space is a subspace of the cointegrating space.® Table 3.8
shows the hypotheses and their p-values. The hypotheses that the great ratios are contained
in the cointegrating space is rejected by the VECM, but not by state space framework. The
hypothesis that the first two great ratios and a long-run money-demand relation are contained in
the cointegrating space and the hypothesis that the great ratios and real rates are cointegrated,
combined with the money-demand cointegrating vector are not rejected at 5%-level for all three
models. The hypothesis of the stationary velocity model is rejected by King et al. (1991) at
5%-level, but it is not rejected using the VECM or the state space framework. The hypothesis
that additional to the first two great ratios and a long-run money-demand relation there are
stationary real rates is rejected both by King et al. (1991) and using the VECM. For the state
space framework it cannot be tested, because the cointegrating space is five-dimensional and for
every five-dimensional cointegrating space the parameters 3, and 3r can be chosen in such a way
that the space of second hypothesis is a subspace of the cointegrating space.

30For this we use the matlab function optimize hyptest.
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Table 3.8: Hypotheses on the cointegrating space and their p-values for the six-dimensional data
set until 1988

Hypothesis p-value p-value
King et al. (1991) VECM
(ny)a (ny)v (mfpfy) < 0.01
(c=y), (i—y), m—p—Byy+BrR 0.08 0.12
(c—y), (i—y)m—p—PByy+BrR, R—Ap < 0.01 <0.01
(c—y)—p1(R—Ap), (i —y) —p2(R—Ap), m —p— By + BrR 0.18 0.27
(c—y)—p1(R—Ap), (i —y) —p2(R—Ap),m—p—y <0.01 0.10
Hypothesis p-value state space
(c=y), (i—y), (m—p—y) 0.55
(c—y), (i—y), m—p—By+BrR 0.59
(c—y) —e1(R— Ap), (i —y) — p2(R — Ap), m —p — By + BrR 0.43
(c—y)—p1i(R—Ap), (i—y) —p2(R—Ap), m—p—y 0.76

3.5 Full Sample Analysis

In this section we repeat the analysis from the last section with the larger data set until 2018 for
the VECM and the state space framework. We then compare the results obtained with the two
data sets.

3.5.1 Choice of System Parameters

Again, we start by determining the VAR order for the VECMs and the state dimension of the
state space systems.

Again, we estimate VECMs of different VAR orders for the three-dimensional data set and compare
the BIC. As for the data set until 1988, the BIC is minimal for p = 2. For the six-dimensional
data set we do the same. This time the BIC is minimal for p = 1. Thus, we use the VAR order
p = 1 for the analysis of the six-dimensional data set. Table C.1 in the appendix contains the BIC
forp=1,...,8 for both data sets.

Similarly, to determine the state dimension we compute the BIC for state space systems of order
n = 1,...,10 and compare the BIC for the three-dimensional data set. This time the BIC is
minimal for n = 5. Thus, compared to the data set until 1988 the state dimension increases.
As for the three-dimensional data set we estimate models for different system orders for the six-
dimensional data set and compute the BIC. We use system orders n = 1,...,15. The BIC is
minimal for n = 8. Thus, as for the three-dimensional data set, the state dimension increases
compared to the data set until 1988. Table C.2 in the appendix contains the BIC for the different
state dimensions for both data sets.

3.5.2 Deterministic Components

As for the data set until 1988, we use the cointegrating rank predicted by economic theory to
estimate a model for both the VECM and the state space framework and then use pseudo likelihood
ratio tests for the determination of the deterministic components. Again, we neglect cases one and
five since Figure 3.1 clearly shows that there is no quadratic trend and there are deterministic
components present. We test the null hypothesis that there is only an unrestricted constant against
the alternative that there is a trend restricted to the cointegrating space. If the hypothesis is
rejected, we conclude that there is a trend restricted to the cointegrating space. Otherwise, we
test the null hypothesis that there is a constant restricted to the cointegrating space against the
alternative of an unrestricted constant.

For the three-dimensional data set we use a cointegrating rank of two. Thus, the test statistic
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Table 3.9: Test statistics and p-values of the hypotheses on the deterministic terms for VECM and
state space framework for the three- and six-dimensional data set from 1949 to 2018

Null, alternative | VECM: test statistic (p-value) state space: test statistic (p-value)
5=3
case 3, case 2 3.61 (0.307) 10.55 (1 0.014)
case 4, case 3 8.42 (0.038) 13.14 (0.004)
5=6
case 3, case 2 35.98 (< 0.001) 74.10 (< 0.001)
case 4, case 3 21.62 (< 0.001) 11.75 (0.008)

for the first test is x3 distributed under the null and the test statistic of the second test is x?
distributed under the null. Table 3.9 contains the test statistics and their p-values for both the
VECM and the state space framework. As in the case of the data set until 1988, the first hypothesis
is not rejected at 5%-level, but the second hypothesis is rejected for the VECM. In the state space
framework, however, the first hypothesis is rejected at 5%-level. Thus, we use an unrestricted
constant for the VECM and a restricted linear trend for the state space framework.

For the six-dimensional data set we use a three-dimensional cointegrating space. Thus, the test
statistics are Y3-distributed under the null for both hypotheses. The test statistics and their
p-values for both the VECM and the state space framework are also in Table 3.9. This time
both methods reject the first hypothesis at 5%-level. We thus use the second case, a linear trend
restricted to the cointegrating space for the modeling.

3.5.3 Determination of the Cointegrating Rank

As in the case of the data set until 1988, we first test the null hypothesis of cointegrating rank
s—1r =s,i.e.,r =0 against the alternative of at least one cointegrating relation. Then, we test
the null hypothesis » < 1 against the alternative r > 2. We continue this procedure until one
hypothesis is not rejected or until we test the hypothesis » < s — 1 against the alternative r = s.
Since the distributions of the test statistics under the null hypotheses depends on the deterministic
terms, the critical values of the tests for the state space framework in the three-dimensional case
and for the six-dimensional case for both models are not those of Table 3.2, but those shown in
Table 3.10. Table 3.11 shows the results of the rank tests for the three-dimensional data set. Both
tests reject the hypotheses r = 0 and r < 1 at 5%-level. The hypothesis r < 2 is not rejected
at 5%-level. Thus, both tests find a cointegrating rank of two, which is consistent with economic
theory. Again, we estimate the system matrices without imposing restrictions on the cointegrating
space in the state space framework and look at the eigenvalues of A and A, shown in Table 3.12.
One eigenvalue of A is very close to one and the eigenvalues of A are not near the unit circle. This

Table 3.10: Critical values for the hypotheses on the cointegrating rank for different levels of
significance « in the model with a linear trend restricted to the cointegrating space

Hypothesis | Hy: s—r=6 Hy:s—r>5 Hy:s—r>4 Hy:s—r>3

a=0.1 110.00 82.68 58.96 39.08
o =0.05 114.96 86.96 62.61 42.20
a=0.01 124.61 95.38 70.22 48.59

Hypothesis | Hy: s—r>2 Hp:s—r>1

a=0.1 22.95 10.56
a=0.05 25.47 12.39
a=0.01 30.65 16.39
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Table 3.11: Test statistics for the rank tests in the VECM and the state space framework for the
three- and the six-dimensional data set from 1949 to 2018

Null, alternative | VECM, s =3 state space, s =3 VECM, s =6 state space, s =6
r=0,r>1 55.84 77.68 344.94 548.63
r<l,r>2 16.16 35.49 127.09 192.14
r<2,r=3 2.00 2.95 59.18 79.28
r<3,r>4 28.66 28.92
r<4,r>5 12.95 11.97
r<5r==6 4.68 2.78

Table 3.12: Eigenvalues of the matrices A and A and their absolute values for the state space
system estimated for the three- and the six-dimensional data set from 1949 to 2018

Eigenvalues of A

absolute value

Eigenvalues of A

absolute value

s=3
0.973 0.973 -0.865 0.865
0.91340.098i 0.918 0.394+4-0.244i 0.463
0.913-0.098i 0.918 0.394-0.244i 0.463
-0.897 0.897 -0.115 0.115
0.806 0.806 -0.003 0.003

s=06
0.452 0452 -0.578 0.578
0.81140.274i 0.856 0.608+-0.222i 0.647
0.811-0.274i 0.856 0.608-0.222i 0.647
0.743 0.743 0.3554-0.3371 0.489
0.936+4-0.070i 0.939 0.355-0.337i1 0.489
0.936-0.0701 0.939 -0.2324-0.041i 0.236
0.9954-0.0051 0.995 -0.232-0.0411 0.236
0.995-0.0051 0.995 -0.048 0.048
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fits the result of the rank tests that the cointegrating rank is two and there is thus one common
trend.

For the six-dimensional data set the test statistics for the VECM and the state space framework
are also shown in Table 3.11. The test of Johansen (1995) rejects the hypothesis r < 2 at 10%-, but
not at 5%-level. The hypothesis r < 3 then cannot be rejected at 1%-level. The test of Matuschek
et al. (2020) rejects the hypothesis r < 2 at 1%-level. The hypothesis r < 3 cannot be rejected at
5%-level. Thus, using the 5%-level the tests of Johansen (1995) find a cointegrating rank of two
and the tests of Matuschek et al. (2020) a cointegrating rank of three. In both cases the results
differ from the ones obtained for the data set until 1988. Again, we take a look at the eigenvalues
of the estimates of A and A without restrictions on the cointegrating rank for the state space
framework. The eigenvalues are also in Table 3.12. The two eigenvalues 0.995 + 0.005¢ are close
to one. This rather indicates two common trends and thus a cointegrating rank of four. This time
the strict minimum phase condition is fulfilled.

3.5.4 Estimation of the Cointegrating Space

Again, we estimate the cointegrating space with a pseudo maximum likelihood estimator for both
the VECM and the state space framework. For the three-dimensional data set both rank tests found
a cointegrating rank of two, which is consistent with economic theory. As for the data set until
1988, we test for both estimates whether (1 0 71)/ and (0 1 71)/ span the cointegrating
space. Table 3.13 contains the results. The estimates differ from those for the data set until 1988.
The hypothesis cannot be rejected for the VECM at 5%-level, although the p-value is lower than
the one for the data set until 1988. For the state space framework the hypothesis is rejected at
5%-level, unlike in the analysis for the data set until 1988.

For the six-dimensional data set the results of the rank tests were different for the VECM and the
state space framework. Consequently, we estimate a two-dimensional cointegrating space for the
VECM and a three-dimensional cointegrating space for the state space framework. The estimates
are also shown in Table 3.13. A comparison to the results for the data set until 1988 is not possible,
because the dimensions of the cointegrating spaces differ. It is, however, notable that the standard
errors of the estimates obtained with the VECM are quite large.
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Table 3.13: Estimates of the cointegrating space with standard errors in brackets, test statistic of
the test whether the cointegrating space is spanned by (1,0 — 1)’ and (0,1, —1)" and p-value of
the test for the three-dimensional data set from 1949 to 2018 and estimates for the cointegrating
space for the six-dimensional data set from 1949 to 2018

method VECM state space
s=3
c 1 0 1 0
) 0 1 0 1
y —0.753 —0.964 —0.701 —1.066
(0.071) (0.144) (0.043) (0.145)
test statistic 1.69 15.50
p-value 0.4296 < 0.001
s=6
c 1 0 1 0 0
) 0 1 0 1 0
m—p —0.068 —5.088 0 0 1
(0.274) (4.690)
Y —1.087 -3.776 —1.059 —1.728 0.897
(0.152) (2.599) (0.072) (0.170) (0.239)
R 0.010 —0.159 0.009 0.013 0.024
(0.008) (0.141) (0.001) (0.003) (0.005)
Ap —0.010 0.502 —0.004 0.005 —0.079
(0.025) (0.420) (0.001) (0.003) (0.005)

3.5.5 Testing Hypotheses on the Cointegrating Space

For the state space framework we test the same hypotheses on the cointegrating space as for
the data set until 1988. Table 3.14 shows the hypotheses and their p-values. All hypotheses are
rejected at 1%-level. This is very different from the results for the first data set. For the VECM we
have a two-dimensional cointegrating space. Thus, it does not make sense to test the hypotheses
directly. We could test the hypotheses that the two-dimensional cointegrating space is a subspace
of the spaces suggested by the hypotheses of King et al. (1991). This, however, would not help
answering the question which of the cointegrating vectors suggested by the hypotheses are in fact
cointegrating vectors. It makes thus more sense to test which of the cointegrating vectors suggested
by the hypotheses are in the two-dimensional cointegrating space. Table 3.15 contains the p-values
of the tests. All hypotheses are rejected at 1%-level. This may be a hint that the cointegrating
rank estimated by the model is wrong.

All in all, we get very different results for the two data sets.

Table 3.14: Hypotheses on the cointegrating space and their p-values for the six-dimensional data
set from 1949 to 2018

Hypothesis p-value state space
(c—y), (i—y), (m—p—y) < 0.001
(c—y), (i—y), m—p—By+BrR < 0.001
(c—y), (i —y)m—p—Byy+ BrR, R— Ap < 0.001
(c—y)—e1(R—Ap), (i —y) —p2(R— Ap), m —p — B, + BrR < 0.001
(c—y) —p1(R—Ap), (i —y) —p2(R—Ap),m—p—y 0.009
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Table 3.15: p-values of the hypotheses that the following vectors are contained in the two-
dimensional cointegrating space estimated with the VECM for the six-dimensional data set from
1949 to 2018

Hypothesis p-value
c—y < 0.001

i—y < 0.001
m-—-p—y < 0.001
m—p— Byy+ BrR | <0.001
R—Ap < 0.001
(c—y)—p1(R—Ap) | <0.001
(i—y) —p2(R—Ap) | <0.001
m—-p—y < 0.001

3.6 Analysis of the Data Set From 1989 to 2018

Since the results for the full data set and the subset until 1988 were so different, we analyze the
subset from 1989 to 2018 separately and compare the results to those obtained in the previous
two sections.

3.6.1 Choice of System Parameters

Again, we start by determining the VAR order for the VECMs and the state dimension of the
state space systems.

Again, we estimate VECMs of different VAR orders and compare the BIC. Unlike for the other
two data sets the BIC is minimal for p = 1 in the three-dimensional case. For the six-dimensional
data set we do the same. The BIC is also minimal for p = 1, which coincides with the results
for the full data set, but differs from the VAR order for the data set until 1988. Table C.1 in the
appendix contains the BIC for p =1, ..., 8 for both data sets.

Similarly, to determine the state dimension we compute the BIC for state space systems of order
n =1,...,10 and compare the BIC for the three-dimensional data set. The BIC is minimal for
n = 3. This coincides with the state dimension obtained for the data set until 1988, but differs
from the dimension for the full data set. As for the three-dimensional data set we estimate models
for different system orders for the six-dimensional data set and compute the BIC. We use system
orders n =1,...,15. This time the BIC is minimal for n = 5. This is lower than the system orders
for the other two six-dimensional data sets. Table C.2 in the appendix contains the BIC for the
different system orders for both data sets.

3.6.2 Deterministic Components

As for the other data sets, we use the cointegrating rank predicted by economic theory to estimate
a model for both the VECM and the state space framework and then use pseudo likelihood ratio
tests for the determination of the deterministic components. Again, we neglect cases one and
five since Figure 3.1 clearly shows that there is no quadratic trend and there are deterministic
components present. We test the null hypotheses that there is only a unrestricted constant against
the alternative that there is a trend restricted to the cointegrating space. If the hypothesis is
rejected, we conclude that there is a trend restricted to the cointegrating space. Otherwise, we
test the null hypothesis that there is a constant restricted to the cointegrating space against the
alternative of an unrestricted constant.

For the three-dimensional data set we use a cointegrating rank of two. Thus, the test statistic
for the first test is x3 distributed under the null and the test statistic of the second test is x?
distributed under the null. Table 3.16 contains the test statistics and their p-values for both the
VECM and the state space framework. In both cases the first hypothesis is rejected at 5%-level.
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Table 3.16: Test statistics and p-values of the hypotheses on the deterministic terms for VECM
and state space framework for the three- and the six-dimensional data set from 1989 to 2018

Null, alternative | VECM: test statistic (p-value) state space: test statistic (p-value)
5=3
case 3, case 2 13.91 (< 0.001) 10.61 (0.005)
case 4, case 3 3.96 (0.047) 4.01 (0.045)
5=6
case 3, case 2 3.21 (0.360) 52.06 (< 0.001)
case 4, case 3 25.10 (< 0.001) 409.18 (< 0.001)

For the state space framework this coincides with the result for the full data set, for the VECM
this is different from the results of both data sets. Thus, we use a restricted deterministic linear
trend for both the VECM and the state space framework.

For the six-dimensional data set we use again a three-dimensional cointegrating space. Thus, the
test statistics are y3-distributed under the null for both hypotheses. Table 3.16 also contains the
test statistics and their p-values for both the VECM and the state space framework. The state
space framework rejects the first hypothesis at 5%-level, as in the case of the full data set. The
VECM cannot reject the first hypothesis, but rejects the second at 5% level, as in the case of
the data set until 1988. Thus, we use a restricted linear trend in the state space model and an
unrestricted constant in the VECM.

3.6.3 Determination of the Cointegrating Rank

We use the same procedure for the rank tests as for the other two data sets. Due to the choice of the
deterministic terms in the previous subsection, we use the critical values of Table 3.2 for the VECM
of the six-dimensional data set and those of Table 3.10 for the other models. Table 3.17 shows
the results of the rank tests for the three-dimensional data set. Both tests reject the hypotheses
r = 0 at 5%-level. The hypothesis r < 1 is not rejected at 10%-level. Thus, both tests find a
cointegrating rank of one. This is different from the other two data sets, where we have found a
cointegrating rank of two with both methods. Again, we estimate the system matrices without
imposing restrictions on the cointegrating space in the state space framework and look at the
eigenvalues of A and A, shown in Table 3.18. One pair of complex conjugated eigenvalues of A is
very close to one and the eigenvalues of A are not near the unit circle. This fits the result of the
rank tests that the cointegrating rank is one and there are thus two common trends.

The test statistics for the VECM and the state space framework for the six-dimensional data
set are also shown in Table 3.17. The test of Johansen (1995) rejects the hypothesis r < 2 at
5%-, but not at 1%-level. The hypothesis » < 3 then cannot be rejected at 10%-level. The test of
Matuschek et al. (2020) rejects the hypothesis r < 2 at 1%-level. The hypothesis < 3 cannot be
rejected at 10%-level. Thus, using the 5%-level, both tests find a cointegrating rank of three. The

Table 3.17: Test statistics for the rank tests in the VECM and the state space framework for the
three- and the six-dimensional data set from 1989 to 2018

Null, alternative | VECM, s =3 state space, s =3 VECM, s =6 state space, s =6
r=0,r>1 59.00 53.78 201.55 592.64
r<l,r>2 14.32 11.32 119.66 166.11
r<2,r=3 4.73 3.54 53.50 75.25
r<3,r>4 18.08 19.72
r<4,r>5 6.04 6.38
r<5r==6 0.52 0.56
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Table 3.18: Eigenvalues of the matrices A and A and their absolute values for the state space
system estimated for the three- and the six-dimensional data set from 1989 to 2018

Eigenvalues of A  absolute value | Eigenvalues of A absolute value

s=3

0.9594-0.0511i 0.961 -0.212 0.212

0.959-0.051i 0.961 0.116 0.116

0.868 0.868 -0.000 0.000
s=6

0.979 0.979 -0.564 0.564

0.937+40.075i 0.940 -0.292 0.292

0.937-0.0751 0.940 0.073+0.132i 0.150

0.918+0.113i 0.925 0.073-0.132i 0.150

0.918-0.113i 0.925 0.001 0.001

cointegrating rank is thus smaller than the one found in the data set until 1988. For the state space
framework the cointegrating rank coincides with the one found for the full data set. Again, we take
a look at the eigenvalues of the estimates of A and A without restrictions on the cointegrating
rank for the state space framework. The eigenvalues are also in Table 3.18. The eigenvalues of A
rather indicate one common trend and thus a cointegrating rank of five. Since all eigenvalues are
greater than 0.9, however, the number of common trends is difficult to determine by looking at
the eigenvalues. As for the full data set, the strict minimum phase condition is fulfilled.

3.6.4 Estimation of the Cointegrating Space

Again, we estimate the cointegrating space with a pseudo maximum likelihood estimator for both
the VECM and the state space framework. For the three-dimensional data set both rank /tests
found a cointegrating rank of one. Thus, we do not test the hypothesis, whether (1 0 71) and

(0 1 —1)/ span the cointegrating space, but the hypothesis, whether the one-dimensional coin-

tegrating space is contained in the space spanned by (1 0 —1)/ and (0 1 —1)/. Table 3.19
contains the results. A comparison to the cointegrating spaces of the other data sets is not possible,
since the cointegrating rank is different. It is notable that the standard errors of the estimates are
very large. The hypothesis that the cointegrating space is a subspace of the the space spanned by
(1,0 —1) and (0,1, —1)" is rejected by both the VECM and the state space framework.

For the six-dimensional data set we estimate a three-dimensional cointegrating space for both
the VECM and the state space framework. Table 3.19 also contains the estimates for the six-
dimensional data set. The estimated cointegrating spaces are similar and similar to the cointe-
grating space estimated for the full data set using the state space framework, the only other
three-dimensional cointegrating space.
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Table 3.19: Estimates of the cointegrating space with standard errors in brackets, test statistic
of the test whether the cointegrating space is a subspace of the the space spanned by (1,0 — 1)
and (0,1,—1)" and p-value of the test for the three-dimensional data set from 1989 to 2018 and
estimates of the cointegrating space for the six-dimensional data set from 1989 to 2018

method VECM state space
s=3
c 1 1
i 11.489 17.134
(33.018) (78.287)
y —31.480 —44.922
(88.672) (202.529)
test statistic 20.10 16.29
p-value < 0.001 < 0.001
s=26
c 1 0 0 1 0 0
i 0 1 0 0 1 0
m—p 0 0 1 0 0 1
Y —1.269 —2.312 0.845 —1.247 —2.245 1.076
(0.683) (1.813) (4.997) (0.408) (0.732) (2.994)
R 0.005 —0.005 0.015 0.004 —0.022 0.023
(0.022) (0.059) (0.164) (0.012) (0.022) (0.091)
Ap 0.010 —0.049 -0.131 —0.007 —0.048 —0.160
(0.033) (0.087) (0.240) (0.007) (0.012) (0.050)

3.6.5 Testing Hypotheses on the Cointegrating Space

For both the VECM and the state space framework we test the same hypotheses on the cointe-
grating space as for the other two data sets. Table 3.20 shows the hypotheses and their p-values.
As for the full data set, all hypotheses are rejected at 1%-level.

Table 3.20: Hypotheses on the cointegrating space and their p-values for the six-dimensional data

set from 1989 t02018

Hypothesis

p-value VECM  p-value state space

(c—y), (i—y), (m—p—y)
(c—y), (i—y), m —p—Byy+ BrR

(ny)a (i*y)vmfpfﬂyijBRRvR*Ap

(c—y) —p1(R—Ap), (i —y) —p2(R—Ap), m —p— By + BrR
(c—y)—¢1(R—Ap), (i—y) —p2(R—Ap), m—p—y
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3.7 Summary and Conclusion

The use of VARMA processes, which can be analyzed using the state space framework, may be
beneficial in cointegration analysis compared to the more restrictive VAR framework. For this re-
ason the authors have provided tools for cointegration analysis using the state space framework in
a series of papers focusing on theory. To illustrate the results of these papers, this paper provides
a tutorial for the application of these results. This paper describes pseudo maximum likelihood
analysis for I(1) processes possessing a state space representation with an eye on application. By
repeating the analysis of US economic data from 1949 to 1988 of King et al. (1991) the authors
demonstrate that all economically relevant questions examined by King et al. (1991) can also be
analyzed using the state space framework. Additionally, this paper points out which matlab func-
tions can be used for cointegration analysis in the state space framework. The economic analysis
includes tests for the presence or absence of deterministic terms, tests for the determination of the
cointegrating rank and pseudo likelihood ratio tests for hypotheses on the cointegrating space.
This paper compares the results of King et al. (1991) to those obtained using the VECM of Jo-
hansen (1995) and the state space framework. While the results for the three-dimensional data set
are similar, the results for the six-dimensional data set differ. For example, employing the three
different methods for the determination of the cointegrating rank leads to three different results
for the six-dimensional data set. This indicates that the results of empirical applications with six
or more variables and sample sizes of about two hundred should be interpreted more carefully
than is commonly done.

Additionally, this paper tests the robustness of the VECM and the state space framework by
repeating the analysis both on a longer data set until 2018 and on the subset of the data set
from 1989 to 2018. For both the VECM and the state space framework the rank tests lead to
a lower cointegrating rank and the pseudo likelihood ratio tests reject hypotheses that were not
rejected for the data set until 1988 for both the full sample and the data set from 1989 to 2018.
Structural breaks are one possible explanation for these differences. This could be investigated
with monitoring methods. This is, however, beyond the scope of this paper.
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Appendix of the First Chapter

Al

A.l.
(i)

(i)

(iii)

Proofs of the Results of Section 1.3

1 Proof of Lemma 1.1

Let C; be a sequence in Oy 4 converging to Cy for j — co. By continuity of matrix multipli-
cation

Thus, Cy € O, 4, which shows that O 4 is closed. By construction [C'C]; ; = 22:1 c?z Since
[C'C)iy;=1forall C € Og 4 and i =1,...,d, the entries of C' are bounded.

By definition Cp(0) is a product of matrices whose elements are either constant or infinitely
often differentiable functions of the elements of 6.

The algorithm discussed above Lemma 1.1 maps every C' € O, 4 to [I4,0,_,, ,I’. Since
Ry (0)7r = Ry, ;(0) for all ¢,i,j and 6, C can be obtained by multiplying [I4,0, ;. )’
with the transposed Givens rotations.

As discussed, Cp 1() is obtained from a repeated application of the algorithm described in
Remark 1.10. In each step two entries are transformed to polar coordinates. According to
Amann and Escher (2008, Chapter 8, p. 204) the transformation to polar coordinates is
infinitely often differentiable with infinitely often differentiable inverse for # > 0 (and hence
7 > 0), i.e., on the interior of the interval [0, 7). Thus, C" is a concatenation of functions
which are infinitely often differentiable on the interior of 6% and is thus infinitely often
differentiable, if §; > 0 for all components of 6.

Clearly, the interior of @% is open and dense in @Dé. By the definition of continuity the pre-
image of the interior of @% is open in O, 4. By (iii), there exists a 0 for arbitrary Cy € Os 4
such that Cp(8p) = Co. Since the interior of OF is dense in ©F there exists a sequence 6;
in the interior of ©F such that 8; — 6. Then, Co(8;) — Cp because of the continuity of
Co. Since Cp(0;) is a sequence in the pre-image of the interior of ©F, it follows that the
pre-image of the interior of O is dense in O, 4.

For any C' € Og it holds that 1 = det(C’C) = det(C)? and det(C) € R, which implies
det(C) € {—1,1}. Since the determinant is a continuous function on quadratic matrices,
both sets O, and O, are disjoint and closed.

The proof proceeds analogously to the proof of (iii).

A function defined on two disjoint subsets is infinitely often differentiable if and only if the
two functions restricted to the subsets are infinitely often differentiable. The same arguments
as used in (iv) together with the results in (ii) imply that C;* : Of, — 6§ and CE() oF.
are infinitely often differentiable with infinitely often differentiable inverse on an open subset
of O;’:S. Clearly, the multiplication with I, is infinitely often differentiable with infinitely
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(i)

(i)

(iii)

(iv)
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often differentiable inverse, which implies that Cg(ﬂ o-_ is infinitely often differentiable

5,89

with infinitely often differentiable inverse on an open subset of O} ,, from which the result

follows.O

2 Proof of Lemma 1.2

Let C; be a sequence in Uy 4 converging to Cy for j — oo. By continuity of matrix multipli-
cation

J—r00 Jj—o0

j—o0

2

Thus, Cy € Us 4, which shows that Us 4 is closed. By construction [C'C];; = 2521 ;i
Since [C'C);; =1forall C € Usy and i = 1,...,d, the entries of C' are bounded.

By definition Cyy(¢p) is a product of matrices whose elements are either constant or infinitely
often differentiable functions of the elements of (.

The algorithm discussed above Lemma 1.2 maps every C' € U g to [Dg(¢p),0,_ 4. 4" with
Dy(pp) = diag(e?#r1, ... e"r.d). Since Qqj(¢) "t = Qq.ij(p) for all ¢,i,j and ¢, C can
be obtained by multiplying [D4(¢p),0,_ ;. 4" with the transposed Givens rotations.

The algorithms in Remark 1.12 and above Lemma 1.2 describe C’L_,1 in detail. The deter-
mination of an element of ¢, or ¢ uses the transformation of two complex numbers into
polar coordinates in step 2 of Remark 1.12, which according to Amann and Escher (2008,
Chapter 8, p. 204) is infinitely often differentiable with infinitely often differentiable inverse
except for non-negative reals, which are the complement of an open and dense subset of
the complex plane. Step 3 of Remark 1.12 uses the formulas ¢; = tan™! (3), which is in-
finitely often differentiable for a > 0, and s = ¢, — @p mod 27, which is infinitely often
differentiable for ¢, # ¢p, which occurs on an open and dense subset of [0, 27) x [0, 27). For
the determination of an element of ¢ a complex number of modulus one is transformed in
polar coordinates which is infinitely often differentiable on an open and dense subset of com-
plex numbers of modulus one, compare again Amann and Escher (2008, Chapter 8, p. 204).
Thus, C’El is a concatenation of functions which are infinitely often differentiable on open
and dense subsets of their domain of definition and is thus infinitely often differentiable on
an open and dense subset of Us 4.00

.3 Proof of Theorem 1.2

The multi-index I is unique for a transfer function & € M,,, since it only contains information
encoded in the canonical form. Therefore, Mt is well defined. Since, conversely, for every
transfer function k£ € M,, a multi-index I' can be found, Mt constitutes a partitioning of
M,,. Furthermore, using the canonical form, it is straightforward to see that the mapping
attaching the triple (A,B,C) € Ar in canonical form to a transfer function k € Mr is
homeomorphic (bijective, continuous, with continuous inverse): Bijectivity is a consequence
of the definition of the canonical form. T}, continuity of the transfer function as a function
of the matrix triples is obvious from the definition of T};. Continuity of the inverse can
be shown by constructing the canonical form starting with an overlapping echelon form,
which is continuous according to Hannan and Deistler (1988, Chapter 2), and subsequently
transforming the state basis to reach the canonical form. This involves the calculation of a
Jordan normal form with fixed structure. This is an analytic mapping, cf. Chatelin (1993,
Theorem 4.4.3). Finally, the restrictions on C' and B are imposed. For given multi-index T’
these transformations are continuous (as discussed above they involve QR decompositions to
obtain unitary block columns for the blocks of C', rotations to p.u.t form with fixed structure
for the blocks of B and transformations to echelon canonical form for the stable part).
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(ii) The construction of the triple (A(0),B(0),C(0)) for given O and T is straightforward: A, is
uniquely determined by I'. Since 8, contains the entries of B,, restricted to be positive and
O, ¢ contains the free parameters of B,, the mapping 0, x 0p f — B, is continuous. The
mapping O — (As, Be,Cs) is continuous, cf. Hannan and Deistler (1988, Theorem 2.5.3 (ii)).
The mapping 8¢ g X 8¢, — C, consists of iterated applications of Cp, and Cy (compare
Lemmas 1.1 and 1.2), which are differentiable and thus continuous and iterated applications
of the extensions of the mappings Co 4,4, and Co ¢ (compare Corollaries 1.1 and 1.2) to
general unit root structures and to complex matrices. The proof that these functions are
differentiable is analogous to the proofs of Lemma 1.1 and Lemma 1.2.

(iii) The definitions of @p s and Op , immediately imply that they depend continuously on B,.
The parameter vector 0, depends continuously on (A, B., Ce), cf. Hannan and Deistler
(1988, Theorem 2.5.3 (ii)). The existence of an open and dense subset of matrices C, such
that the mapping attaching parameters to the matrices is continuous follows from arguments
contained in the proofs of Lemma 1.1 and Lemma 1.2.00

A.2 Proofs of the Results of Section 1.4

A.2.1 Proof of Theorem 1.3

For the first inclusion the proof can be divided into two parts, discussing the stable and the un-
stable subsystem separately. The result with regard to the stable subsystem is due to Hannan and
Deistler (1988, Theorem 2.5.3 (iv)). For the unstable subsystem (Qg,p) < (Qs, p) implies the exis-
S1
Sa
Let k be an arbitrary transfer function in My = 7(Af) with corresponding state space realization
(fl, l’;’,é) € Ag. Then, we find matrices B; and C; such that for the state space realization given

byAzS[“é ?2}5',6:5[51]%(1(3:[6 1 ]S it holds that (A, B,C) € Ap. Then,
2

(A;,B;,Cj) = (A, Sdiag(In,, i ' 1,,)S'B,C) € Ar, where n; is the number of rows of S; for i = 1,2
g } ,C) € Ar, which is observationally equivalent to (./Zl,lg,(f)

tence of a matrix S as described in Definition 1.9. Partition S = such that S1p = p; > p.

converges for j — oo to [ A, S

Consequently, k = 7 (,A,S’ [ ? } ,C) € m(Ar).

To show the second inclusion, consider a sequence of systems (A;, B;,C;) € Ar,j € N converging
to (Ag, Bo, Co) € Ar. We need to show T' € Uf‘elC(F){f < T'}, where T is the multi-index corre-
sponding to (Ao, By, Cp).

For the stable system we can separate the subsystem (A; s, Bj s, Cj s) remaining stable in the li-
mit and the part with eigenvalues of A; tending to the unit circle. As discussed in Section 1.4.1,
(Aj s, Bjs,Cj ) converges to the stable subsystem (Ag e, Bo,e,Co,e) whose Kronecker indices can
only be smaller than or equal to as, cf. Hannan and Deistler (1988, Theorem 2.5.3).

The remaining subsystem consists of the unstable subsystem of (A;, B;,C;), which converges

to (Aous Bous Co.u), and the second part of the stable subsystem containing all stable eigenvalues
of A; converging to the unit circle. The limiting combined subsystem (Ay,c, Bo,c, Co,c) is such that
Ao, is block diagonal. If the limiting combined subsystem is minimal and By, has a structure
corresponding to p, this shows that the pair (QS, P) extends (Q2g,p) in accordance with the defi-
nition of K(T").
Since the limiting subsystem is not necessarily minimal and By, has not necessarily a structure
corresponding to p, eliminating coordinates of the state and adapting the corresponding structure
indices p may result in a pair (Qg,p) that is smaller than the pair (Qg,ﬁ) corresponding to an
element of K(I').00
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A.2.2 Proof of Theorem 1.4

The multi-index I' contains three components: (2g, p, ae. For given 2g the selection of the struc-
tures indices pyax introducing the fewest restrictions, such that in its boundary all possible p.u.t.
matrices occur, has been discussed in Section 1.4.2. Choosing this maximal element py.x then
implies that all systems of given state space unit root structure correspond to a multi-index that
is smaller than or equal to (g, Pmax, B ), Where S, is a Kronecker index corresponding to state
space dimension n,. For the Kronecker indices of order n, it is known that there exists one index
(ve,q such that M,, , is open and dense in M,,. The set Mqg p... 5, is therefore contained in
Mag puax,ae.,» Which implies (1.14) with T'y(Qs,n4) := (s, Pmax, Qe g)-

For the second claim choose an arbitrary state space realization (A, B,C) in canonical form
such that 7(A, B,C) € M(2g,n,) for arbitrary Qg. Define the sequence (4;, B;,C})jen by A; =
(1-j 1A Bj = (1 —j 1B, C;j = C. Then, A\pax|(4;) < 1 holds for all j, which implies
w(4;,B;,Cj) € Mr‘a.vg(n) for every n > n,(Qs) + ne and every j. The continuity of 7 implies

7'('(./47 B,C) = hmjﬁoow(A], Bj7 CJ) € Mp U

Q-,g(") .

A.2.3 Proof of Theorem 1.5

(i) Assume that there exists a sequence k; € Mr converging to a transfer function ky € Mr. For
such a sequence the size of the Jordan blocks for every unit root are identical from some ig
onwards since eigenvalues depend continuously on the matrices, cf. Chatelin (1993): Thus,
the stable part of the transfer functions k; must converge to the stable part of the transfer
function kg, since the sum of the algebraic multiplicity of all eigenvalues inside the open unit
disc cannot drop in the limit. Since V,, (the set of all stable transfer functions with Kronecker
index ) is open in V, according to Hannan and Deistler (1988, Theorem 2.5.3) this implies
that the stable part of k; has Kronecker index a4 from some iy, onwards.

For the unstable part of the transfer function note that in My for every unit root z; the
rank of (A — z;I,,)" is equal for every r. Thus, the maximum over Mr cannot be larger due
to lower semi-continuity of the rank. It follows that for k; — ko the ranks of (A — z;I,,)" for
all |z;| =1 and for all r € Ny are identical to the ranks corresponding to ko from some point
onwards showing that k; has the same state space unit root structure as kg from some ig
onwards. Finally, the p.u.t. structure of sub-blocks of By, clearly introduces an open set being
defined via strict inequalities. This shows that k; € Mr from some 7y onwards implying that
Mr is open in Mp.

(ii) The first inclusion was shown in Theorem 1.3. Comparing Definitions 1.10 and 1.11, we
see Ufe,qrg) Mz C U ie)ea@s,ne) M (s, 7). By the definition of the partial ordering

compare Definition 1.9)  J= M= C & = M (g, 71e) holds. Together these two
r<r, Mr (Qs,710)< (g, 1e) &
statements imply the second inclusion. -

U(fzs,ﬁ.)eA(Qs,n.) U(Qs,ﬁ.)ﬁ(fls,ﬁ.) M(Qgs,me) C Mr, is a consequence of the following
two statements:

(a) If M(Qs,74) C M(Qg,m4), then Uqy, 5.)<(@0.50) M(2s,70) € M(Qs,m4).

(b) If (Qs,7e) € A(Qs,74), then M(Qg,7e) C M(Qg, ng).
For (a) note that for an arbitrary transfer function k& € M(Qg, 1s) with (Qg, 71e) < (Qs, 726)

there is a multi-index I" such that & € M. By the definition of the partial ordering (compare
Definition 1.9) we find a multi-index I" > T such that Mz C M (g, 7). By Theorem 1.3

and the continuity of 7 we have My C 7(Ap) € M. Since M(Qg,7e) C M(Qs,7n4) by
assumption, k € My C M(Qs,7e) C M(Qg,n,) which finishes the proof of (a).

With respect to (b) note that by Definition 1.11, A(f2s, ne) contains transfer functions with
two types of state space unit root structures. First, A, corresponding to state space unit
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root structure (g may be of the form

1 r Au J12
SA.S = [0 JJ' (A1)

Second, A, corresponding to state space unit root structure Qg may be of the form (A.1),
where off-diagonal elements of A, are replaced by zero. To prove (b), we need to show that
for both cases the corresponding transfer function is contained in M (g, n,).

We start by showing that in the second case the transfer function kis contained in M (Qs,7e),

where g is the state space unit root structure corresponding to A, in (A.1). For this,
consider the sequence

1
Aj:“ 7 ] sz[Blyc*j:[cl Cy ]

Clearly, every system (A;, Bj, C;) corresponds to an I(2) process, while the limit for j — oo
corresponds to an I(1) process. This shows that it is possible in the limit to trade one I(2)
component with two I(1) components leading to more transfer functions in the T},; closure
of Mr,(qgs,n,) than only the ones included in W(E), where the off-diagonal entry in A; is
restricted to equal one and hence the corresponding sequence of systems in the canonical
form diverges to infinity. In a sense these systems correspond to “points at infinity”: For the
example given above we obtain the canonical form

11 By .
.Aj|:0 1:|, Bj|:B2/j:|,Cj[Cl ng}.
Thus, the corresponding parameter vector for the entries in B;» converges to zero and the
ones corresponding to C; o to infinity.

Generalizing this argument shows that every transfer function corresponding to a pair
(Q25,7) in A(f2s,7), where A, can be obtained by replacing off-diagonal entries of A,
with zero, can be reached from within M (2, 7le ).

To prove k € M (Qs,ne) in the first case, where the state space unit root structure is extended
as visible in equation (A.1), consider the sequence:

- 1 1 ~ B ~
AJ_|:O 1_]—1:|a B]_|:B;:|7 O_]:[Cl 02]5

corresponding to the following system in canonical form (except that the stable subsystem
is not necessarily in echelon canonical form)

Aj:[(l) 1—0j_1:|’ Bj:|:Bl—i._jB2:|, Cj:[Cl Ol—OQ/j}.

This sequence shows that there exists a sequence of transfer functions corresponding to (1)
processes with one common trend that converge to a transfer function corresponding to an
I(2) system. Again in the canonical form this cannot happen as there the (1,2) entry of A,
would be restricted to be equal to zero. At the same time note that the dimension of the
stable system is reduced due to one component of the state changing from the stable to the
unit root part.

Now, for a unit root structure Qg such that (Qg,ﬁ.) € A(Qgs,n,), satisfying

= o AL Ji2
SA.S = [O J2} ,

the Jordan blocks corresponding to g are sub-blocks of the ones corresponding to Q.
potentially involving a reordering of coordinates using the permutation matrix S. Taking
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the approximating sequence of transfer functions l~cj € Mr,(s,n,) — ko € My (.710) that

~ . 9
have the same structure (g, but replacing Jo by j];.ng leads to processes with state space
unit root structure g.

For the stable part of /;j we can separate the part containing poles tending to the unit circle
(contained in J) and the remaining transfer function k;,, which has Kronecker indices

& < . However, the results of Hannan and Deistler (1988, Theorem 2.5.3) then imply that
the limit remains in M,, and hence allows for an approximating sequence in M,, .

Both results combined constitute the whole set of attainable state space unit root structures
in Definition 1.11 and prove (b).

As follows from Corollary 1.4, M(Qs,1e) = Mr, (gn,)- Thus, (b) implies the inclusion
Urs i) e A(@s.m0) M(Qg,74) C My, and (a) adds the second union showing the subset
inclusion.

It remains to show equality for the last set inclusion. Thus, we need to show that for k; €
My, (@s.na)- kj — ko, it holds that ko € M(Qs, 7ia), where (Qg,7ia) < (Qs, 71a) € A(Qs,70).
To this end note that the rank of a matrix is a lower semi-continuous function such that for
a sequence of matrices E; with limit Fy, we have

rank( lim F;) =rank(Ep) < lim inf rank(Ej;).
j—o0o

J—00

Then, consider a sequence k;j(z) € Mt (q, n,),J € N. We can find a converging sequence of
systems (A;, B;, C;) realizing k;(z). Therefore, choosing E; = (A; — z,1,)" we obtain that

t
rank((Ag — zkIn)t) < n-— Z df’hrrﬂ,
r=1

since k;(2) € Mrp,(q, n,) implies that the number d¥, ., of the generalized eigenvalues
at the unit roots is governed by the entries of the state space unit root structure 5. This
implies that Zi:l d§7hk_r+1 < 23:1 dlg,hk—r—i-l for t = 1,2,...,n. Consequently, the limit has
at least as many chains of generalized eigenvalues of each maximal length as dictated by the
state space unit root structure Qg for each unit root of the limiting system.

Rearranging the rows and columns of the Jordan normal form using a permutation matrix
S, it is then obvious that either the limiting matrix Ay has additional eigenvalues, where

thus

A; i

SAyS" = RS-
0 0 J
must hold. Or upper diagonal entries in A; must be changed from ones to zeros in order to
convert some of the chains to lower order. One example in this respect has been given above:

or A; = the rank o i —I2)" 1s equal to 1 for r =1 an or r = 2. For the
For A, = | 0 17 | the rank of (4, — L)" is equal to 1 for r = 1 and 0 for r = 2. For th

limit we obtain Ag = I and hence the rank is zero for » = 1,2. The corresponding indices
are d}71 =1, d}72 =1 for the approximating sequence and d(ll,l =0, d(lJ,2 = 2 for the limit re-
spectively. Summing these indices starting from the last one, one obtains dj, =1 < dj , = 2
and d},l + d}g =2<dj, +d,=2.

Hence, the state space unit root structure corresponding to (Ao, Bo, Cy) must be attainable
according to Definition 1.11. The number of stable state components must decrease accor-
dingly.

Finally, the limiting system (Ag, Bg, Cp) is potentially not minimal. In this case the pair
(QS, fle) is reduced to a smaller one, concluding the proof.C]
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Appendix of the Second Chapter

B.1 Preliminaries

Remark B.1 Lukas Matuschek extends the results of the second chapter to the I(2) case in his
dissertation. Since a proof of the results in the 1(2) case focusing only on the differences to the
proof in the MFI(1) case would be impossible to understand for everyone who has not read this
proof first, Lukas Matuschek has copied the proof inserting the necessary adaptations. For this
reason the passages in the two theses are very similar.

In particular for the convergence of the appropriately scaled Hessian matrix in a neighborhood
of the true system, we will use a concept of stochastic equicontinuity, as used also in Saikkonen
(1995, Section 5). Instead of Saikkonen’s Condition 3.1., compare Saikkonen (1993, p. 160), we
will use the following uniform equicontinuity condition, that is later shown to hold for the required
quantities:

Condition B.1 (USE - Uniform Stochastic Equicontinuity) A sequence X, (0), 0 € © is
said to fulfill Condition USE, if for every sequence 0,, — 0 and every e > 0,6 > 0 and n > 0 there
exists an integer n(e,n,d) such that P{sup,c (g, s [ Xn(t) = Xn(0n)| > €} <nd for n > n(e,n,d).

This condition ensures that the convergence is uniformly in the parameter space. In the special
case of a compact parameter space we obtain the following consequence:

Lemma B.1 Assume that X;(0), 0 € © fulfills Condition USE, where © is compact. Further,
assume that for each fized 6 € © the sequence X;(0) — 0 in probability for j — oo. Then,
Supgce X;(0) = 0 in probability for j — oco.

PROQF: Fix e > 0,6 > 0. Let 61, ..., 0 denote k points, such that U¥_, B(6;, §) covers ©. Due to the
assumed compactness of © a finite cover exists. Since X;(6) fulfills Condition USFE, there exists for
each i an integer ji(e, 7, d) such that the probability that the error supy ¢ g(g,,5) | X;(0) — X;(6;)[| >
€/2 is smaller than nd for j > ji(e,n,d). If n = €/(2kd) is chosen,

P{sup [ X;(0)| > e} < P{ sup [ X;(0)] > ¢}
G 0€UB(0;,6)

k
D P{ sup [ X;(0) — X;(0:) + X;(60)] > €}
7 0eB(6,.5)

IN

IN

k
D P{ sup [1X5(0) = X;(0.)] > ¢/2} +P{|1X;(0,)] > ¢/2}
7 0eB(6,.,5)

k
< ks + S P00 > ¢/2)

i=1

and this can be made arbitrarily small by choosing j large, since knd = €/2 and X, (6;) — 0 in
probability. [J
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For the convergence results it is convenient to use complex processes. For the deterministic terms,
for example, note that d;(0p) = Ds; where

se=[1 cos(wat) sin(wat) ... sin(w_1t) (=1)" cos(wit1t) ... sin(wyt) t ).
For the following analysis we use the transformation s;c = U~'s; where U = diag(1,I;_2 ®

u, 1, In—y @ u,1) with u = [ Zl 1_2 } to obtain

see=[1 (22)" ()" ... (B-0)" (1" (24)" ... (@) t].

with components s;(zx) = Zgsi—1(2x). Note that in the following lemmas we refer to the complex
quantities and accordingly the roots are allowed to vary in the interval [0, 27). By z;(2)) we denote
the state components corresponding to one potentially complex unit root z;. This is not to be
confused with z; ;, which collects all components corresponding to pairs of complex conjugate unit
roots.

Lemma B.2 Let wy,...,w,, denote la, distinct frequencies in [0,2m) and let {e;}iez be a mar-
tingale difference sequence fulfilling the assumptions stated in Assumption 2.1 with non-singular
innovation variance ¥o. Further, let xy1(2k) = Zpxi(2k) + Broct, 21(2k) = 1,2 = €% and
St11(zk) = Zrse(zk),s1(zx) = 1 for k = 1,... lox. Here, x1 is a complex valued constant vector.
Let 0, = 1 for zx, = £1 and 6, = % else. Further, let Wy (u),k = 1,--+ |lax denote the weak

limit of T—1/? ZE 1] zter, where [Tu] denotes the integer part of Tu. Wi(u) and W;(u) are in-
dependent for j # k. Wi(u) = W] (u) + iW{(u), where W[ (u) denotes the real part and Wi (u)
the imaginary part of the random variable, which are independent real valued random walks with
variance Y.

Then, the following statements hold:

(1) (et,€e45) = 60,;20 in probability.

(i) (we(zk),e0) > 62Bro [y Wi(w)dWi(u) =: X (z1),
<St(2’k), 5t> — 0.

(iii) T~ ae(2r), e (21)) — 5,%Bk,o fol Wi (W)Wi(u) duBy, o =: Z(2),
(st(zr), s(2k)) = 1.

(iv) For zy # zj it holds that T~ (x:(2x), x(2;)) — 0 in probability and
(s¢(2zk), s¢e(z5)) — 0.

(v) T=2(x,(21), s6(2)) % 6k foy BroWi(u)du =: Y (2,)
and T_1/2<xt(zk), si(%)) — 0 in probability for z; # z.

(vi) T=32(t,2,(1)) % [ uWi(w) duB), =: V(1)

and T—3/2(t, x4 (21)) — O in probability for zj, # 1.
(vii) T=V2(t, &) 5 [} udWi(u) =: U(1).

PROOF: The proof of the items (i) to (v) is in many parts a direct consequence of results obtained
in Johansen and Schaumburg (1999), Lemma 5, Theorem 6 and Corollary 7. One difference is
the inclusion of starting values, which however does not influence the asymptotic behavior. This
follows, since the initial effects — being solutions to the homogenous equation — are of the form
DSt(Zk).

Also the results concerning s,(z;) are standard, except for the cross terms with x(z). For z; # 2
the proof is analogous to the proof of equation (22) in Johansen and Schaumburg (1999) and for
the case z; = zj the continuous mapping theorem leads to the stated results. Items (vi) and (vii)
are direct consequences of Lemma 1 (d) and (a) of Sims et al. (1990) respectively. O
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In the expressions for the pseudo likelihood function, terms that can be represented as filtered
versions of the observations y; show up, where the filters depend upon the parameter values.
Thus, it is necessary to understand the convergence properties of estimated sample covariances
of expressions of the form g¢(L, 0)x:(z;) = Z;;é Gj(0)xi—;(2x), where g(z,0) = Z;io G;(0)27
denotes a family of stable transfer functions parametrized by the parameter vector . The notation
here somewhat hides the fact that the summation is only performed for ¢ > 0 or equivalently
x¢(zx) = 0,t < 0 is assumed. We will use this notation throughout the appendix. A family of
transfer functions ¢(z,0),0 € O is called uniformly stable, if there exist constants C < 00,0 <
p < 1, such that supyeg ||G;(0)]] < Cp’, i.e., the decay in the transfer function coefficients is
exponential and uniform in the parameter set. For quantities of this form in the following lemma
the asymptotic behavior is clarified and for each of the considered expressions Condition USE
is established. The lemma parallels Theorem 4.2 in Saikkonen (1993, page 167), in which he
establishes his Condition 3.1.

Lemma B.3 Let g(z;0) = > 2 Gi(0)z° = m(Ay, By, Cy), k(z;0) = > o0 K;(0)z* = (A, By, Cr),
0 € © be two uniformly stable families of rational transfer functions, of finite orders less or equal
to n, where it is always assumed that the transfer functions are of the correct dimensions needed
in the expressions below. Furthermore (A4(0), By(6),Cy(0)) and (Ax(8), Bx(6),Cx(0)) are conti-
nuously differentiable functions of 0. Let {4 }1cz be a martingale difference sequence fulfilling the
assumptions stated in Assumption 2.1 with non-singular innovation variance %,. Furthermore, let
Wi, ..., wy,, denote la, distinct frequencies in [0,27) (where wy = 0) and let z, = e™*. Further-
more, x(zx), st(zk), U(1), V(1), X(zx), Y(zx) and Z(zi) are as defined in Lemma B.2.

The following asymptotic results hold for each fived 6 € ©.

(i) (g(L;0)er, k(L;0)er) — > oo o Gr(0)2.K,(0) in probability.
(9(L; 0)s¢(zx), k(L; 0)es) — 0.

(i) (g(L;0)a,(z1), k(L; 0)e;)
9(20: 0) X (1)K (213 0)' = g (23 0) 21 B0 Dok (0 0)' + lim EG(L; 0) By 11 (K(L; 0)z)',

where g(2;0) = g(2x;0) + (1 — 2x2)§(2;0), k(23 0) = k(21;0) + (1 — Z2)k(2;0).
(iii) T~ (g(L; 0)z4(21), k(L; 0)x4(2)) - 81923 0) Z (21 k(213 0)
(iv) (9(L;0)si(2k), k(L; 0)s:(2;)) — Ok,j9(2k; 0) k(215 0)".
(v) T=Y2(g(L; 0)ae(zk), k(L; 0)s5¢(25)) = 0k,39 (215 0)Y (21) k(243 6) -

(vi) T~ (g(L; 0)t, k(L; 0)s1(2k)) — 0k159(1; 0)k(1;0)'.
T=2(g(L; 0)t, k(z;0)t) — +9(1;0)k(1;6)".

(vii) T=3/2(g(L; ), k(L; 0)xe(zi)) > r.19(L; )V (1)k(1;0)'.
(viii) T=2(g(L; 0)t, k(L; 0)er) > g(1;0)U (1)k(1;6).
All sequences in items (i) to (viii) fulfill condition USE.

PROOF: The proof of the lemma rests upon the results established in Lemma B.2. Item (i) is
standard and its proof is therefore omitted. Analogously to the well known decomposition for the
case zj, = 1, decompose g(2;0) = g(2x;0) + (1 — Z,2)g(z; 0) for each 6 and |z;| = 1. The assumed
uniform stability of g(z, ) implies that also g(z;0) = Z;‘;O G;(0)z? is a uniformly stable family
of transfer functions. Using the decomposition we obtain:

9(L;O)zi(zk) = SiZg GiO)ei(zk)
= (le 0)we(zr) + g(L; 0) (24 (2k) — Zpae—1(2k))
= g(zr,0)xe(2) + §(L;0) By oct—1 + Gr—1(0)x1(21)
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for t € N. Now, due to the fact that also ét_l(e) converges uniformly in 8 € © at an exponential
rate to zero, the last term in the above expression can be neglected. Then, item (ii) follows from

(xe(2r), k(L; 0)er) = (mi(21), k(2k; 0)er) + (x4 (2), /Nf(L; 0)(1 —zL)ey).

The first term converges to X (zx)k(zx; 0)" according to Lemma B.2. The second term is equal to

T
T [wn(ar) (R(E; 0)20) = zhe(ar) (R(L; 0)2 1) | =

t=1

k <T_1 Z_: Erwr(zk) — waga(20)] (R(L; 9)&)') +op(1),

t=1

where the op(1) term is due to T_lgT(zk)(I;;(L;G)eT)’. This term converges for T — oo to
— 2 Bi,oEey(k(L; 0)er) — —2k By 0Xok(0;6)". Combining this with pre-multiplication of x¢(zy)
with g(zx;0) then delivers the result. Item (iii) can be shown using similar arguments. The proof
of (iv) and (v) follows from

t—1 t—1
9(L;0)si(z) = g(L:0)7, = > G002, =2 > G;(0)Z,7 = g(z;0)se(2r) + o(1),
j=0 j=0

where the o(1) term is of order O(p?).

The convergence results in (vi) are standard results for deterministic limits, compare Sims et al.
(1990, Lemma 1(c)).

For the proof of (vii), note that

g0 =3 GO — ) = [ 360 | 1 - 356, 0)
j=0 j=0 =0

=g(1;0)t — g (1;0) — ZG]'((’) t+ ZjGj(g)

where g*(z) = E;‘;lej(Q)zj_l. Thus, g(L;0)t essentially equals g(1;0)t — g*(1,6), where the
difference is of order O(tp'). The result then follows from Lemma B.2 (vii). We compute
lim T2 (L3 0)t, k(L 0)zy(4) = i T2g(136) (1, 0(20)) (k{5 0))' + 0,(T~)
xde el

T—o0

& 5119(1;0)V (1)k(1;0),

where we have used Lemma B.2 (vi) for the limit.
The proof of (viii) is similar. We compute

lim T7Y2(g(L; 0)t, k(L; 0)e,) = lim TY29(1;0)(t, e0)k(1;0) + 0,(T ™)
— 00

T—o0

% 91,0 U(1)k(1:0),

where we have used Lemma B.2 (vii) for the limit.

The fulfillment of Condition USE for the sequences considered in (i) to (viii) is left to be shown.
For (i) the claim follows from standard arguments for stationary processes. The difference for two
parameter vectors (remembering that Condition USE is concerned with the behavior for 6,, — 6)
can be decomposed in two parts: One part depends only upon the parameter vectors but not
on &4, for which convergence to zero follows immediately due to continuity of the parametrizati-
on. The other part can be bounded by the estimation error from estimating sample covariances
of stationary processes. This expression can be bounded uniformly in the lag, see Hannan and
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Deistler (1988, Theorem 5.3.2). The same decomposition as just mentioned can also be applied
to the terms appearing in the other items. Consider, e. g., g(zx; 0)(x(2k), e¢)k(2k; 0), which is the
product of three terms. Of these three terms, two are deterministic and depend continuously on
the parameter vector, the third term is stochastic and independent of the parameter vector. This
finishes the proof of the Lemma. [

B.2 Proofs of the Theorems

We start with the proof of Lemma 2.1.
PROOF: For z; ¢ {1,—1} and for a vector v € C®, v # 0 satisfying v'Cy, = 0 we have for the
corresponding polynomial 5(z) = fo + f12 = Y(1 — zx2z) + (1 — Zk2)

(ﬁé 51) Cr Ag :((’y-i-?)’ (—’sz—ﬁfk)/) C,:coswk—l—rC’,isinwk —C’,Zsinwk—l—C,icoswk .
Ci Cr Ch

The first entry of this matrix is

(v +7)'(Cy, cos(wi) + Cf. sin(wi)) — (vzk +721)'Ch,
= (v +79)(Cj cos(wy) 4 Cf sin(wy)) — ((cos(w) + i sin(wy)) 4+ F(cos(wi) — isin(wy))) C
= ((v+9)Ci +i(7 —7)'C}) sin(wi) = 2Z('Cy) sin(wy) = 0

and the second entry is

(v +7) (=Cf sin(wg) + Cj. cos(wr)) — (vzx +72) C,
= (v +7) (—=C% sin(wg) + C% cos(wy)) — (y(cos(wy) + 4 sin(wy)) + F(cos(wy) — isin(wy))) Cs
= — (v +7)'Ch +i(y = 7)'C}) sin(wi) = —2R(+'Cy) sin(wy) = 0.

Since the polynomial evaluated at zj, is v(1 — z7) # 0, the polynomial is a PCIV of order (2, Q).
For a polynomial vector of degree one (L) = By + B1L of order (Q,Q) with Q C Q\ {wi} we
find a vector v € C* such that 8(L) = v'(1 — z,L) + 7' (1 — ZxL) by choosing R(y) = Bo/2 and

Z(7) = (BoR(zk) — 1)/ (2Z(zk))- N
Since B(L) is a PCIV of order (2,) with Q C Q\ {2}

0= (8 B1) (ngk) = (2Z(7'Cy) sin(wy,) —2R(y'Cy) sin(wg)) .

Since wy, € (0, 7) by assumption we have sin(wy) # 0 and thus R(8'Cy) = Z(8'Cy) = 0. O

Lemma B.4 Let the MFI(1) process {y:}+cz be generated as in Theorem 2.1. Define the pseudo
likelihood function and the prediction error criterion function

Lr(0,0p,%;Yr) = Lr(k(2;0),%,0p;Yr), Lppr(0,0p,%,0;Yr) = Lppr(k(2;0),%,0p;Yr),

where k(z;0) = w(A(0),B(0),C(0)). Assume that the pseudo likelihood function Lp is mazimized
for given multi-index I' over the parameters 8 € Or,0p € Op, X € Ox,, where all sets are compact
such that infscoy, Amin(X) > 0,5UPgee Ajmaz| (A(0)) < 1.
Then,
sup |£T(97 QD, > YT) — ﬁpE7T(9, 9[), > YT)‘ = O(Té_l)
0€Or,0pEOp,XEOx

for every e > 0. The same holds for the difference in the first and second derivatives.

PROOF: Let P;(0,0) denote the variance-covariance matrix of x; according to the model given
as Pi(0,0) = diag(0, Ps(0,0)). Moreover, define 0% :=[ C' A'C" ... (AT1)C’' ]. Then, the
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covariance matrix of Y7 — Dr(6p) corresponding to the parameter vector 6 equals (omitting the
arguments for notational simplicity)

Iy =Tr(Ir ® )Tp + OrPi(6,0)07 = T = (Tr(Ir @ £)T7) ™Y, =00 X0 Ofp

where Op = (Tr(Ir @ £)T4) 1 Or and X1 = (P1(0,0)05O + 1) "' P1(0, o). It thus follows that
I X7l < Ajmax|(Pe(8,0))uu for appropriate constant u. Furthermore, the compactness assumption
implies that

T—1 oo
OpOp =Y (A)C'STICA =Y (A)CSTICA <
§=0 §=0

uniformly in the compact parameter space due to the uniform strict minimum-phase assumption.
Therefore,

7' = (73) " (Irs — Op XrO)(Tr) 7Y,
where Tp = Tr(Ir ® 21/2) and QT = (Ir® 2_1/2)7'7?1(9T. Note that the T's x T's matrix

Ips — QNTXTQ/T has T's — n eigenvalues equal to 1 and a maximum of n eigenvalues equal to the
inverses of the eigenvalues of P;(6,0)O0%Qy + I,,. These are bounded from below by 1 and have
a uniform upper bound due to the assumptions on P;(6,0) implied by the compactness of the
parameter space.
Thus,

logdetT'7(6, P (A,0))"! = —T'logdet ¥ + O(1)

uniformly in the parameter space. It is easy to see that the same holds for the derivatives with
respect to the parameter coordinates. Furthermore,

T

Or(Yr = Dr(fp)) = Y (A1) C'S'e,(6,0p).

t=1

Here,

(At‘l)’C’Z‘lst(H, aD) _

B

o~
I
-

[M]=

(AYye's! <z_:K (Yp—i — dti(eD))> =

~
Il
—
I\
= o

M=

t—
(A e'st < K, (Cxp—i+ep—i +di—io — dt—i(eD))> =
1=0

t=1 =

T T—t

Z ( (.,4H_Z 1) E 7.) (Cl’t + &+ dt,o - dt(eD)) =

t=1 =0

T [T—t . t—1

> (Z(At“_l)'c/g_lf(i) Y Kjoer i+ CoAL  ay +dyo —dy(0) | =
t=1 \:=0 j=0

T T—t t—1

Z ( At+7 1 Cl 1Ki> ZKj,Ogt—j +

=1 i=0 j=0

T—t
(Z(A”i_l)’C’Z‘lKi) (CoAL  aq +dyo — di(0p)) ) (B.1)

i=0
Now, the compactness assumptions imply

t—1

T—t
Iy < pap’™, ||Ki||sMKpi:»H<Z (A yers 1K> < papscpp
=0
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Therefore, these coefficients show an exponential decrease uniformly in the parameter space. This
implies that the terms due to z; and d; o — d¢(6p) both have bounded norm uniformly in 7. For
the first term in (B.1) note that this is of the form

T
a(T) =Y Qu(f)e,
t=1

where supg s, |Q¢]| < pgp’. Considering a(T') = (supy 5 |a(T)| — E| supy s a(T)|) the arguments in
Hannan and Deistler (1988, p. 106+107) show that this term is of order o(7T€) for arbitrary small
€>0.

Again taking derivatives with respect to the parameter vector does not change the exponential
decrease uniformly in the parameter set considered. Thus, the difference can be bounded also for
the first and second derivatives. O

B.2.1 Proof of Theorem 2.1

We start by showing that consistency results for the I(1) case carry over to the MFI(1) case if all
unit roots are rational multiples of 2. This is shown in the following lemma.

Lemma B.5 The results of Theorem 2.1 for the special case of I(1) processes imply the analogous
results for MFI(1) processes where all unit root frequencies are rational multiples of 2w. The
convergence rates of the various terms are the same in both cases.

PROOF: We have to differentiate PMLE and prediction error estimators. We will deal with the
PML case first.
—2/T times the logarithm of the Gaussian likelihood function can be written as

ﬁT((g,HD, > YT) = (10g det FT(Q, Z) + (YT — DT(QD))/FT(Q, Z)_l(YT — DT(QD)))/T7

where again Yr =[ v ... vh |’ € RT* contains all observations,

Dr(0p)=[ di(6p) ... dr(6p) |

and I'r (0, X) denotes the corresponding variance matrix.

In the MFI(1) case with all roots z; being rational multiples of 27, there exists an integer S such
that zf = 1. Consequently, A% = diag([,,.,A3). Stacking S consecutive observations of y; into a
vector Vs =[ ¥j ¥i41 --- Yips— ) € R% and analogously defining E; g using the residuals
¢, and Dy g using the deterministic variables d;(fp) we obtain

C I o ... 0
CA cB I, .
Y;s —Dis = : x4+ . s E; s, (B.2)
. : ... M . 0 .
CA! CAS-2B ... CB 1.
Tits = A+ [ ASTIB A28 ... B |Es.

This corresponds to an I(1) process {ij+ms’s}mez with highly structured system matrices driven
by the noise { Ejtms,s}mez for each j =0, ..., S—1. Therefore, the likelihood function for T' = SM
can be seen as the likelihood function either for {y; }+ez or for {Y,s.s}mez.

Now, assume that consistency for the I(1) case has been shown such that

éSM — 907
Lsn(Osary 0p.sv, Ssar; Yr) = Loo(0o,0p .0, 5o)

<E3m(éSM7 éD,SM)7ESm(éSM>éD,SA1)> — E(E; sE; s)

101



102

for M — oo. Further, let éT,éDJ«, Y7 denote the minimizing argument of Lr(0,0p,%;Yr) for
T € N. Then, for T = SM + j,1 < j < S, orthogonalizing the last j observations of y; with
respect to Ysn, we obtain
Lr(0,0p,%;Yr) =
(log det FSM(Q, E) -+ log det FT,QQ(Q, 2) -+ (YSM - DSM)IFSM(Q, E)il(YSM - DSM)+
Er(0,0p) Tr92(0, %) L Er(0,0p))/T =

M | r .
ST%M(H,HD,E;YTH og det. ;,22(9, )

+ Er(0,0p)' Tr20(0, %) " Er(6,0p) /T,
where

Er(9,0p) = Ysni1,7—sm — Dsavryi,r—sm — Br—savr,sve(Ysavr — Dsy1,7—sum)

and I'7 22(0, X) denotes the corresponding variance matrix according to 6,60p, X.
For 05y it follows that T'(g41ya7,22(0sns, Ysnm) — E (Et,sEé,S) < oo and therefore, (since I'r 22(0snr, Xsar)
is a submatrix of I’(SH)M’QQ(QASM, 2SM))

(log det T 22(0sar, Ssar)) /T = op(1).

Furthermore, <ESm(éSM7 éD,SM); Esm(ésM; éD7S]v[)> — ]E(Et,SE£7s) implies that

Er(Osar,0p.s00)Er(0sar, 0p.sar)' /T = op(1).

Thus, ET(éSM, éD,SM7 iSM;YT) = %ESM(GASM70AD,SM; YT) + Op(l) — EOO(HO, 9D70, EO). This
implies o R R . R

Lr(Or,0p1,%7;Yr) < L7(050M,0D,50M, X505 Y1) = Loo(00,0D 0, o )-
Using the developments of the proof for the I(1) case and Hannan and Deistler (1988) showing
that log det T'p (0, %) /T > logdet 7 + op(1), this implies log det £ < log det g + 0p(1). Then,
following the same arguments as Hannan and Deistler (1988) on the bottom of p. 121 and (4.2.25),
see also below, it is straightforward to show that the smallest eigenvalue of Y7 is bounded away
from zero. This follows, since leaving out the last only partially observed time instant reduced the
term Qr () while resulting in the same lower bound.
Consequently, FT’QQ(QATWET) > IT,SM)\min(ﬁT), where )\min(fJT) is bounded from below by a
constant ¢ > 0 from above. Therefore, we obtain log det I'z 22 (éT, f]T) > (T — SM)loge. Conse-
quently,

SM A A . A a - T—SM)loge
TLSM(QTaeDIa X0 Yr) < Lr(r,0p7,Xr;Yr) — (#
< LrOsn,0p.sm, S50 Yr) +op(1)
< SM

T£SM(95M, O0p.sa, Esar; Yr) +0p(1) = Loo(8o,0p .0, o).

Thus, it follows that ESM(QAT,HAD,T, iT; Yr) = Loo(05,0p0,%5s) and hence we found a sequence
such that the likelihood value converges to the minimum of the limiting criterion function. Thus,
from identifiability of the parameters it follows that Or — 0., éD7T — 0p,o and thus consistency
carries over from the I(1) case to the MFI(1) case with unit roots frequencies which are rational
multiples of 27.

For the prediction error criterion function £pg 1 the arguments are almost unchanged (but simpler,
as in this case the log det term equals log det ¥ directly) and hence omitted.

With respect to the convergence rates note that the matrix C' and D, g are contained in the system
representation for Y; ¢ in (B.2). Therefore, the convergence rates for the I(1) case in (B.2) imply
the ones for the MFI(1) case. O
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It is thus sufficient to prove Theorem 2.1 for the I(1) case. In this case the DGP is given by:

Y = C1241 + Coxto + ¢ + dy,
Tey11 =X + Biey, x11 =0,
o0
Tttl,0 = ont,o + Boxt,o, T1,e = g A{Bo{‘:fja

Jj=0

where C; € R**¢ ¢ < s is such that C]C; = I.. (A, Be,Cs) denotes the stable subsystem of state
order ny = n — c. Let Po = C1Cy, P, = I; — Po denote the projection onto the column space of
Cy and its orthocomplement respectively. Then, with d; = Ds;, s¢ = [1,¢]’

Y — at = (PcA+ P )(yr —dy) = C1Ax4 1 + PoCeAxy e + PoAey + P Coxt o + Prey
=C1Bigt—1 + PcCoxtje — PcCop—1,0 — Poct—1 + P1Cotr o + €4
= C1(Bigi—1 — C1Cey—1,6 — Cler—1) + CoZye + &4

is the sum of a stationary process with a deterministic part

di = (I — PcL)Ds; = Ds; — PcDs;_1 = Ds; — PcDS™'s; = (D — PcDS™) s
N———
D

and hence can be written as:
Gt = k(L)ey + (PcA + P.)Ds; = k(L)e; + Ds; — PoDs;_y = k(L)e; + Dsy,

where the solutions processes to the stationary transfer function I;(z) have the representation:

~ ~ 0 _C/C. B _C,
s EA HE S AR

This follows, since s; = Ss;_; for S := [ (1) 1
terms.

The transfer function k(z) is stable, since A, is. The zeros are the eigenvalues of

] by construction of the vector s; of deterministic

0 —CiC.] [ Bi—Cf = I.— BiC;  —BiC,
0 A, B, L el = —B,C; Ay — B.C, |-

Note that this equals A — BC, where (A, B,C) denotes the original system in canonical form.
Hence, invertibility of k(z) implies invertibility of k(z).

Therefore, the Gaussian likelihood function for Y7 := [y}, ..., y4]’ can be calculated using Y7 :=
[y}, 3h, ..., §r]" which — being a linear invertible transformation of Y7 is also Gaussian distributed.
Note that y; = Cex1,e +€1+ Dsy for x1 1 = 0. Then, —2/T times the Gaussian likelihood function
for Y7 equals:

Lz (k, D, %) = % (log [T1(k, )| + (Yr — (Ir ® D)D7)Tr(k, X)L (Yr — (Ir ® D)Dr)’)
— % (log |FT(];37 2)| + (YfT — (IT X D)DT)/FT(];;, E)fl()}T o (IT ® D)DT)/) 7

where the dependence of the covariance matrix I'z on the transfer function k or k respectively
and the noise variance Y is emphasized, while the influence of the variance of the initial state
diag(0, P, (6, 0)) is neglected. Except for the inclusion of y; this is identical to the criterion function
used in Hannan and Deistler (1988, Section 4.2).

The domain of the transfer function k here is defined analogously to the sets © in Hannan and
Deistler (1988, p. 110ff.): Let © C M,,, x P x D x X equal the product of the set of marginally stable

103



104

(having no poles within the closed unit disc) and minimum-phase (no zeros within the closed unit
disc) transfer functions of order smaller or equal to n with the sets P (space of projector matrices
in R**¢ with rank equal to ¢), the set D (the vectorization of all s X d real matrices) and the set
X (the set of all s x s symmetric positive definite matrices). This set is endowed with the product
topology of the pointwise topology for M, , with the gap metric for projector matrices and with
the Euclidean topology for the two sets of matrices. Then, © denotes the corresponding closure,
© C © contains only stable transfer functions and ©* C © in addition strictly minimum-phase
transfer functions without zeros on the unit circle.

Note that for k(z) as in the theorem it follows that k(z) € M,, (see above). Furthermore, given
Pc there is a 1-1 mapping between the k and k:

k(z) = (PoA + PL)k(2) = k(2) = (PcA + PL) " Yk(z).

As seen above under the assumption of stable invertibility of the true transfer function k(z), it
follows that k(z) is stably invertible. It further follows that the parameters for the transfer function
k can be partitioned into a set that parameterizes the column space of C relating to Pc = C1Cy
and the remaining ones relating to k. This conforms with the parameterization suggested in Bauer
et al. (2020).

The proof of Theorem 2.1 is based on slightly adapting (and punctually slightly extending) the
arguments of Hannan and Deistler (1988, Section 4.2., p. 110 ff) (called HD henceforth). Therefore,
we also use the notation of HD referring to the quadruple (k, Po, D, X) as 6 in this section. Let us
stress here again that 6 thus here is no real valued parameter. As in HD, Section 4.2. our proof
is coordinate independent using only the transfer functions and not the particular form of their
realizations.

The pseudo maximum likelihood estimate  is obtained by minimizing Ly (8) = Ly (k, Po, D, %) =
Ly(k,D,X) over O.

Now follow the proof of Theorem 4.2.1. of HD. As on p. 112 we define u(t, ) = ¢; —Ds;,t=2,..,T,
where u(1,0) = y; — Ds; and ur(0) = {u(t,0)}i=1,.. r. Note that here u(1,6) deviates from the
‘regular’ definition §; — Ds; = u(1,0) — Poyo. Using this, we define

Lp(0) = T~ og [T (0)] + T~ ur (0) T (6) " "ur (6),

where the dependence on 6 = (k, Po, D, X) is stressed. Here, FT(H) FT(k ¥). Note that Lp(6)
depends on k only via k and thus can be seen as a function of § = (k: Po, X D) Consequently,
maximizing Lt over 6 € © is equivalent to maximizing the corresponding function

ET(é) = LT(Q) =71 log |fT(é)| + T_luT(é)’fT(é)_luT(é),
where 6 = (k, Pc, D,%) maps onto 0 = (k,Pc,D,%) = A(0) over the corresponding set © =
A(O®) C ©. 3 ) }
Then, using the arguments of HD on p. 112, it follows that Ly is finite on © (as k is stable there).

This follows since all entries are bounded and the matrix I'7(f) is non-singular. Otherwise there
would be a relation defined via vectors o, =0, ...,7 — 1 such that

T-1 T-1
Z o (yr—j — Dsp_j) = Za (er—j + Cxp_j).
7=0 7=0

If ag # 0, then the term ajer would be contained in the linear span of the past of e; and x;, which
contradicts the white noise assumption.Therefore, ay = 0. But then a; = 0 follows. Continuing
the recursion shows that o; = 0, V7.

Consider I'7(f) in more depth: It is defined as the variance of

Peyo
~ ~ 0 ~ = ov{y1 ~2 )
ur(0) =Y17r(0) + : =Tr(0) = Cov(ffz(Ttg) 1) ¢ ;ny(éT)(a)) ’
0
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where f/zT(é) = [g:(0) — Dst] 7. Here, y1 = Cox1,e + €1 + Dsy. This implies, using the block
matrix inversion, that
S 0 0
()~ ' = 5 +
SO R ]

I 1 ~ ~ ]
{ —FT71(§)71C0V(}72,T(5),yl) } Vﬂ(e) [ I 7COV(Z/17Y2,T(0))FT*1(0) } )
(B.3)

where Vﬂ~(9~) = V(y1) — Cov(y1, Yar(0))Tr_1(0) " Cov(Ya,r(6)),y1). Now, for stable 6 it follows
that Vi (0) > I min(2).
It follows that

ur(0)'Tr(0) ur(0)/T > ug.r(0) Tr—1(0) uar(6)/T,

where us.7 (0 ) {u:(6 )}tzzjmvT = YQT(é) is used in order to be closer to the notation in HD. Note
that the right hand side term has exactly the same form as the second term of the log-likelihood
function dealt with in Chapter 4 of HD. Further, note that the difference between these two terms
equals

yl,ﬂ'(é)/Vw(é)ilyl,ﬂ'(é)/Ta

where this equation defines y; . (6).
It follows that the criterion function to be considered equals

Lr(0) > log [T (0)| + uz.r(0) Tr—1(0) uair(0)/T = log [T(0)] + Qr(6).

In the following we will use the arguments of HD to deal with these two terms.

The log det term

In this subsection the asymptotic behavior of log |f‘T(§)| is investigated. This term is relatively
easy to deal with, since it is not influenced by the data or by D. Using the definitions above we
obtain

I, —Cov(y,Yar())Tr_1(0)~" |5 7 I, 0]
[ 0 v ng Jrra) }FT(Q){ ~T7_1(0)"'Cov(Yor(0),y1) I |
[vw(é) 0 }

0 Dr_1(0) |-

Therefore, the determinant is the product of |V, (8)| and [Tr_1(6)|. From Vi (8) < V(y1) we see
that

1 -~ 1 ~ 1 ~ 1 ~ 1
T logdet I'r(0) = T log [V (0)| + T log |T'r—1(6)] < T log |[Tr—1(0)] + T log [V (y1)l-

The behavior of T’110g|FT 1(8)| follows as in HD, Lemma 4.2.2., p. 116: T~ Mog [Tp_1(0 )| >
log |¥| and limy_,o T~ log [Tr_1(8)| = 10g|2| for § € ©. For 6, % fo € © — O, such that ko

contains a pole on the unit circle, where 6; € ©, we have log |FT_1( )| — 00 as Ajmag| (Pe) — 00.
For § € © we have
0<Vy(0) <V(y1) < o0

such that limz ., 77" log IT7(0)] = log |2
For 0; — 6y € © — © we have V(0;) > Apin(X)Is, which hence must hold also in the limit.

Consequently, in this case T~ log |f‘T(9j)| — 00. Thus, we obtain the same asymptotic behavior
as in HD.
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The quadratic term Qr

The second component of the criterion function is the term

Qr(0) =T ur () Tr(6)  ur(f)

=T Y12 (0) Ve (0) " y1,2(0) + T~ unr (0) Tr—1(0) uzer (0)
> T g (0) Tr—1(0) tuar(0) =: Qr(6),

using the block matrix inversion. HD define the function Q(0) as the limit of Q7 (on ©*). Here,
(suppressing the dependence of k(e~*) on the frequency w)

Q) = o [ al(FEh) " (FoZoi))ldo
HD add terms related to exogenous inputs potentially including deterministic terms. We will,
however, deal differently with them here.

The next step in HD is crucial for avoiding problems with non-invertible transfer functions in ©.
In order to avoid problems with the term involving (kXk*)~! due to zeros of k on the unit circle,
in Q(0) for k(z) = N(z)/c(z), HD introduce a regularization term such that

0w 0) = 2mle(€) H{N (™) EN ()" + .}~
< 2le(e™) P{N ()N ()} = £, W), Yy >0,

as a replacement for (kXk*)~! in the definition of I'7(f). As the covariances are functions of the
spectrum for stationary processes, HD state that the covariance matrix I‘T(é) can be written as
I (fu), where fu = Xk Moreover they show that for ¢, L > £, it holds that I'r(e;, D >Tr(fu)
and thus T'r (¢, ')~ <Tp(f,)"", see HD, (4.2.18) on p. 119.

Then, HD conmder the regularlzed version

Qrn(0) = w21 (0) Tr_1(¢, ") "2 (0)/T < Qr(0) = o (0) Tr—1(0) ' uzer (0)/T.

Lemma 4.2.3. of HD shows that (i) Q7 (0) — Q(6),6 € ©* and (i) Qr.,(0) — @, (0) uniformly in
Ociepes N © where c1, co denotes constants bounding the eigenvalues of 0 < 11, < ¥ < ¢l for
0 € O, c,c5 and c3 bounds the entries of certain matrix polynomials (see HD, p. 118) corresponding
to the transfer functions. These restrictions are sufficient to make O, ¢,c, @ compact set.

The intersection with é, wherein all transfer functions are stable, is not necessary for the argument.
The only place, where stability enters the proof is in the strict lower bound of P»; in the first
display on p. 121. However, as O, c,¢, potentially also contains transfer functions with unit roots,
the arguments also need to extend to the case where P, ;(w) = 0 for some w.

The regularization leads to a uniform lower bound of the eigenvalues of I'r (¢, ') on O, c,c, such
that the inverse can be uniformly bounded.

With respect to the pointwise convergence of QT(H) in our setting we use the arguments of HD.
For easier notation in the following we relabel the sample size by replacing T'— 1 with T, start
indexing at ¢t = 2 and using 6 in place of § for the remainder of this proof.

The proof of Lemma 4.2.3. proceeds by bounding the spectrum (k¥Xk*)~! below and above by
spectra, P say, corresponding to autoregressive processes with lag length M. This is possible for
0 € ©* which contains only stable and invertible transfer functions. Now for these autoregressive
processes one finds matrices C such that (see HD, p. 119, bottom display)

ry,y 0 .. 0
-1
Lp(P~ )t = O Xp C.
0
-1
0 0 %p
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Here C is a lower triangular matrix, whose first M block rows are identical with the identity matrix
while the remaining ones contain the autoregressive coefficients Cj:

Iy
Cyv Cu—q Cy 0
C:
0
0 .. Cy Cua .. Co]
It follows that
T M M
up(0)Tr (P~ up(0) = ung (0) Tyfuas (0)/T+T ™ Y (3 Cyult—3.0))'Sp' (3 Cyu(t—4,0)).
t=M+1 j=0 Jj=0

The first term clearly tends to zero as T — oo, since M is fixed, whereas the second can be
rewritten as

T
tr <EP1[CM7 CMfl, ceey C()] T_1 Z Ut,M(e)Ut,M(e)l
t=M+1

[CM7CM17-~-7CO]/> .

Therefore, we need to investigate U ps(0) in more depth: Here,

u(t7 9) = gt — DSt =Yt — Pcyt,1 — stt = (D() — D)St + Coxt — PCC()(L'tfl + &4 — chtfl
= (Do — D)s; + &t — Poer1 + Co(Aozs—1 + Boer—1) — PeCoxyy
Do — D)s; + e+ (CoBo — Po)er—1 + (CoAg — PeCo)wi—1

Dy — D)sy+¢e¢+ (CoBy — Po)er—1 + (Co,eAo,e — PcCoe)ri—1,0 + (Is — Po)Coixi—1.1 -

i (0) vi,e(6) ve,u(0)

—~

—~

Therefore, for every 6 € O the process u(#) contains three components: a deterministic part
©:(0) dominated by (Do — D), a stationary component (denoted with v; 4(6) above) and the term
veu(0) == (Is — Po)Coixi—11 = P1Coix4—1,1, which is integrated if Py Cp1 # 0 and zero else.
Therefore,

u(t — M, 0) Or—m(0) +vi_nre(0) + PLCo1Te—nr—11
u(t—M +1,0) Ot—m+1(0) + ve—nr41,0(0) + PLCoze—nra
Ut’M(e) = . = :
u(t,0) @1(0) + v,e(0) + PLCo 12411
wi—m(9) Vi—m,e(0)
Pr-m+1(0) Vi—pm41,0(0) + PLCo1Bo 16— nm—1 Py Co
= : + : + : Tt—M—1,1
) ' - P.C
w(0) vt,e(0) + PLCo1Bo 1 Z;‘\iol Et—j Lo
P Coya
=Dy m(0) + Vi (0) + : Ti_M—1,1
P ,Coq

= Vim(0) + D(0; M)st + Pyae—n—11
St

= Vem(0) + [D(6; M), Py < Ti_p—1,1

) =Vim(0) + Uar(0)z, 0
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Here, the last equation defines W;(6) and z; 5r. Let in the following the superscript .™ denote the
residuals of a regression onto z; ps with the corresponding fitted values denoted as .* such that

Ui (0) = U, m(0)™ + Up,m (0)° = Vem (0)™ + Ur,m (0)°,
since Dy ar(0)™ = 0,27 5, 1, = 0. It follows that
(U (0), U na () = (Ve (0)™, Vens (0)™) + (Ue,ns(0)7, U na (0)7) = (Vema (0)™, Ve (0)7) -
Furthermore, for fixed M we have
(Vi (0)™, Vine (0)™) = (Vi (0), Vine (0)) + op(1), (B.4)

as regressing out integrated processes, the constant, seasonal terms and a linear trend from statio-
nary processes leads to negligible terms. If no deterministic terms are present, the negligible term
is also o(1).

It is now easy to verify that for D = Dy and P, Cp,1 =0 the term Q1(0) converges to Q(6), since
the second moments (V; p1(0), Vi a(6)) converge in this case and Uy ar(8) = Vi ar(6) holds then.
In the general case we obtain

Qr(0) > Qr(0) > tr (X5 [Car, Car—1, e Co] (Ut as(0), Upar () [Cary Car—1, - Co)')
Z tr (E;l[CM, CMfl, ceey Co] <W$M(9)W, V}yM(H)”) [CM, CMfl, ceey Co]l)
=tr (E;l[C]V[,CMfl, ...,Co] [<V;5’M(9), VvtyM(Q» + OP(].)] [CM,CMfl, ...7C0]/) .

Jointly we obtain that for fixed § € ©* for term Q7 (#) it holds that

lim_inf_Qr(6) > Q(6).

For 9~0 = A(6p) the additional terms due to D — Do and P, Cy,; are zero and hence in this case
QT(GO) - 8. - N -
Replacing Q7 () with the corresponding Qr,(6) and noting that Qr(0) > Qr(8) > Q1 (0) for
all > 0,0 € ©, we obtain uniformly in 6 € O, ¢,c, (a compact space) that

lim inf inf (Qr(0) —Q,(6)) > 0.

T—000O¢qcheq

This follows, since by taking the liminf all non-negative terms can be neglected. It is simple to
verify that the convergence in (B.4) is uniform in the parameter set, as v, o(6) only depends on the
parameter vector via Po which varies in a compact set. The remaining arguments are as in HD, p.
119-121. In particular we only have to investigate a finite number of spectra P with a corresponding
finite number of lag lengths M, since the set ©,,c, is compact. Then, the convergence results are
standard.
This implies that for each > 0 the function Q7(#) stays uniformly in ©¢,,., above @Q,(f) and
hence also above sup, - Q,(0).

Restriction to a compact set O, .,

A central step in HD on p. 121 is to shgw that the PML estimator is inside O, cycs a.s. for T
large enough. That is, the eigenvalues of 3 are bounded from below and above and the coefficients
of the polynomial R(z) = adj(b(z))a(2) = 377_, Rjz7 (where k(z) = a~'(2)b(z)) can be bounded
such that

T
> IR;lE, < cs.
§=0
To show this, first note that

lim sup LT(é) <logdetXy+s a.s.,
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as Lr(6p) — logdet Xg + s a.s.. This can be shown, as in this case the log det term converges to
log det ¥y and for the Q7 term we have shown Qr(6y) — Q(fy) = s. The fact that V,(6y) > 0
then shows Lp(6p) — logdet Xg + s.

This implies log |f]| < log|¥o| + s a.s. for T large enough. Next, we use the arguments on the
bottom of p. 121 and (4.2.25) of HD to infer

Al (0)A' < 7*(Ir—, ® %),0 € ©

for some constant 0 < v < oo, where A denotes the matrix A defined in line 2 of p. 122 of HD.
As in HD it follows that

Qr(0) = ur(0)'Tr(0) tur(9)/T

770> Ui (0)Urr(0)

t=r+1

>tr |[S7YR,, R_1, ..., R Ry, Ry_1,..., Ro) | v 2

Using the arguments above, it follows that the smallest eigenvalue of

T T
T8> Une(O)Ue(0) | > |T7H ) w,r<9>”<vt,r<9>”>’]
t=r+1 t=r+1

can be bounded from below a.s. for T large enough by a constant ¢, because it is related to
(V2(0)™,Vz(0)™), whose main component is

'Ut,o(a) =&+ (COBO - PC)gtfl + (CO,OAO,Q - PCCO,o)l'tfl,u
where z,_,_1,; and d; are regressed out. Noting that Ry = I, it follows that

ur(0)Tr(0) 'ur(0)/T > tr [S7 Ry, Roey, oo, L)[Rey Ro—y, oo, L) ey 72 > t2(27 ey ™2

Consequently, (letting the eigenvalues of 3 be denoted as A](f)))

. 1
tr(X71) = Z — < (logdet % + s)v?/c < o0
j=1 )‘j(z)

is bounded a. s. for large enough 7'. This implies that the smallest eigenvalue of ¥ is bounded from
below. Consequently, also the largest eigenvalue of 3 is bounded, since log || < log|Zo| + s a.s.
for T large enough.

Furthermore, also the third restriction of ©¢,c,c, is valid a.s. for large enough 7' as the lower
bound on the eigenvalues of 3 implies

<
<

ur(0)Tr(0) " ur(0)/T > tr |7 RR]| ey > t]>  RiRjJey ™% /co.

Therefore, it follows that for large enough T a.s. Or € Ocyegcs-

We obtain that for large enough T a.s. 01 € Ocjepe, N O, as the criterion function is infinite
for transfer functions & with unit roots in this case, since in this case Ajyqq|(Pe(05)) — oo for

0, +0c©-0.

Putting the pieces together

Using the uniform convergence of Qr.,(6) to Q, () on O, e;, we have (using Lemma 4.2.1. of
HD for the last equation)

lim inf Lp(fr) >lim inf (log|Sr| + Qr(fr)) > suplim inf (log|Sr|+ Qr,(fr)) a.s.
T—o00 T—o0 n>0 T—o0

> inf <10g‘ |X[ 4 sup Qn(ﬁ)) = log|Xo| + s.
n>0

0€0¢, cpey
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Then, as in HD, p. 125, for every sequence Or — 6 (choosing a subsequence if necessary) it holds
that .
lim inf Lp(6g) > lim inf Lr(67) > log|Xg| + s.
T—o0 T—o0

Then, LT(éT) — L(0) = L(0y) = log|Xo| + s follows, where 6 = (k, Po,%, D). This shows that
¥ =% and k = ko, since L(6) depends on 6 only via ¥ and k but not on Pc or D.

It follows that Ly (67) — L(6) and hence for large enough T' it holds that Ly (67) < ¢ a.s. for a
constant ¢ < log|Xg| + s + € for every € > 0.

Inspecting the proof then shows that

Q%(éT) =tr (E;l[CI\/D CI\/I*la ceey Co] <Ut’N[(éT)Z, Ut’M(éT)z> [CM, CMfl, ceey Co}/> <c a.s.
This upper bound implies the following convergence results:
Lemma B.6 Under the assumptions of Theorem 2.1 let Dy = dmg(T’l/2Ic, Dr.q), where Dp g =
diag(T7e+, ..., T7<), where the reals v; are such that (where z; o := [z} 1, 57" € RF)
Dp <Zt,M7Zt,M> Dr i) Z>0

for some non-degenerate random variable Z. R

Then, the upper bound Qz(0) < ¢ for some ¢ € R implies (Is — Pc)Po = op(T17°).

Moreover, we obtain 6'17()7L(ci1—cl1,<))TJr1/2_6 50, C{,O(cfmﬂ—de)O)T“/Q_e L) Ci,o,L(Jm*Fl_
Api1.0)TH327¢ B0 and (dj — djo) T2 50,1 <j<m+1.

Note that here only the unit root z; = 1 is present. Therefore, the deterministic terms corre-
sponding to all other unit roots are estimated consistently, while the constant d; is only estimated
consistently in the cointegrating space.

PROOF: Recall that Uy ar(0)* denotes the vector Uy ar(0) projected onto zy s = [z} 1, 83]" €
RX for suitable K. Then, the probability that

/\‘mm|((log T)DT <Zt,M, Zt,M> DT) >0

tends to 1. If no deterministic terms are contained, then Bauer (2009, Lemma 4) shows that this
also holds a.s.. Otherwise, the lower bound only can be shown to hold in probability. Thus, in

(U (0)2, U ar(0)7) = (Ui ar(0), ze.01) Dr(Dr {26015 20.00) D) " D (2401, Up 01 (6))
the essential term is
(Ue.n(0), ze 1) = (Vena (0), ze,a) + ¥ ar(0) (2601, 26,01

such that

(U (0), 20 01) Dr(Dr (201, 2e.0) D) ™4 =
(Vi (0), 20 01) Dr(Dr (2. ar, 2e.a) D) ™1 4 s (0) D3

Letting Wy (0) := Upr(0) Dyt and Vi s (0) := (Vinr(0), 2e.00) Dr(Dr (201, 2e.00) D) ™Y, we ob-
tain

(Ueat(0)7, Uear (0)°) = (Vs (0) + Veaa (0)) (D (2,0, 2e,00) D) (Ur (60) + Venr (6))'.

Now, the lower bound on the eigenvalues of (logT)(Dr (2 am, 2 0m) Dr) jointly with the upper
bound stated in the lemma implies that

1Cx Ca1s s Col (Faa(8) + Viona (8)) 11/ (08 T)/2 = Op(1),
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where the bound is almost sure, if no linear trend term is present. Thus, investigate this more
closely:

M M
[Cary Chr—1, o, Col[D(0; M), Pay] = Y C(De — D)S™, (> C;)PLCo ).
j=0 j=0

Here, C; denotes the impulse response to the inverse transfer function 12;0_ 1(2), such that the term
ij\io C; converges to ko '(1) for M — co. Thus, M can be chosen large enough to ensure the
non-singularity of this term without loss of generality. With respect to ijvio Cj(Ds — D)S™,
examine S in more depth for wy = 0,0 < we < m,l=m = 2:

1 0 0 0 1 0 0 0

B | 0 cos(wa) sin(wz) O 1 0 cos(wy) —sin(we) 0

st =881 8 = 0 —sin(we) cos(wz) O =5 = 0 sin(wz) cos(wz) O
1 0 0 1 -1 0 0 1

For | > 2 or m > [ additional sine and cosine blocks are added. Changing to complex quantities
we obtain

1 0O 0 O

_ 0 =z 0 0

Ds; = Dcsic, sic = Scsi—1,c, Sg' = 0 02 Z 0
-1 0 0 1

Thus, we obtain for the column of Z;‘io C’j(ﬁo — D)S‘j corresponding to the complex root zx in
the complex representation Ejlvio C; (ﬁ@)k,o — bk’c)zk_]’ — k;l(zk)(f)(c’k)o — ﬁk,c).

Since kg (1) is non-singular and it can be shown that

[Cn; Cri—1, -5 Co <W,M(é), Zt,M> Dr(log T)'/?((log T)Dr (2, z) Dr) ™ = op(1)
implies that
1€ Cnrts e Col (¥01(9)) /08 T)* = Op (1),

which in turn implies that (D; — D;0)(logT)~" = 0p(1), (Dymi1 — Dmi1.0)T(logT)™' = op(1),
P Cy 1 T?(log T)~" = 0p(1), where D; denotes the j-th column of D. If no linear trend is present,
the last term is o(1).

Now, note that Uy ar(0) = Vi ar(0) + ¥ ar(6)2e, a1, where we have shown that

(Wt 0)z0,00, W1 0)z001 ) = Bas (B)(Dr (20,00, 2000) D) Was (0) = Op(1).
Furthermore,
(Viar(0), was(@)z.00) = (Viar(0), 2001 ) Dr(Was@) D7) = (Veons(0), 201 ) Dr¥as () = op(1),
as <V},M(0A),zt,M> D7 tends to zero, while the remaining factor is bounded. Now, assume that
|{Vere(®), 200 ) Dr || = 0p (|1 F21(B)]). Then,
(Virt ). 20,00 ) s (0) = 0p(¥s (0)(Dr (21,01, 20,01) D)W (0)')

and the squared terms ( Was(0)z s, \IJM(G)zt7M> dominates, such that

<Vt,M(é)7 VtM(é)> + <‘PM(é)2t,M, \I/M(é)zt,M> +op (<qJM(é)Zt,M’ \I/M(é)zt,M>) >
)
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for large T contradicting the optimality property (note that ¥ (6y) = 0).
It follows that the order of convergence of the elements of Wy, (0) = Wy (6) D' must be of order

equal to or smaller than the corresponding ones of <X/}7M(9A), zt> Dr.

Consider the component z;_pr—1,1 of z¢ pr first: Then, <Vt’M(0A)7 mt,M,1,1> = O(log T') such that
the columns of ¥y, (f) corresponding to this regressor is of order op((log T)2T~1) = o, (T~ 1+¢).
If s; = [1,t]', then (D; — D;,,) corresponding to the constant is of order Op(T~/?(logT))
op(T~1/2%€) for (D, y1—Dyny1.0) corresponding to the linear trend we obtain Op(T~3/2(log T')) =
op (T73/2+6)'
Finally, if no linear trend term is present, then the orders are also almost sure.[]

The lemma implies the consistency results of the required order also for the entries in Po =
C‘lé'{ and the matrices D corresponding to the deterministic terms.

The prediction error criterion function

For the prediction error criterion function
L]JEJ“(IC(,?,’)7 E, GD; YT) = log |Z| + UT(G)/FT7PE(9)71UT(9)/T

it follows that

I 0 0 I, 0 0
~ K I K I
Irpe(0) = '1 (Ir ® ¥) .1
: . .. 0 : . .. 0
Kr_1 ... Ky I Kr_1 ... Ky I
Tr(0)

Consequently, |T'7 pg(0)| = |$|7 in this case such that T~ log |T'7(8)| = log|%| here. Note that
this does not depend on the poles of k and hence in this case the first part of the criterion function
does not diverge to infinity at the stability boundary of e.

Following the proof above, it is noted that the log det term in this case is simpler such that we
can directly obtain the result log |I'r, pz(0)|/T — log || in this case.

For the second part Qr(6) of the criterion function note that

FT,pE(k', E) < FT(k', E) = FT,PE(k'; 2)71 > FT(k‘,E)il.

Therefore, it follows that the second term of the criterion function can be bounded from below by
the arguments given above. This immediately implies that the prediction error estimator lies in
O¢,cqcq for large enough 7. The result then follows from

Lpgr(ke(2),%0,0p,,; YT) — log|Xo| + s,

see Lemma B.4 for a proof.

B.2.2 Proof of Theorem 2.2 (Asymptotic Distribution) and Corollary
2.2

Let us repeat also at this point, that in order to derive the asymptotic distribution, the results
are based on using a specific parameterization, whereas the consistency proof has been parame-
terization free. This approach allows us to embed the problem in some R%, for an appropriate
d;. We will use complex matrices in the proof, although we are concerned only with real valued
processes. The relationships between complex and real valued representation in the canonical form
have been discussed in Bauer and Wagner (2012).
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For the applicability of linearization techniques we furthermore assume that the parameters are
introduced in such a way that the true parameter vector

_ / / l / ! /
Po _[ au,o 6m+1,J_,o evn+1,o ed,b,o ost,o ]7

where 0, , collects the parameter vector corresponding to the vectors 0r, ;. in the parameterization
for z, € {—1,1}

I,

O(S—Ck) Xk

Cr(0k) :== Rp(0L1) { } Rr(Or.k),

where Rr(0r.) € R®*® and Rr(0c r,r) € R%*° are orthonormal matrices, while for z;, # £1 we
use

I,

(s—ck)Xep

Cr(0r) == Qr(0L1) [ 0 } Qr(bc,r,k)De,(0c.D.k)s

where @1, (HL,k) € C**¢ and D, (GC,D,k)a QR(GC,RJ@) € Ce* ¢k are unitary matrices and D., (GC,D,k)
moreover is a diagonal matrix. Ry, Rr, Q1 and Qg here are products of Givens rotations. For more
details on the parameterization see Bauer et al. (2020).

Furthermore, €,,4+1,1 0 and e;,4+1,0 denote the parameters for the linear trend term (if it is inclu-
ded), while 645 o collects all other parameters due to the deterministic terms.

Further,

_ / / / / / /
Osto=[ 0cpo OCro OBpo Obpo o] -

Then, in the theorem it is assumed that ¢, is an interior point of the parameter set. This requires
that the multi-index I is specified correctly.

Let the corresponding parameter estimator minimizing the scaled negative pseudo likelihood func-
tion Lt be denoted as ¢. The proof of Lemma B.4 shows that asymptotically the difference between
minimizing Ly and the prediction error function Lpg 7 is negligible for the asymptotic distribu-
tion. Thus, we will in the following use the prediction error form which is easier to investigate.
Furthermore, we will concentrate out the parameters for 3 such that the criterion function equals

Lper(p;Yr) =logdet (e:(v),et(¢)) /T,

where
t—1

er(p) = ye — D(@)se = D K () (Wi—j — D(#)s1—)-
j=1

In the following we will omit the subscript '"PE’ for notational convenience.
Here, K ; () denotes the impulse response corresponding to the inverse transfer function k~1(z).

Note that || (o)l < p kP for some 0 < pg < 1, due to the strict minimum-phase assumption
for the data generating system.

Due to the consistency result it follows that for 7" large enough, the probability that the estimate
¢ is contained in ©, (an open neighborhood of ¢,) tends to 1, where the exponential decrease of
the impulse response sequence holds uniformly in ©k.

Thus, a necessary condition for a minimum is a zero first derivative and we obtain from the mean
value theorem

Ly (¢;Y7) = 0= 0Lr(po; Y1) + O°L1(01; Y1)[p — @0,

where @ denotes an intermediate point between ¢ and (., not necessarily the same in each row.
Let Dy = diag(I, T-Y2I,T'/2I), where the sizes of the three blocks of D7 are equal to the
dimensions of the parameter vectors 6y, ey,11,1 and [ €y, 1 0y, 05 ] respectively. Further, let

Dy = diag(T1, T3/2], T1/2I). Then the proof of the theorem proceeds in three steps:

1. Show that DTacT(%; Y7r) converges in distribution.
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2. Show that DT(’?QL'T(@T, YT)D:F converges in distribution to a random matrix Z.
3. Show that P{Z > 0} = 1.

Let us start with the first item, i. e., with establishing the asymptotic properties of the score vector.
Denote with 9; f(p,) the partial derivative of a function f with respect to the i-th component of
the parameter vector ¢, evaluated at the point ¢ = .. With subscript i = st we denote the
subvector of 9; f(y,) for all 4, such that the component 6; is contained in 6,;. With subscript u we
denote differentiation with respect to the entries in ,,, with subscript e, we denote differentiation
with respect to the entries in e,,41, 1, with e differentiation with respect to the entries in e,,11 and
with db differentiation with respect to the entries in 6,4;. Furthermore we will use the notation
0i,mf () for differentiation with respect to the i-th component of ¢ which corresponds to the
matrix H.

Here and also below the matrices (A, B,C) correspond to the canonical representation of a system
described by the parameter vector . We omit the dependency on the parameter 6 for simplicity
of notation. Recall that the matrix C=[ C1 ... C; C, ] is partitioned according to the blocks
of different unit roots (or pairs of complex roots).

Lemma B.7 The derivatives of e:(p) with respect to the different parameters in 0s; are given by

o 0; a.ct(p) =dkia,(L,0)xre(0), where dk; a,(z,0) = —Cz(I — 2zA)~! [Oéj(ﬁ:g)} ,

o 0, p5.ct(p) =dkip,(L,0)et(p), where dk; g, (2,0) = —Cz(I — 2A)~! {80(628)}’

O(n c)><s:| ’

7

e 0;5,ct(p) = dkip,(L,0)ei(p), where dk; g, (2,0) = —C2(I — zA) " {
Ce)

o dic.ei(p) = dkic,(L,0)xse(0), where dk;c,(z,0) = k=" (2;0)(—0

)

® Oigepet(p) = 2R {dk; oc.p (L, 0)et—1( ©)} for zi # £1,
where dk; oo, ,(2,0) = k(2;0)(— zec,DCk)Bk; where k(z;0) is defined through k='(z;0) =
];(2,0)(1 _sz)—’_ki (Zka )Z;

o iocnet(9) = dkige n (L 0)ee—1(9) if 21, = £1, where dk; oo, (2,0) = k(2:0)(—8i00 nCr) B,
where k=1(2;0) = k(z,0)(1 — 22x) + k=1 (2, 0) 2,

b 81}90,12525(90) =2R {dki,ﬂc,R(Lv 9)&,1(@)} Zf 2k 7£ +1,
where dk; g (2,0) = k(2;0)(=0i,00 ,Cr)Br.

All the above processes are asymptotically stationary.
The derivatives of e¢(p) with respect to parameters in 0, are given by

o 0i0,c1(p) =dkig, (L,0)z: (0) if zx = £1, where dk; g, (2,0) = k=1 (2;0)(—;.0, Ck),

e Di0.ct(p) = 2R {dk; g, (L,0)xs 1 (0)} if 2z # £1, where dk; g, (2,0) = k= (2;0)(—0; 9, Ck).
Finally, the derivatives of e;(¢) with respect to parameters in 04 are given by

e 0; pei(p) = —k~1(L;0)0; pD(04)s:(6).

PROOF: The results follow from taking the derivative of the inverse transfer function. As an exam-
ple, let us analyze derivation with respect to a parameter corresponding to the matrix Cj. The
partial derivatives are:

diet(p) —(0iCr) w1 (0) — C(9;(0)),
8¢$t+1(9) = A@th(ﬂ) — B(@zCk)xt,k(G)
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These components of the score are filtered version of z; 1 (#). A possibly non-minimal representation
of the filter is given by dk;(z,0) = —0;Cy + 2C(I — 2A) 1 B8;,Ci. = k~1(2;0)(—0;C,). Decomposing

EN(20) = k(z,0)(1 — Zpz) + k21, 0)2

and noting that k~1(zy,0)Cy = 0, one sees that the second term cancels for vectors in the column
space of Cy.

Consider now the derivative 0;C}, which is complex valued if z; # +1. If the derivative is taken
with respect to 0c,r, it follows that the column space of —0; 9. , Cx does not lie in the column
space of C. If the derivative is taken with respect to 6¢ p, then fawc,DCk lies in the column
space of Cy, such that

7 (250) (=000 ,Ck) = k(2,0)(1 — Z2)(—0i00. Ch)-

Define @;11(2x,0) = Zra(2k,0) + Bi(0)er, thus, x4 4(0) = 2R {z¢(21,0)} , —2 {x4(21,0)}'] for
zr, # £1. Using

k1 (20)(—0iCh)me 1,(0) = R {k ™" (2;0)(—0;Ch) e (21, 0) }

and applying k™! (2;0)(=0;,60.,Ck) (and k~(2;0)(=0i 00 ,Cr)) to @¢(z,0) (and z¢(Zy, 0)), im-
plies the result for derivatives with respect to ¢ p. If the derivative is taken with respect to 0¢ g,
then 78@901 = Cl also lies in the column space of () and the same argument holds.

Derivatives with respect to the other parameters are derived analogously. [

In the following lemma the asymptotic behavior of the score is summarized. In this lemma and the
rest of the document the dependence of the prediction error criterion function on Y7 is omitted
for notational simplicity.

Lemma B.8 Let the assumptions of Theorem 2.2 hold. Then the following statements hold true:

\/TastﬁT(SOo) il) N(Oa ‘/St)a

where Vg denotes the asymptotic variance matrix.

(0uLr(90)); % —20,R {tr [(80) Mo (BuiCroo) X (21)] } =2 (va)is
with X (z1) as defined in Lemma B.2 and 11, = k= *(zy).

e For a column Cy o 1 d* of D corresponding to z, = £1, one obtains

VT a1 L1(0) % —20 ST Wi(1) =2 Vanp,

where we have used the decomposition Il o = akyoﬁ,;’o. If zp, # £1, the vector of derivatives
with respect to the real part of the k-th column Cj o 1d* k < I, of D or the real part of
dk, k > 1, respectively, and with respect to the imaginary part of the same column converges
to

—4R {a;c}oEglwk(l)}

VT 1 L (00) =
anpLrie) a7 {a}, S WD) |

= Vdb,k»

where Wi(1) = W[ (1) + iW{(1) is as defined in Lemma B.2. Hence the covariance-matriz
Vp s block diagonal, where the diagonal blocks are given by the covariance matrices of the
two parts of the vector given above, taking into account the uncorrelatedness of W[ (1) and
Wi(1). If k > 1, we here use o = I.
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e For the deterministic linear trends we find

1
ﬁaeLET(@o) i —20/170251[](1) =i Vel,

VT Lr(0s) 5 —2(T1,0C1.0) ST Wi (1) = ve,

where Ty o is the derivative of ko(z)™" with respect to z evaluated at 1.

o All convergence results hold jointly.

PROOF: In order to establish the asymptotic properties of the score, the partial derivatives of L1 ()
are required. These can be derived from the system equations:

0L (o) = 0; (log det (£4(o), £4(po))) = trl{ee(wo), ex(0)) ™ 2(Biee(0o), £1(00))]
= tT[E;12<ai5t(Qoo),Et(@o»] + OP(].).

Let us start with the coordinates of 0y = [ 0 p 0o 05, 05, 0O ]/. For every com-
ponent of f;; Lemma B.7 above establishes asymptotic stationarity. Asymptotic normality for
VT{0iet(po), et(00)) then follows from well established theory for stationary processes, see, e.g.,
Hannan and Deistler (1988, Lemma 4.3.4 ff). It is straightforward to show that the result holds
jointly in all coordinates of 0;.

The representation in Lemma B.7 allows for the application of Lemma B.2 and Lemma B.3 to
obtain

Bui L (20) = RS20k (L3 00)(—uiCho )i (00),20)] } + 0p (1)
i) 2R {tI‘ [Eglﬂho(—&-(}k)X(zk)] } , where 0;C), := (9%,'01670.

The next step is to derive the asymptotic distribution of the score components corresponding
to 04p. The matrix Dc is parameterized with real parameters using D = R(D) + ¢Z(D), where
both R(D) and Z(D) are unconstrained, except for the restriction, that the columns of Z(D)
corresponding to z = +1 are zero. Consider a specific element of this part of the score vector,
corresponding to component i, say, of 64, which corresponds to entry (a,k) in R(D). Because
of the restriction to real valued output processes, only the real part of the derivative has to be
investigated:
9 T
Oavk L1(po) = —R {T Z(kil(L; Qo)ckyoyj_styk)/zolgt} + OP(T*1/2),

t=1
where {s; . }ten denotes a deterministic process satisfying s; , = z%, for all ¢ € N. Note that
E™NL;00)Cxo1 8tk = Hk.oCkoo1 8tk — Co(21As) (I — 2pAL) ' BoClio.1 s

where the second component exhibits exponential decay. Therefore, it follows that

T
2
\/fadb’kﬁT(gﬁo) =-R (Hk,oC’k,L)’Egl— Z Ziilét + Op(Til/z)
\/T t=1

d _

— 725]6 R {(HhoCk,oyl)'Eo 1Wk(].)}

= =26, R {0} .25 ' Wi(1)},
where we have used Il , = Oék,oﬁ;/c,o, Br,o = Cko,1 and C’,’C’O,J_C'k@,l = I,, in the last step. If £ > [,
such that the deterministic term does not correspond to a unit root, we choose ax o = B0 = Is.

Note finally that if the derivative is with respect to the (a,k)-th entry in Z(D), in the above
equation R has to be replaced with Z.
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Now, only the asymptotic distribution of the score components corresponding to e, 1,1 and ;41
are left to be derived. In both cases we have for entry a of d,, 41

T
2 _ _
aderl‘CT (PO = T Z Zo 15t + OP(T 1/2)'
t=1
Using
t—1 t—1 —
Z ]j_Hlot+Flo+0P(p)

3=0 iz 7=0

we get for the entries in the direction of C o |

1
—=0e, ET(@O)

3

T
—2(I11 ,6Ch 0,1 ) ST~ 3/22tet—2 (F16Ch0,L) S T2 ey 4 0p(T3/2)

t=1 t=1
—2(M;,,C1 6.1 )'251U(1)
= —20} ,2;'U(1),

where we have used Lemma B.3 (viii) for the convergence of the first summand. In the directions
of (', the first term vanishes because II; ,C o = 0. Consequently, we get

VTO.Lr(po) = —2(T1,6C1,0) S5 T~ 1/225 +op(T71/?)
t=1
& 2Ty ,Cho)' ST W (1)

by the same arguments as in the analysis of the entries of 6;,. This concludes the proof of the
lemma. O

After having established the (asymptotic) properties of the score vector, the next step is the ana-
lysis of the asymptotic behavior of the Hessian. As in Lemma B.8 in the discussion we have to
distinguish with respect to which parameter components 6., 0st, €m41,1, €my1 or 84 differen-
tiation takes place. In addition to the previous lemma, we also have to consider the cross terms,
where differentiation takes place, e.g., once with respect to an entry in 6, and once with respect
to an entry in 0.

Lemma B.9 Under the conditions of Theorem 2.2 one obtains bT82£T(ng)D;1 4z for each
sequence O — Po.

In case that no deterministic terms are included in the true data generating process and the model
(i.e., D =D, =0), Z = diag(Z,, Zs) is block diagonal. It holds that Zs > 0 is a constant matriz
and Z a random matriz, for which P{Z, > 0} =1 holds.

If the deterministic terms are included in the model, the following asymptotic distribution is ob-

tained: Here, again ¢ = [ 0, e,y | €, 0y, 04 ). Then
Zu YGIJ_ )/// chb 0
Y. Z Y. 0
~ B d VA 0 ey ey e ,e ey ,db
Dr&*Lr(er)Dy' 5 [ 0* 7. } =| Y Y,. Z Y, O
. Y Ye v Year Zap 0
0 0 0 0 Zst

Zu, Zap and Yg, are block-diagonal, with the diagonal blocks corresponding to different unit roots.
For typical indices i,j (not the same for all the expressions below) corresponding to the same unit
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root z, = +1 the respective entries are of the form:
[Z“vk]i,j = 2R {t?“ [6 Ck ko DI 1Hk 00; CkZ(Zk)] }
[de7k]i —2R {6 Ozk ° o 1Hk,06iCkY(zk)} N

Zapg = 200057 apo.

»J

For the entries corresponding to zy, # +1 the respective entries are of the form:

[Z"vk]i,j = 4R {t?” [BJC]/C ?C’ 1Hk 08 CkZ(Zk)] }
_ a;c,ozglak@

Zavk = 4[ 0 .. OZO ko }

R {egafc,oEg Hk,oajcky(zk)}

Ykl , = —4
ol T {cfo o 25 Tl 00, CuY (21 }

Only the block corresponding to the unit root with z =1 of Ye,, Ye, Ye, ap and Ye ap is different
from zero. For these blocks we have

2

Ze, = gai,o&?lal,o’
Ze = 2(T16016) 25T 6C1 0,
Ye,e = a),5;T1Chp,
Yo, ap = 0/1,02;10[1,07
Yoy = 2(T1.6010) S5 ar0,
[Yn]i,j = _2620/1,020_1111,083'01‘/(1)’
[Y6]i,j = *26;0/1,02;11_[1,08]'01}/(1)

It follows that Z, — YbZBlYD withYp =[ Y./ Y] Y5 | and

/ !
ZGL YEJ_, )/;L7db
— /
ZD T YeL,e Ze Ye,db

Yo, av Yeaw Zav

has the same structure as Z,, where in the expression Z(zyp) has to be replaced by Z(z) —
Y (21)Y (2x) for all zy if there is no linear trend term in the model and for z, # 1 else. If a
linear trend is present in the model, Z(1) has to be replaced by Z(1) —12V (1)V (1) +6Y (1)V (1) +
6V(1)Y (1) — 4V (1)Y (1) Further, Zy >0 and P{Z, > 0} — 1 respectively P{Z, — Y Z;'Yp >
0} — 1.

PROOF: In the proof first convergence of the various parts is shown and in a final step the non-
singularity of Z, is established. First note that:

02 L1 (pr) = 0 (Wrl(eu(@r),21(pr)) ™ 205, 21(pr))]) =
—tr[{ee(@r), e(pr))
(Oiee(P1), (1)) + (e(Br), Biee(@1))) (ee(@T), e(PT)) ™" 2 <6j5t(¢T)’€t(¢T)>]
+tr |(eo(@r), (@) 2((9224(r), et<¢T>>]
+tr (@), (@)~ 2((@geu(@), (Biee(pr ]
—tr [Z ((Oset(@r), ee(Pr)) + (et(Pr), 5’€t(<PT)>) 2(0 S(WT),&(@T))]
b [S02((02,60@r)) 2o (o) + 1 (S22 (B2 (pr), (Bee(@r))] + 0p(1) (B
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for every sequence ¢ — ¢o. This follows from the USE condition, see Lemma B.1 in combination
with (g¢(¢o),€t(po)) = Zo.

According to the partitioning of ¢ in five sub-vectors in total 15 matrix blocks (taking into account
symmetry of the Hessian) have to be dealt with. The blocks are partitioned according to how often
differentiation takes place with respect to a component of 8., epi1.1, €mt1, 0a,p and bs;.

The multiplication of the Hessian with Dy and Dr has the following effect: For each derivative
with respect to an entry in e,,41 1 an additional scaling factor 71 is introduced and for each
derivative with respect to an entry in 6, an additional scaling factor 7-'/2 is introduced, which
results in the proper scaling factor for each of the terms to obtain convergence in distribution.
In the above expression (B.5) the variable e;(¢1) appears, in the first and second term to be
precise. This variable has to be evaluated at the point @p. Due to the assumptions @ converges
to ¢.. Hence, applying a mean value expansion again e;(@r) = e; + 9e (@) (@1 — ¢o), for suitable
intermediate value @, it follows that both mentioned terms converge to 0. Look for example at the
second term with essential term

dim(y)

(07 jeu(@r)),e0(@r)) = (0} jeu(@r))sey + > ((07;0(#r)), 0Ee(D)) (Prr — P1.0)-
=1

Lemmas B.2 and B.3 show that for this term for all possible combinations of differentiation (inclu-
ding the necessary normalization if differentiation occurs with respect to an entry of 6, or e, 41,1 ),
that the first term of the above equation converges to 0. Due to the established condition USE
this convergence is uniformly in a compact neighborhood of ¢,. Analogous considerations deliver
convergence of the second term to 0 as well. Here, the terms (97 ;€t(9)) Ot ($)" converge to random
variables, post-multiplying with (@; 7 — ¢1,0) then delivers the result. Similar considerations also
apply to the first term of equation (B.5). Hence, we obtain:

;L (pr) =tr [£5'2((0ie(@r)), (9j80(@r))] + 0p(TN/2HNes), (B.6)

where N, counts the number of times differentiation takes place with respect to an element of
0, and N, counts the number of times differentiation takes place with respect to an element of
em+1,1- Now, starting from equation (B.6), we analyze the asymptotic behavior of the derivatives.
i~ 0,5 ~ O If differentiation takes place twice with respect to an entry of 6, then all quantities
in the above equation are asymptotically stationary, see also the previous lemma. In this case
convergence to a constant matrix follows, using uniform convergence in a compact neighborhood
of ..

i~ Og,j ~ 0qp: If differentiation takes place once with respect to an entry of s, and once with
respect to an entry of 4, convergence of 81.2, jET(@T) — 0 follows.

i~ 04p,7 ~ b4 If differentiation takes place twice with respect to an entry in 64, the relevant
term is given by tr [S7'2((k71(L;0)0;Ds;), (k~'(L;0)0;Ds,))] . This directly implies that the
asymptotic entry in the (limit of the) Hessian is only non-zero, if both entries of dj, with respect
to which differentiation takes place correspond to elements in the same column of D, k say. For
zr, # 1 the corresponding limit block in the Hessian is in this case given by

4046702;1@;@,0 0
0 40‘2,02710‘&0

For z;, = £1 the block is equal to 204;’02;10%70.

i~ Og,7 ~ 6, If differentiation takes place once with respect to an entry of 8, and once with
respect to an entry of 6,, the corresponding entry is the sum of a product of a stationary process
with an integrated process (integrated of order 1 at the corresponding unit root). The normalization
factor 7—3/2, with which these elements are scaled, then implies convergence to zero of the scaled
quantity.

i~ B0,,j ~ 0,: Next, we examine the case of differentiating twice with respect to an entry in
0,.. Note in this respect first that if in differentiating twice with respect to entries of 6, the two
parameters correspond to different unit roots, it holds that T_lai jﬂT(gZaT) — 0. This follows from

119



120

observing that 9;6:(p) = k=1 (L; 0)(—0;Cy )t (0), where we assume that the entry with respect
to which differentiation takes place corresponds to the pair of complex conjugate unit roots zg, Zg
or to z;; = £1 and x¢ 1(6) denotes as before in Lemma B.8 the state vector in the real valued
canonical form. The above expression for the partial derivative can directly be investigated using
Lemma B.3, item (iii). The lemma provides similarly the result for the case that both ¢ and j
correspond to the same unit root or pair of unit roots:

12 Lr(pr) % 282 {R {[0;C11T), o0 1, 00,012 (21)] } } -

i ~ 6,5 ~ 04 Now, consider first differentiation with respect to an entry of ¢, and then with
respect to an entry of 0,;. Here we have to distinguish two cases, whether j corresponds to
an element of the j th column of R(D) or to an element in the j-th column of Z(D) (which is
corresponding to s} J= = 2!71). Suppose for the moment that it corresponds to an element of R(D),

J
and let 7 denote a component of 8, that corresponds to unit root zx. Then, we obtain

Tﬁl/zaszT(@T) i> —2R {6204;6702511_[]67082‘6%}/(216)}

and zero else. The expression for an element of 64 corresponding to an entry in the j-th column
of Z(D) is the same, except for replacing R by Z.

T~ €mt1,1,] ~ em+1,1: If differentiation takes place with respect to two entries of e, 1,1, the
dominating term is

T‘262 ,CT T3 Z Oél oEglaLoejt2

3 zal ozglal,oejv
where the convergence follows from the second statement of Lemma B.3 (vi).

i~ emt1,1,J ~ O If differentiation takes place with respect to an entry of e,,41,1 and an entry
of 64, the dominating term is of the form T—1(¢,&;) where & is a stationary process. Since by
Lemma B.3 (viii) such a sum converges in distribution when the scaling factor is T-3/2, these
terms go to zero.

i~ emt1,1,J ~ Oap: If differentiation takes place with respect to an entry of e,, 11,1 and an entry
of 844, the dominating term is

T
_ _ 2 _
T QaijET(goT) =73 Zega’LOEo Yag oejtsi(z)

/N —1
— €;0 o3, a1 6€0k 1,

where the convergence follows from the first statement of Lemma B.3 (vi).
i~ emy1,1,J ~ Oy If differentiation takes place with respect to an entry of e,, 1,1 and an entry
of 6,, the dominating term is

T
1
Tﬁg/QaijACT(@T) = _W Z 620&’1,0251H1106j01.13t,k(eo)t
t=1

1
— —2620/1,02511—[1)08]‘01/ qu(u)duBi)o,
0

where we have used Lemma B.3 (vii) for the convergence.
i~ emt1,] ~ emy1: If differentiation takes place with respect to two entries of e,,41, the domi-
nating term is

82 D 226 Fl 001 o 11—‘17001706]‘

— 261-(1—‘1’001,0) ° 1F1’001’o€j.
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i~ €emt1,] ~ ems1,1: If differentiation takes place with respect to one entry of e, 41 and one
entry of ep,41,1, the dominating term is

T
1 1 _
Tazz,ch((ﬁT) =Tz E 2¢;(T1,0C10) S5 o5t

/ Iy—1
— ei(FLOCLO) Eo a1,0€5,

where we have used the first statement of Lemma B.3 (vi) for the convergence.

i~ 0y,J ~ ens1: By the same argument as in the case of differentiation with respect to an entry
of 0, and an entry of 64 in the case of differentiation with respect to an entry of #,, and an entry
of ;41 we have

_ _\ d _
T2 Lo (pr) 5 2€(T1,001,0) S5 ' T1.0;C1Y (1),
if the entry of €, corresponds to the unit root frequency zero and convergence to zero else.

i~ 04p,J ~ ems1: If differentiation takes place with respect to an entry of e,,; and an entry of
0a,p, the relevant term is

T

/ —1 / —1
D a5tk Ds T10Ce — 011200 (X5 T 6C) o
t=1

Nl

i~ 05,7 ~ ems1: In the case where derivatives are taken with respect to an entry of e, 41 and
an entry of 6, the dominating term is of the form

T
Zrloclo o ét

t=1

N~

for some asymptotically stationary process &;. This term goes to zero by the second statement of
Lemma B.3 (i).

It remains to analyze the non-singularity properties of Z. In the case D, = D = 0 the block-
diagonality of the asymptotic Hessian implies that it is sufficient to treat the blocks Z, and
Z s separately. If deterministic terms are present it is sufficient to investigate Zs, Zp and Z, —
YhZ5 Y.

Consider the block Zg; corresponding to #; first: This block converges in fact to a constant matrix,
i.e., asymptotic non-singularity is shown, if the limiting matrix is non-singular. For the part of 65
corresponding to the parameters for ke(z) this follows again from standard theory for stationary
processes. Since the parameters of the stable and the unstable part of the transfer function are
independent of each other, we can consider the unstable part alone.

Thus, only the derivatives corresponding to fc p, 0c,r, 0p,f and 0p , have to be analyzed. The
proof is indirect: If the sub-block of Z; corresponding to 0¢,p, Oc,r, 05,5 and 0p,, were singular,

there existed a vector x =[ 1 ... z, |’ such that
v /
0= Z xrl'str[zo_lEasEt(@o)argt(@o)/] =tr 1szr rEt 300 <Z-’E Ose¢ (Po ) ] )
r,s=1
denoting the components of 0, corresponding to ¢, p, fc.r, 0p,f and 0p, with 1,..., v for some

integer v. This implies that
> weeer(o) = —kg (L)Y 2,:0:k(z; 0)e,

is equal to zero and thus that the filters for generating the score are linearly dependent.

The coefficients of the unstable part of the transfer function are of the form K; ,, = Ziﬁ:l CkAf;lBk
with C, and By of full rank. Thus, linear dependence between the derivatives with respect to
parameters corresponding to different unit roots cannot happen. Thus, linear dependence implies
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>, 70:Ci By, = 0. In the following we will show that this implies =, = 0.
We start with the case of a real unit root z;. We show the independence by induction over cg. In
the case ¢ = 2, s = 2 there are four parameters in 0, the three parameters in By = [ 5(1)1 212 }
22
cos(w)  sin(w)

—sin(w)  cos(w) }, see Bauer et al.

and the parameter of the Givens rotation in C, = Rr = [

(2020, Section 3.1) for details. The four derivatives are

I(CiBr) [ —biisin(w) —biasin(w) + bag cos(w) }
Ow | —bricos(w) —bizcos(w) — bagsin(w) |’
O(CkBr) [ cos(w) 0
oby; | —sin(w) 0 ]
ICBy) [0 cos(w
Ob1o | 0 —sin(w) ] ’
I(CBy) [0 sin(w)
Abys | 0 cos(w) } '

The first columns of the first two matrices are orthogonal to each other and different from zero,
since by1 > 0, the first columns of the other two matrices are zero. Thus, the coefficients x,. of the
first two matrices of a linear combination of the derivatives, which is zero, must be zero. Since the
second columns of the last two matrices are orthogonal and different from zero, their coefficients
must also be zero and the four matrices are linearly independent. This argument is easily extended
to the case ¢, = 2, s > 2 as well as to the case ¢ = 1.

Suppose the linear independence has been shown for ¢, = g. To show the statement for ¢, = g+1,
write

cr—1lcp—1 cr—1 cr—1cr—1
eCRk: H H Rck zz+] z(z 1) /2+] H Rck,l,]:‘rj H H Rck,l z+j z i— 1)/2+g)
=1 j=1 =2 j=1

where R, ;itj(0ii—1)/2+;) is a real Givens rotation, see Bauer et al. (2020, Definition 6). Note
that this is not in the form of Rg in Bauer et al. (2020, Lemma 1). It is, however, just a reordering
of the Givens rotations. Since the order is arbitrary, this change does not affect the properties
of the parameterization. Since the matrix Ry is of full rank, it is sufficient to show the linear
independence of RrBy. It is easily seen that the entries in the first column of RzB; with non-zero
entries only depend on the parameters 6, ...,60., _1 and the first non-zero entry in the first row
of By. Since the first columns of the derivatives to these parameters are orthogonal to each other,
the coefficients of these derivatives in a linear combination, which is zero, must be zero. Since the
matrix Hj’:ll Re, 1,14;(6;) is of full rank, the derivatives of

cp—1 cr—1lcip—1
H R(‘k,1,1+1 H H Re, i, z+j z i— 1)/2-‘,—3)8
=2 j=1

with respect to the other parameter are independent if and only if the derivatives of

ck—1lcp—1

H H Rck,171+] i(i— 1)/2+_])Bk_ |: 0 Hck— Hck 1

=2 j=1

0

Rey—1,i-1,i45-1(0ii—1)/2+5) B
are linearly independent. Then, consider the second column of this matrix. The derivative with
respect to byo is null outside the first row, while the derivative with respect to any other parameter
is zero in the first row. Thus, clearly, the coefficient corresponding to b3 must be zero. By an
analogous argument the coefficients corresponding to b3, ..., b1, are zero. Thus, to show that the
coeflicients of the derivatives in the linear combination with respect to the other parameters are
zero, it is sufficient to consider the lower right (¢ —1) x (s — 1) block. This is a direct consequence
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of the induction hypothesis. This finishes the proof for real unit roots.

For a complex unit root the linear independence is also shown by induction over cg. The part
of the matrix QrD,, corresponding to @y is with a reordering of the parameters of Bauer et al.
(2020, Lemma 2) of the form

Ckfl Ckfi

Qr(0c,rk)De, (Oc,p k) = H H Qepiyitj(ORi(i—1)/2+5) | diag(@p,1,...,0p.c,),

i=1 j=1

where Q, ;.+; are complex Givens rotations, compare Bauer et al. (2020, Definition 7), where
again the ordering of the multiplications is changed to simplify the proof. In the case ¢ = 1,
s = 2 it must be shown that the derivatives of the matrix [ (QrD.,Br) (QrD., Bi) ] with
B = [ bir R(biz) +iZ(b12) ], see Bauer et al. (2020, Section 3.1), with respect to the different
parameters are linearly independent for an inner point of the parameter space. Since ¢ = 1, the
matrix Qr(0c g k) does not exist. Thus, we have

55 ]

{ by e (R(biz) +iL(bi2)) }
| e by e 0 (R(byo) — iZ(b12)) |

The derivatives of this matrix are

i . [ Z'ewDbu ieiaD(R(blg) +iI(b12)) :|
00p - L —ie_ieDbll —ie_ieD(R(blg) —iI(blg)) ’
0 [ e 0
Wn = I e~ } )
) B [0 o
R = |0 o |
o [0 e
0T(ba) | 0 —ier } !

which are clearly linearly independent. The extension to the case ¢y = 1, s > 2 is straightforward.
The first two columns of the derivatives with respect to the additional parameters are zero, such
that the proof of the linear independence of the other parameters remains unchanged. It is then
easy to see that the derivatives with respect to the additional parameters are linearly independent.
Assume again that the linear independence has been shown for ¢, = g. To show it for ¢, = g + 1,
we write

Ck—lck—’i
Qr(0c,rk)De, (Oc,pk) = H H Qcr,iviti(ORi(i—1)/2+45) | diag(@p.1,...,0D.c,)
i=1 j=1

Ck —1

= H QCk7171+j(0R7j) diag(@DJ,l,...,l)
j=1

Ck—l Ck—i

H H Qe iiti(ORri(i—1)/2+5) | diag(1,0p2,...,0p ),
i=2 j=1

where we have used that Q. ;i+; = diag(l,Qc,—1,i,i+;) for @ > 2 and thus, the first entry of
the diagonal matrix commutes with those Givens rotations. The entries in the first column of
[ (QrDc Br)! (QgDe,By)' | only depend on 0p 1, 0r1,...,0R ,—1 and the first non-zero entry
of the first row of By,. Note that 0 ; consists of two parameters for every j. It is easily seen that the
first columns of the derivatives with respect to the first non-zero entry of the first row of By and to

the first parameter of 0 ; are orthogonal to the first columns of the derivatives with respect to the
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other parameters, their coefficients in any linear combination of derivatives must be zero. Since for
an inner point of the parameter vector the first column of the derivative with respect to fp 1 has
only non-zero entries and there are entries in the first columns where the derivatives with respect
to the second parameter of 0r ; are zero for all j, the coefficient of the derivative with respect
to 0p,1 is zero. Since the derivatives with respect to the second parameter of 6z ; have non-zero
entries at different positions in the first column, these derivatives are linearly independent. Thus,
the coefficients of the derivatives with respect to 6p 1, 0r1,...,0R,,—1 and the first non-zero entry

of the first row of By are all zero. Since the matrix (Hj’;_lz Qck,171+j(9R7j)) diag(ép1,1,...,1) is

of full rank, the derivatives of

Ck—i
HQck,l,l—&-j(oR,j) diag(fp,1,1,...,1)
j=1

Ck—l Ck—i

H H Qcpiviti(ORi(i—1)/2+5) | diag(1,0p2,...,0p.,)

i=2 j=1
with respect to the other parameters are linearly independent if and only if the derivatives of

Ck—l Ck—i

H H Qe ivivi(ORi(i—1)/2+45) | diag(1,0p2,...,0pc,)

i=2 j=1

are linearly independent. The derivatives with respect to the remaining parameters in the first
row of By have non-zero entries only in rows one and ¢ + 1. Thus, to show that the coefficients
of the derivatives with respect to the other parameters, it is sufficient to consider the lower right
(cx —1) x (s—1) block of Qr D, By and of Q D, By. This is a direct consequence of the induction
hypothesis. It is easy to see that the derivatives with respect to the entries of the first row of By,
are linearly independent. This finishes the proof.

Next, consider the same kind of argument for the block Z,, corresponding to 6,. It has been shown
above that if differentiation takes place twice with respect to an entry in 6,,, the essential term in
equation (B.5) is

T
1
T7107 ,Lr(pr) = T Z tr[S 7 0ier (o) 056 (0)] + 0p(1)
=1
Diet(p) = dkic,(L,00)z1(05) = —k(L;05) 1 0;Crwy 1 (05).

The resulting matrix is block-diagonal, with the blocks corresponding to the different unit roots
zi. Therefore, again, the crucial fact to prove is the linear independence of the filters dk;(z, 6,) for
all coordinates in 6, corresponding to z, = e’* for all k. Remember that k‘l(ei“k;Ho)Ckp =0.
Therefore, a necessary condition is that the derivative of C does not lie in the space spanned by
the columns of C}, and that the set of partial derivatives with respect to all different parameters is
linearly independent. This is ensured by the specific parameterization of C}, as described in Bauer
et al. (2020).

Finally, let us consider Z,, — Y[')ZBIYD. Define

—1/2
Tu,kit '= — 2o / Iy,00iCrixe 1 (65) Tudt = [ Turid - Tokmgt |

where nj denotes the number of parameters for Cj. We see that
1 T
T*laZET(@T) = ﬁ ZT{L,k,tTu,kqt + Op(].) — Zu,k~
t=1
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Analogously, we define

T
_ 1
Th ot = — 2o 1/204k,05k,t O Lr(pr) = T Z To et Tok,t +0p(1) = Zap i
=1
L I
Tet i= E_l 2F1 0C10 8§£T(¢T) =7 ZTP (Tep +op(l) = Z,
=1
T
Te 4 ==y ot T202 L (¢r) Z 70 4Test+op(l) = Ze,

and analogous expressions for the sample covariances between the deterministic terms. These
expressions can be simplified by noting that

T

T T
1 I _ 1 ! ! 2—1 1 / -1
- Tk, tTokt = | 7 SptSkit | QA o2io Akos SktSkt = 1,
T t=1 o T t=1 ’ ’ T t=1 )

where o, 35 ag o > 0.

Above and in the following Z,, x, Zab .k, Zp.x and Yp j denotes the blocks in Z,,, Zg,, Zp and Yp
corresponding to the unit root z.

Let us first deal with the case, where no linear trend is present or the block corresponding to a
unit root other than z; = 1 is considered. To show the invertibility of Z, , — YL’).kZ;),lkYD,ka we
first investigate the invertibility of the corresponding sample covariance matrices and later take
the limit of these quantities. We find

-1
T T T T
1 / 1 / 1 / 1 /
T2 E Tu,k,tTu,k,t — —3 E Tu,k,tTb,k,t T E Tb,k,tTh,k,t -3 E To,k,tTuk,t | =
t=1 T2 \i3 T t=1

2

=YD —>ZD . =YDk

T

1 ’ —1/2 1 Z—l 1 7 1/2

T2 Tu,k,tTu,k,t — Tuktskt e Oék,o(Oék,o o Oék,o) Oéko Sk, tTu,k,t | -
t=1

Note that, since 7, lies in the span of 251/20%0 (since I, = akvOMk(C,i-)’ for some matrix

My, € C(s_ck)x(s_ck)), the regression on 7 1, ¢ is enough to regress out the subspace spanned by sy ¢
in 7, 1. Thus, the above expression is equal to the sample variance of the residuals of a regression
of Ty k,+ onto s ¢. Taking the limit, Z,, , and Z,, , — ng’kZB}kYpyk have the same structure, where
only Z(zy) is replaced by

1 1 1
Z(z) = Y(z)Y () = 5,§Bk/ Wk(u)Wk(u)’duB,g—(sgBk/ Wk(u)du/ W/ (v)duBj,
0 0 0

— 2B, (/01 Wk(u)Wk(u)’du—/Olwk(u)du/olwk’(u)du) B,
~ 2B, A 1 (Wk(u)— 01Wk(v)dv> <Wk(u)— 01 /

Wy (v)dv) duBj,.
It follows immediately that this matrix is positive with probability one.
By an analogous argument the case with the linear trend can be dealt with. Note that the regression
on the constant vector 7.; does not change the residual compared to the above result, since 7,
was already corrected for a constant. Thus, we only have to add 7., ; as an additional regressor.

. o T , .
For this, we define 7p; :==[ 71t Te, e | and Y, TDtTpt — Zp, Where Zp is given by

.|

— win

/ -1
al,oEo 1,0 ® |:
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Thus, we have

_ _ _ 6 -3
ZDl = [O/LOZO 10[170] 1 X |: _3 9 :| .

Y is defined correspondingly. From this it follows by elementary calculations, that Z,: and
Zya — Yj’nglYf) and thus also Z,, 1 — Yé,IZB,IIYD,l have again the same structure, where Z(1)
has to be replaced by Z(1) — 12V (1)V(1)' + 6Y (1)V (1)’ + 6V (1)Y (1)) —4Y (1)Y (1)". This corre-
sponds to replacing the Brownian motion by a demeaned and detrended Brownian motion. Again
it follows immediately that this matrix is positive definite with probability one. This implies the
invertibility of the Hessian and finishes the proof. [J

Combining the results of the previous two lemmas, the asymptotic distributions of T'(6, — 0,c)
and \/T(ést — 0st,0) follow immediately.

In any case VT (0y — 0410 4 N(0,Z; 'V Z;Y). Therefore, (A) holds.

(B) follows from Lemma B.9 showing that the Hessian asymptotically is block diagonal, where the
blocks correspond to all parameters for one unit root.

(C) has been shown in Lemma B.3, while (D) is contained in the results of Lemma B.7 and Lem-
ma B.9.

With respect to (E) note that if no deterministic terms are included in the estimation it follows,
that the sub-block of 6, corresponding to the unit root z; has a limiting distribution of the form
Z;l,vk, where Z,, . is the block of Z,, corresponding to the unit root z; and vy, is a random vector,
whose entries are given by

(Vk)i e 25kt1‘[2;1 (Hk708iOkX(Zk))].

Stacking the vectors vy into a single vector v,, = [ ViV ]/, we get the vector from Theo-
rem 2.2. When a constant and seasonal dummies are included in the estimation, Z(zj) has to be
replaced by Z(zx) — Y (2x)Y (2x)" and X (z) has to be replaced by

1 1 1
X(2k) = Y (21)Wi(1) = 5;%Bk,o/0 Wi (u)d(Wy(u))" — 5]3Bk,0/0 Wk(u)du/o 1dW] (u)du

52 /0 B (Wk(u) - /0 1Wk(v)dv) AW (u)).

If a linear trend is included, Z(1) has to be replaced by Z(1) — 12V(1)V (1) + 6Y (1)V (1) +
6V(1)Y (1) —4Y(1)Y (1)’ and X (1) has to be replaced by

/01 By, (Wl(u) _ /01 W (0)dv — 12 (u . ;) /01 (v - ;) Wl(v)dv) AWy (u)’,

as follows from straightforward computations. This finally concludes the proof of Theorem 2.2.
To prove Corollary 2.2 let Z = diag(Z,, Zs:) and note that

Wgr=(RI—r)(RZ'R)"Y (RO —r)
= (DER(D§) ") D40 — 0.)) (DRR(D§) !
(D427 D%)(D§) "L R' DR~ Y (DER(DS) 1) DG (6 — 6.)
L1 Z7WL vy J(R)(RXZYR®))'\R™[ Z;7 W, Vv, |,

* S
where we have used D& (6 — 0,) — [ Z7'W. V., | and Z % Z because of Lemma B.9. Now,
since vy is asymptotically normally distributed with variance Zg and v, conditionally upon
[ Bi.W{ ... Bleco |’ is asymptotically normally distributed with variance Z,, the test stati-
stic conditionally upon [ B1,W{ ... B W/ | is asymptotically Xf; distributed which implies
that the same result holds marginally.
Finally, (F) is immediate from Lemma B.4.
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Appedix of the Third Chapter

C.1 Supplementary Material

Table C.1: BIC for VAR systems of different lag lengths for the different data sets.

lag length 1 2 3 4 5 6 7 8
1949 - 1988

=3 -26.40 -26.69 -26.47 -26.36 -26.10 -25.86 -25.65 -25.42
=6 -35.20 -35.49 -34.68 -33.99 -33.21 -32.68 -31.96 -31.30
1949 - 2018

=3 -26.39  -26.65 -26.42 -26.21 -26.00 -25.68 -25.47 -25.27
=6 -35.53 -35.44 -34.46 -33.44 -32.19 -31.16 -30.14 -29.12
1989 - 2018

=3 -29.05 -29.03 -28.38 -27.81 -27.13 -26.51 -25.93 -25.52
=6 -40.72  -39.16 -36.75 -34.50 -32.17 -29.94 -27.87 -25.77
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Table C.2: BIC for state space systems of different system orders for the different data sets.

1949 - 1988
system order 1 2 3 4 5 6 7 8
s=3 -23.97 -25.59 -26.53 -26.45 -26.36 -26.38 -26.16 -25.99
s=6 -28.77 -29.43 -31.55 -34.82 -35.42 -35.46 -35.53 -35.07
system order 9 10 11 12 13 14 15
s=3 -25.94 -25.68
s=6 -34.92 -34.99 -34.70 -34.45 -34.71 -33.93 -33.48
1949 - 2018
system order 1 2 3 4 5 6 7 8
s=3 -22.21 -25.32 -25.22 -26.93 -26.97 -26.91 -26.91 -26.81
s=6 -24.43 -28.98 -27.24 -34.50 -35.02 -35.49 -36.56 -36.69
system order 9 10 11 12 13 14 15
s=3 -26.69 -23.50
s=6 -36.63 -36.36 -36.36 -36.00 -35.95 -36.03 -36.20
1989 - 2018
system order 1 2 3 4 5 6 7 8
s=3 -26.16 -28.26 -29.19 -29.02 -28.89 -28.95 -28.76 -28.30
s=6 -32.91 -36.87 -39.35 -41.35 -41.94 -41.72 -41.44 -41.34
system order 9 10 11 12 13 14 15
s=3 -28.64 -28.49
s=6 -41.06 -40.68 -40.72 -40.74 -40.13 -40.37 -40.14
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