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In this paper we develop a canonical state space representation of autoregressive
moving average (ARMA) processes with unit roots with integer integration orders at
arbitrary unit root frequencies. The developed representation utilizes a state process
with a particularly simple dynamic structure, which in turn renders this representa-
tion highly suitable for unit root, cointegration, and polynomial cointegration anal-
ysis. We also propose a new definition of polynomial cointegration that overcomes
limitations of existing definitions and extends the definition of multicointegration
for I(2) processes of Granger and Lee (1989a, Journal of Applied Econometrics 4,
145-159). A major purpose of the canonical representation for statistical analysis is
the development of parameterizations of the sets of all state space systems of a given
system order with specified unit root frequencies and integration orders. This is, e.g.,
useful for pseudo maximum likelihood estimation. In this respect an advantage of
the state space representation, compared to ARMA representations, is that it easily
allows one to put in place restrictions on the (co)integration properties. The results
of the paper are exemplified for the cases of largest interest in applied work.

1. INTRODUCTION

Linear dynamic models incorporating unit roots and cointegration have become
standard tools for modeling economic time series since the early 1980s. This is
in particular true for the I(1) case, but also holds for more general settings in-
cluding seasonal unit roots and seasonal cointegration (with early contributions
by Hylleberg, Engle, Granger, and Yoo, 1990; Lee, 1992; Ahn and Reinsel, 1994)
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or processes with higher integration orders (see, e.g., Stock and Watson, 1993;
Johansen, 1997).

The concept of cointegration has been generalized by considering not only
static transformations but also dynamic transformations of the form z?:o ﬂj’ Vi—j-
The corresponding cointegration concept has been introduced first as multicoin-
tegration by Yoo (1986) and Granger and Lee (1989a, 1989b). Multicointegration
prevails for an s-dimensional I(2) process (y;);ez, with Z denoting the integers, if
there exists a linear combination of the two I(1) processes (8y;)rez (i.€., B € R*
reduces the integration order from 2 to 1) and (y; — y;—1);cz, that is stationary.
The concept of multicointegration has been generalized (by allowing for higher
integration orders and higher-order linear dynamic transformations) to polyno-
mial cointegration by Gregoir and Laroque (1994); see also Gregoir (1999a).

Cointegration analysis is performed both nonparametrically and parametrically.
The difference between the two approaches is that in the former case only the coin-
tegrating relationships are estimated, while other features of the data generating
process are treated as nuisance parameters (see, e.g., Phillips and Hansen, 1990;
Sims, Stock, and Watson, 1990; Stock and Watson, 1993), whereas in the latter a
parametric model class characterizing the set of feasible data generating processes
is considered. Among the parametric approaches the autoregressive (AR) frame-
work, popularized by the work of Johansen and co-authors, is particularly promi-
nent. The so-called error correction model (ECM) representation of autoregressive
processes allows one to characterize AR models that correspond to I(1) processes
(see the discussion in Johansen, 1995, Chap. 6), to seasonally integrated processes
(see Johansen and Schaumburg, 1999), or to I(2) processes (see Johansen, 1997).
With the exception of the I(1) case, the set of restrictions on the AR parameter set to
impose certain integration properties becomes rather complicated, as is illustrated
in Section 6. This in turn implies that the definition and in particular the analysis of,
e.g., pseudo maximum likelihood estimators (based on maximizing the Gaussian
likelihood) also become complicated. Based on the representation result developed
in Gregoir (1999a, Thm. 3.2, p. 447), Gregoir (1999b) considers estimation for AR
processes with unit roots at arbitrary frequencies with integer integration orders.
However, due to the complicated nonlinear restrictions involved in the representa-
tion theorem, it appears to be highly complicated to define a parameterization. '

In this paper we show that the state space framework is highly suitable for unit
root and cointegration analysis by developing a specific state space representation
for unit root ARMA processes that highlights the unit root and cointegration prop-
erties. The results are thus similar in spirit to the results of Gregoir (1999a) in that
a representation result for unit root processes, in this paper ARMA processes with
unit roots at arbitrary frequencies with integer integration orders, is provided. A
stochastic process (y;);ez, ¥r € R, is said to possess a state space representation
if it is a solution of the equations

i =Cx; +é, 6))
Xi41 = Ax; + Bey,
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for a white noise process (&;);cz. The unobserved process (x;);cz € R" is referred
to as state process, and A € R"*", B € R"*5, and C € R**" are real matrices. As
discussed (for the stationary case) in great detail in Hannan and Deistler (1988,
Chaps. 1 and 2), henceforth referred to as HD, there are close connections between
state space and ARMA models. Despite these connections, only a few early con-
tributions use the state space framework for unit root and cointegration analysis.
These include Aoki (1987) and Aoki and Havenner (1989, 1991), all of which
deal with the I(1) case only.

So-called structural time series models (STSMs) as discussed in Harvey (1989),
which are typically also cast in a state space format, allow one to model multi-
ple time series with unit roots and cointegration. However, in that approach—as
the name suggests—a large amount of structure is imposed a priori (like, e.g.,
trend and cycle decompositions with specific assumptions concerning the error
processes driving these components). Our work, however, is geared towards char-
acterizing the classes of state space models with certain unit root and cointegration
properties, to allow for the development of estimation and inference procedures in
which the dynamic properties, including the unit root and cointegration properties,
of the modeled time series are not specified ex ante but are determined from data.

The form of the system equations (1) already indicates why the state space
framework is useful for cointegration analysis. The dynamics of the state (x;);c7
allow for a simple description of its stochastic behavior, i.e., stationarity or inte-
gratedness of some order. The observed process (y;);ez is simply given by a static
transformation of the state (plus the white noise error process). This implies that
the unit root and cointegration properties of (y;),c7z are easily understood once the
respective properties of (x;);cz are understood. The basis of the state can be freely
chosen, as is discussed in Section 3. This degree of freedom is a major advantage
of the state space framework compared to the ARMA framework, since it allows
the usage of a state process with particularly simple unit root and cointegration
properties, which are summarized in the newly defined state space unit root struc-
ture (see Definition 2 below). The main result of this paper is a specific canonical
Jform (for a definition, see Section 3) based on a canonical state space representa-
tion of ARMA unit root processes that highlights the unit root, cointegration, and
polynomial cointegration properties very conveniently.

The ARMA framework, on the contrary, does not offer the same level of flex-
ibility with respect to representation as the state space framework. In an ARMA
representation the unit root and cointegration properties depend upon polyno-
mial matrices, which makes it comparably hard to impose restrictions on the
(co)integration properties. For example, already for 1(2) autoregressive models
the imposition of properties like variables being integrated of certain orders or
restricting the multicointegrating space to a given subspace necessitates com-
plicated reparameterizations. It is exemplified in Section 6.3 how to straightfor-
wardly impose such restrictions in the developed state space representation.

The main purpose of the canonical representation for statistical analysis is
its use in the development of parameterizations of model classes (for a formal
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definition see, e.g., HD, p. 37) that allow one to take into account specified unit
root and cointegration properties, such as integration orders of variables or knowl-
edge about the cointegrating spaces. This in turn facilitates the definition and anal-
ysis of pseudo maximum likelihood estimators.?

With the developed state space representation, both cointegration and polyno-
mial cointegration are characterized by simple orthogonality constraints. In this
respect note that we provide a new definition of polynomial cointegration that
overcomes some deficiencies of existing definitions and that generalizes the con-
cept of multicointegration. A detailed reconsideration of polynomial cointegra-
tion, based on the developed state space representation, is provided elsewhere due
to space limitations.

The paper is organized as follows: Section 2 describes the class of processes
considered in this paper and gives some relevant definitions. Section 3 discusses
state space representations for the considered class of processes, and in Section 4
the canonical form is presented and the state space unit root structure is defined.
In Section 5 cointegration and polynomial cointegration are defined and the use-
fulness of the developed canonical form for cointegration and polynomial cointe-
gration analysis is discussed. In Section 6 the ideas and results of this paper are
exemplified with several illustrative examples covering the cases of main interest
in economic applications. Finally, Section 7 summarizes and concludes the paper.
All proofs are relegated to the Appendix.

The following notation is used: I, denotes the m x m dimensional identity
matrix and 0”*” the m x n dimensional null matrix. With x” we denote the com-
plex conjugate transpose of a complex vector and with X its complex conjugate.
Similar notation is used for matrices. Furthermore, Ayax(A) denotes an eigen-
value of maximum modulus of a square matrix A. With R(-) and Z(-) we denote
the real and imaginary parts of complex quantities and ® denotes the Kronecker
product.

2. UNIT ROOT PROCESSES

This paper deals with the analysis of multivariate ARMA processes (y;)rez,
v € R, which are later on considered in the state space framework. A stochastic
process (y;):ez is referred to as an ARMA process in this paper, if there exist in-
tegers p,q > 1 and matrices A; e R™*, j=1,...,pand B; e R***, j =1,...,q
and a white noise process (&;);ez, with Ee;e; = £ > 0, such that

et Aryi—1+Ay—2+ -+ Apyi—p =&+ Bier—1+- -+ Bger—g, teZ. (2)

This definition of an ARMA process is broader than usual, since we do not impose
stationarity in the definition of ARMA processes, as is done, e.g., in HD (p. 25).

Defining the matrix polynomials a(z) := Iy + Ajz+4---+ Apz” and b(z) :=
Is+Biz+-- -+ Byz? where z € C, the pair (a(z), b(z)) is called an ARMA system
corresponding to the process (y;)sez.
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It is well known (see HD, pp. 9-10) that equation (2) always has solutions and
that any solution can be written as the sum of a particular solution and a solution
of the homogenous equation

Vit A1+ Ayi—2+-+Apy—p =0, teZ. 3

Furthermore, if deta(z) # 0 for |z| < 1, equation (2) has a unique causal and
stationary solution given by y; = ZJQ‘;O Cje—j, t € Z. The coefficients C;, j >0,
are given from the power series expansion at O of the rational transfer function
c(z) :=a(z)"'b(z) = 2o C ;z/. Clearly this unique solution depends only on
the power series coefficients C; and the noise (&;);ez.

Below we consider unit root ARMA processes (see Definition 1 below). To this
end the difference operator at frequency 0 < w < 7 is defined as

AL 1—e®L, wel0,r} @
olh):= (1—e®L)(1—e7®L), we (0,7).

Here L denotes the backward shift operator, such that L(y;);ez = (yi—1)rez-
Keeping this definition in mind we also use the sloppy shorthand notation
Ly, = y,—1, with which we obtain, e.g., A, (L)y; = y; —2cos(w)y,—1 + y;—» for
0 < < m. Note that for 0 < @ < 7 the difference operator A, (L) filters the pair
of complex conjugate unit roots e*'® jointly. This ensures that also filtered pro-
cesses Ay, (L) () ez are real valued for real valued processes (y;);ez. With the
necessary notation established we can now define the class of ARMA processes
considered in this paper.

DEFINITION 1. The s-dimensional zero mean real ARMA process (y;)se7, has
unit root structure Q = (w1, h1),..., (0, h)) with 0 < o] <wy < -+ <o <
w,hiy e N,k=1,...,1, if it is a solution of the difference equation

D(L)y; = Al (L) - Al (L)y, = v, teZ, 5)

where (vy):ez Is a stationary ARMA process, thus there exists a pair of left co-
prime matrix polynomials (a(z),b(z)),deta(z) # 0, |z] < 1,detb(z) # 0, |z| <
1 such that (v;)iez = a(L)™'b(L)(e1)iez = c(L)(&r)iez with c(z) # 0 for
z=e€% k=1,...,1, for a white noise process (&;);e7 With Eere; = X > 0.
Henceforth, the degree of the polynomial D(z) = Ag}l (z)‘--Aﬁ'U’l (z) is denoted
by H.

Such a zero mean real ARMA process is called unit root process. The set
{w1,...,0} is referred to as set of unit root frequencies and the integers hy,
k=1,...,1 are called integration orders.

A unit root process with unit root structure ((0,m)), m € N, is called I(m)
process and a unit root process with unit root structure ((w1,1),...,(w;, 1)) is
called multiple frequency I(1), in short MFI(1), process.

A zero mean stationary ARMA process (vy)rez, = ¢(L)(&;)se7, is said to have
empty unit root structure Qg := {}.
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Equation (5) implies that
h h
a(L)Ag (L) A

1
]

(L)y; =a(L)v; =b(L)e;, teZ. (6)

Hence the unit root process (y;);e7 is a solution of the vector difference equation

(VDE)
r+H q

Vet X, Ajyi—j =&+ Y, Bjer—j, 1€ (7
j=1 j=1

i.e., (y)rez is a solution of the ARMA system (a(z), b(z)) with a(z) = D(z)a(z)
and D(z) as given in Definition 1.

Every zero mean solution (y;);ez of (7) such that the filtered process
D(L)(yr);ez is stationary is a unit root process. The difference between any
two such solutions is a solution of the homogenous equation a(L)y;, =
D(L)a(L)y:, =0, t € Z. These are linear combinations of terms of the form
t9p' cos(w(r —m)) and 1 p' sin(w(r — m)); see, e.g., HD (p. 10). Here p and
o depend on the roots p~'e/® of detd(z) and a depends on the corresponding
multiplicities.? For stable roots it holds that 0 < p < 1 and thus the corresponding
solution components decay exponentially (for increasing 7). These components
are, similar to the focus on the stationary solution only in the stable case, excluded
in Definition 1. For unit roots it holds that p = 1 and thus the corresponding ho-
mogenous solution components can be accommodated by including regressors of
the form ¢ cos(w (t —m)), t* sin(w(t —m)) in the model. Consequently, the pa-
per focuses on one specific particular solution of (7), defined below in (8), that is
convenient for unit root and cointegration analysis.

We consider only zero mean processes to simplify the notation and exposition,
whereas for actual modeling purposes one would include appropriate determinis-
tic components (which may, as just discussed, even be necessary for zero mean
processes). As is well known the presence or absence of deterministic compo-
nents will in general influence the asymptotic distributions of the parameter esti-
mators, but considering them has no influence on the unit root and cointegration
properties. Note in this respect that in the literature definitions of integrated pro-
cesses (z7);ez are often formulated for demeaned processes, i.e., for processes
(zt —E(z¢))sez, compare, e.g., Johansen (1995, Def. 3.3, p. 35) and in this paper
we also consider this latter zero mean process only.

Remark 1. Clearly the restriction to ARMA processes renders the above def-
inition of unit root processes narrow. Such a narrow definition, however, suffices
for the present paper in which a convenient state space representation for unit
root ARMA processes is developed. The definition can of course be broadened
by not constraining (v;);cz in Definition 1 to be an ARMA process; e.g., Bauer
and Wagner (2007) consider MFI(1) processes defined without the restriction to
ARMA processes.
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Concerning Definition 1 some further comments are in order. First, positing in
the definition only the constraint that c(e!®) # 0 for k = 1,...,1, i.e., only at the
unit root frequencies z; = ¢! and not for all points 7 = e? with0 <w <7,
allows one to classify also processes (with respect to unit root structure) that have
been over-differenced at non-unit root frequencies. Second, the definition of the
unit root structure and hence of the integration orders is given for the multivariate
process and not for its individual coordinates. Since we only assume c¢(e!®) 0
and not detc(e!®) # 0 for k = 1,...,1, the integration orders /; are the maxi-
mal integration orders of the coordinates (yj,;)iez, j = 1,...,5 of (y1);ez at the
unit root frequency wy. Alternatively one might consider basing the definition of
the unit root structure in a univariate fashion on the integration properties of the
individual coordinates. Based on these, the unit root structure of the multivariate
process could then be defined by including all unit root frequencies occurring in
the different coordinates with the corresponding integration orders being given by
the maximal integration orders at these frequencies over all coordinates. Such a
unit root structure constructed from the individual coordinates corresponds with
the unit root structure € from Definition 1 if and only if the correspondingly fil-
tered multivariate process is stationary. This, however, need not be the case in
general, since stacking stationary processes does not necessarily lead to a jointly
stationary stacked process. Starting from a multivariate perspective rules out such
problems. Note also that in the literature most definitions are formulated in a
multivariate setting; see, e.g., Johansen (1995, 1997), Johansen and Schaumburg
(1999), or Stock and Watson (1993).

Third, our definition of the empty unit root structure, which only requires the
process to be stationary, implies, e.g., that processes that are solutions of y; =
Vi—1 +vs, t € Z with (v;),ez an ARMA process with empty unit root structure
may have different unit root structures. In case that v, = &;,1 € Z with (&);cz
white noise, the process (y;);ez has unit root structure ((0, 1)), if we consider a
solution that has a unit root structure. If v; = ¢; — &;—1,t € Z, then the process
(y1):1ez has empty unit root structure, considering again a solution with a unit
root structure. This could be overcome by introducing negative integration orders;
compare Gregoir (1999a). For the representation results developed in this paper
this issue is of no importance.

The unit root structure of unit root processes is uniquely defined, which can
be shown by contradiction. Collecting the set of all unit root frequencies oc-
curring in two unit root structures in {wi,...,®;}, we can write the filters
corresponding to the unit root structures as D (L) := A (L)~~~Aﬁ’0’:"l (L) and

~ ~ a)1~
Dy(L) := Al (L)--- Al (L). In these filters 7j = 0 or h; =0 if a partic-
ular frequency w; is not contained in the respective unit root structure. De-

fine D* (L) := ABXCGh0 (L) ... AmaxCimFn) (1) and let d; (L) := D*(L)/ D; (L),
i = 1,2. Consider a unit root frequency ey contained in the set of unit root

frequencies corresponding to Di(L) but not contained in the set correspond-
ing to Dy(L). Then dj(e™"“) # 0 and hence the spectrum of D*(L)(y);ez =
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dy (L)Dl(L)(y,).,ez = dr(L)D>(L)(y;)rez is not equal to zero at frequency wy.
However, dy(e™'“F) = 0, which shows that the sets of unit root frequencies have
to coincide. Analogously it follows that the integration orders have to coincide.

3. STATE SPACE SYSTEMS

It is well known that for stable matrix polynomials a(z), i.e., deta(z) # 0 for
all |z] < 1, any ARMA system (a(z), b(z)) has a unique stationary solution on Z.
This solution is given by y; = %2 C;jé,—j, with the impulse response coefficients

C; e R***, j >0, corresponding to the transfer function c¢(z) = a(z)"'b(z) =
Zf.io C;z;j. Hence, this unique stationary solution only depends upon the transfer
function ¢(z) and the process (&;);e7.

It is also well known that the unique stationary solution (y;);cz just consid-
ered can be represented as a solution of a state space system (A, B, C), with
A eR™" BeR"™ and C € R**" as given in (1). The matrix triple (A, B, C) is
referred to as a state space realization of the transfer function ¢(z) = a(z) ~'b(z) =
I +352, CA/~'BzJ. Similarly to the ARMA case, the set of all solutions of the
state space equations is given by the sum of the stationary solution and a solu-
tion (y;,»)sez of the corresponding homogenous equations, i.e., y, , = Cx;,, and
Xeq1,h = Axp .

Like ARMA systems, state space systems also are not unique, i.e., there exist
classes of observationally equivalent state space systems that all realize the same
transfer function. The state space equivalent to left coprimeness is minimality. A
state space system is called minimal if there exists no other state space system
realizing the same transfer function with a smaller state dimension. This mini-
mal state dimension is also referred to as the order of the transfer function. Two
minimal state space systems (A, B, C) and (A, B, C) are observationally equiv-
alent if and only if there exists a nonsingular transformation matrix T € R"*"
such that A = TAT_I, B = Tf?, and C = CT~!. Such a transformation implies
a corresponding basis change of the associated state vectors, i.e., x; = T'X;.

Consider a given rational transfer function ¢(z) and let (A, B, C) be a minimal
state space realization and (a(z), b(z)) a left coprime ARMA realization. Then ac-
cording to HD (Thm. 1.2.2, p. 19) the nonzero eigenvalues of A equal the inverses
of the roots of deta(z). Hence, for minimal state space systems the stability condi-
tion |Amax (A)| < 1 corresponds to the stability assumption deta(z) # 0 for |z] < 1
and eigenvalues of A of unit modulus correspond to unit roots. Considering the
inverse transfer function ¢! (z) = b~ (2)a(z) = Iy —zC (I, —z(A— BC))"'B it
follows analogously that the miniphase assumption detb(z) # 0 for |z] < 1 (HD,
p. 25) imposed in Definition 1 is equivalent to the condition |Amax (A — BC)| < 1.

The following Theorem 1 clarifies the relations between unit root processes and
the solutions to corresponding state space representations. In light of the discus-
sion in the previous section, a central element in this respect is one particular so-
lution of a minimal state space representation that only depends on (A, B, C) and
(&1)1ez- This solution is built from a specific state space representation with the

https://doi.org/10.1017/5026646661200014X Published online by Cambridge University Press


https://doi.org/10.1017/S026646661200014X

CANONICAL FORM FOR UNIT ROOT PROCESSES 1321

A matrix in the format A = diag(A,, A,), where all eigenvalues of A, have unit
modulus (hence A, is invertible) and |Amax(Ae)| < 1. Considering such a state
space realization is clearly not a restriction of generality, since an observationally
equivalent realization of this form always exists (e.g., by using the real Jordan nor-
mal form of A). We also partition the corresponding matrices B, C and the state
vector x; accordingly, i.e., B = [B], B.]’, C = [Cy,C.], and x; = [x,/,u,x,,.]’.
Then the considered particular solution (y;, ,);ez is given as

yl,p = Cux[,u + Coxl,o + Et,

=1 4j—1
Zj:lAft Byer—j, t>1
Xt,u = 0 -1
_Z,':[ Ay Bue—j,t <1,

i1
Xt,0o = Zj.il Ai Bogt—j- ]

Clearly, since we consider only minimal state space representations, (x;e)ez
is the unique stationary solution of the state equation X;i1e = AeXt e + Bet:.
With respect to x; , the particular solution chosen corresponds to x1 , = 0. These
choices imply that (y;,,);ez only depends on the transfer function correspond-
ing to the state space system (A, B, C) and the noise (&;);ez. The relation be-
tween such state space systems and unit root processes is clarified in the following
theorem.

THEOREM 1. Let (y;):ez be a unit root process as given in Definition 1. Then
there exists a solution (y; p)iez, of the homogenous equation D(L)(yin)iez =
0, such that the process y; p := y; — Y1,n, t € Z is the particular solution given
in (8) to a minimal state space system (A, B, C) with A = diag(A,, A,), where
all eigenvalues of A, have unit modulus and |/ max(Ae)| < 1.

The process (y;,p):ez given in (8) is a zero mean unit root process and a partic-
ular solution of a minimal state space system (A, B, C) such that | Amax (A)] = 1
and |Amax(A — BC)| < 1. Denoting with ((wy,h1), ..., (w;, hy)) the unit root
structure of (yt,p)iez, it holds that zj = %k =1,....1 are the eigenvalues
of A with unit modulus and non-negative imaginary part and the integration
orders hy > 0 equal the dimensions of the largest Jordan blocks corresponding
tozx fork=1,...,1L

The theorem shows that every unit root process can, up to a component in the
kernel of D(L), be represented as a specific particular solution of a minimal state
space model. This particular solution only depends on the transfer function corre-
sponding to the state space system as well as the error process (&;);e7z. Conversely,
all solutions of state space systems where the corresponding matrix A has eigen-
values on the unit circle are up to a solution of the homogenous equation unit root
processes.

Partitioning x;, = [x/, ,.X,,,] according to the partitioning of A =
diag(A,, A,) it follows from the ﬁroof of Theorem 1 that a solution (y;);e7 to
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the state space system is a unit root process, when the corresponding (x;,4)sez
fulfills x;,6, =0, t € Z and E(x; ) = 0, t € Z. Note, however, that the set of
unit root processes given as solutions to the ARMA representation as considered
in Definition 1 and the solution processes to corresponding minimal state space
systems as discussed in the theorem are not identical. This stems from the fact
that in the theorem only minimal state space systems are considered, whereas the
ARMA representation (a(z), b(z)) is not necessarily left coprime, with potential
rank reductions in (a(z), b(z)) on the unit circle due to roots of detb(z) at unit
root frequencies. Rather than providing a full discussion, let us just consider a
simple example here, with D(L) =1 — L, a(L) = I and b(L) = diag(1,1 —L).
The solution set, where for brevity we only consider 7 € N, to the ARMA system
is given by y; = (Z;:] gj1+cC1,82 +c¢3), for ¢y, ¢z € R zero mean random vari-
ables. A minimal state space representation corresponding to the above ARMA
system is given by A =1, B = (1, 0), and C = (1, 0)’. Thus, the corresponding
solution set is given only by y; = (Z;-:l gj,1t+ci, e2),ie., 2 =0.

In the remainder of the paper, based on the particular solution (8), we exploit
the flexibility of the state space framework to develop a specific, unique state
space representation for unit root processes that highlights the unit root and coin-
tegration properties. In this respect, as can already be guessed from Theorem 1,
the eigenvalue structure of A will be of key importance since the unit modulus
eigenvalues of A correspond to the unit roots. Formally, we construct a so-called
canonical form, i.e., a mapping that attaches unique state space representations to
transfer functions c(z).

4. THE CANONICAL FORM

In constructing the canonical representation first more structure (as already used
in the proof of Theorem 1) is imposed on the block-diagonal A matrix used so far.
Henceforth, we consider the A matrix in the format A = diag(Ay,..., A;, A,),

where the matrices Ay, k = 1,...,1 have as their only eigenvalues the pair
2k, 2k = eIk (including here for brevity the cases zx = £1) for 0 < wy <
wp+1 <, k=1,...,1 —1 and where as before |Amax(Ae)| < 1. As argued be-

fore, such a realization exists, the A-matrix can, e.g., be taken in real Jordan
normal form with the eigenvalues ordered accordingly. Also, as before we con-
sider the matrices B, C, and the state vector x; partitioned accordingly, i.e.,

B =[B},....,B,B,lI', C =[Cy,...,C;,C,], and x; = [x] l,...,)ct/,l,xt’,.]’. Note
that for block-diagonal systems with A = diag(Ay,...,An), B=[B],...,B,1,
and C =[Cy, ..., Cy] partitioned accordingly, it follows that the power series co-

efficients of ¢(z) = I, + 372, CA/~! Bz/ fulfill CA’ B =3, C; Aj, By, for j > 0.
This implies that the subsystems (A, By, Cy) can be analyzed separately when
developing a canonical form.

The block-diagonality constraints are not sufficient to select a unique state
space realization (A, B, C) of the transfer function ¢(z). The additionally nec-
essary constraints are imposed in two steps. In the first step restrictions that detail
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the form of the matrix A are imposed. In the second step a set of constraints on
the matrices B and C to impose uniqueness is formulated. In this step a charac-
terization of minimality is used ascertaining that the restrictions can be imposed.

When imposing further restrictions to provide a unique realization it turns
out convenient to use complex valued quantities to simplify the algebra. Con-
sider zx = €/® a unit modulus eigenvalue not equal to #1. Then the systems
(Ak, Bg, Cy) with Ay in real Jordan normal form can be transformed to

Je 0
Ak,<c=[(fjk],

where the matrices Ji have as their only eigenvalue z; and are in the specific form
given in (10) below. The notation By _ and Cy _ indicates the correspondence to
complex eigenvalues with negative imaginary part. Clearly, in case that 7 = +1
the real and complex representation coincide, i.e., Ax.c = Jx, Br,c = Bk,—, and
Ci.c = C,—, where we here also use the notation with double subscript (k, —) to
indicate the correspondence to a representation with the A-matrix in this specific

By _ _
Brc = [Bi } , Cr.c = [Ck,- Cr,-], )]

. . k k
form. We use the following structure for the matrices Ji € CI*d" | =1,...,1I
il {Idk’odfx(dg—d]f)} 0 0
1 1
o xdt Tl [ Idg’odé‘x (dg_dzk)] 0
J = . s
g 0 0 il . 0
3
I Odﬁk—] X(dhk dlzk—])
-1’
0 0 0 @y ]
(10)

where the integer /; denotes the smallest integer such that (J; — IZ;)"* = 0. The
integers 1 < d]f < d§ <...< d}klk denote the differences between the ranks of
(Jx = IZ)" =7 and (Jy — IZ3)* 7+ for j =1, ..., hy. By definition it holds that
d* = Zjli I d;‘ . For any given real matrix Ay with zx,zx of unit modulus as its
only eigenvalues there is a similarity transformation to Ay ¢ with J in the given
structure. This stems from the fact that J; corresponds to the (unique) Jordan
normal form with a specific ordering of the coordinates.*

The matrices By — and Cy, _ are partitioned according to the structure of Ji

; k
as given in (10), i.e., Be— = [(B} _Y,....(B{* )Y, B] _ e C%**, and C; _ =
; k
[C]_.....C/* ). ¢l _ e,
A real valued representation based on the specific complex representation for

the kth subsystem, with k such that 0 < @y < 7, is obtained by using the transfor-
mation matrix
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Trai=| i —i e C2dx2d 11

This results in

A =Ty g ArcTy e € RO g = Ty w B e RS,
— k
Ci = CrcTy g € R, (12)
with
r 24K x2(dk —ak
Id,f®Q(wk) [12d,1(,o 1x2(db 1)] 0 0
o2dh x2af Id§ ® 0@p) [ Izd’z“owlz{ x2(dk —dé)} 0
A=l 0 0 PLLICORE 0
-1
0 0 0 L ®Q(@)
hy i
(13)
cos(wy) — sin(w,
where Q(wy) := | . (@) (@) ,
sin(wy) cos(wy)
[ 2R(B_;) ]
J
Bli _2I(Bk,—,1)
Bi=| : |, withB/ = : for j=1,...,h, (14)
hy j
By ZR(Bk,_, d],_{)
J
_—ZI(Bk’_,djk) |
with Bl{,—m form=1,..., d]]-‘ denoting the mth row of B,{’_. Analogously,
Ce=|cl,....cl*] with
J_ J J J J
Ck - |:R(Ck,—,1) ’I(Ck,—,l) s R(Ck,_’d/’.f)’z(ck,_,d/’.f)
for j=1,..., hy, (15)

with C,{,_,m form=1,..., d;‘ denoting the mth column of C,{ .

https://doi.org/10.1017/5026646661200014X Published online by Cambridge University Press


https://doi.org/10.1017/S026646661200014X

CANONICAL FORM FOR UNIT ROOT PROCESSES 1325

For real valued unit roots of course no transformation combining pairs of com-
plex conjugate matrices to result in real valued subsystem matrices is required. To
have uniform notation we define for k such that wy € {0, 7 }:

Ar=Arc=Jr e deXdk, By = By,c=By,- € dexs, and
Ci=Crc=Cy,— eRSXdk, (16)

where (Ji, Bi,—, Ck,—) are obtained by the transformation corresponding to the
reordering of the Jordan normal form of Ay to arrive at the format given in (10).

Using this notation and partitioning of the system matrices the first lemma char-
acterizes minimality.

LEMMA 1. Let (A, B, C) denote a state space system where the matrix A =
diag(Ay, ..., Ar, As) is block-diagonal with the matrices Ay, k = 1,...,1 cor-
responding to unit modulus eigenvalues as discussed above and given in (12)
respectively (16) and |2max(Ae)| < 1. The matrices By and Cy are also as dis-
cussed above and given in (12) respectively (16). Partition fork =1,...,1 C,f,_ =
(0 CEEVwith CEF € CX G0 and ¢ €€ for j = 1., with

. k
d(’)c := 0. Furthermore define C,f_ = [C,l,’f, ey C,l:,’[E] € (C“thk, Then it holds

that

(i) The system (A, B, C) is minimal if and only if for each k = 1,...,1 the
matrix B,il f_ has full row rank, C,E_ has full column rank, and the stable
subsystem (Ae, Beo, Co) is minimal.

(ii) In case of minimality it holds that dgk < s and that C,il_s has full column
rank fork=1,...,land j =1,..., h;.

As has been mentioned, minimality and the A matrix in the described format are
not sufficient to select a unique state space representation. The further necessary
restrictions use the concept of positive upper triangular (p.u.t.) matrices. A matrix
M =[m; jli=1,..c,j=1,.,m € C™ is p.u.t. if there exist indices 1 < j; < jp <

- < je <m,suchthatm; ; =0,j < ji,m;j € R, m; j > 0,1ie.,if M is of the

form
o - 0 my; = ¢
0 . 0 mz’jz * i (17)
O e O mc,jc *

where the symbol * indicates unrestricted entries. The additional restrictions
needed to achieve identification are based on an extension of Ober (1996,
Lem. 3.1, p. 129) from real valued to complex matrices (details are available upon
request): It can be shown that for any matrix X € C™*" with rank c, there exists
a unique decomposition X = CB, with C € C"*¢ and B € C**" with C'C = I,
and where B is p.u.t.
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THEOREM 2. For every minimal state space system (A, B,C) with
[Amax (A)| = 1 and |Amax (A — BC)| < 1, with the eigenvalues of the A matrix of
unit modulus with non-negative imaginary part given by zx = ', k=1,...,1,
0 <w <... <w; <7 there exists a unique observationally equivalent minimal
state space representation (A, B, C) such that

(i) A = diag(Ay,..., A, As) where |Amax(Ae)| < 1. The matrices B =
(B),....B,,B, and C =[Cy,...,C;,C,] are partitioned accordingly.
(ii) Using this partitioning it holds for k =1, ..., that
- for zj = €' with 0 < wy < m: (Ax, B, Cr) is as given in (12) with
(Ax,c, Br,c, Cr,c) as given in (9),
- for zi = €' with wy € {0, }: (Ax, Bi,Cx) is as given in (16),
with Ji in the format defined in (10).

(iii) Using the notation of Lemma 1 it holds that (C,f_)’C,f_ = d;fk for
k=1,...,1 and (ij)/ ,’(]i =0for1 <i<jforj=2,....,h and
k=1,...,L

(iv) Partitioning B,ff‘_ from By - = [(311,_)/’---’(31?,](—)’]/ as Bl;cl,k— =

[(BPY, .., (B Y with B e C4=0%% it holds that B/ is
positive upper triangular (p.u.t.) for d;‘ > dj]»‘_1 for j =1,...,h; and
k=1,...,1 ‘

(v) (Ae, Bs, Cs) is in echelon canonical form (cf. HD, Thm. 2.5.2, p. 61).

Throughout the paper, for state space representations in canonical form calli-
graphic typesetting is used.

The canonical form presented in Theorem 2 highlights that the eigenvalue
structure (for unit modulus eigenvalues) of the A-matrix as given in the matri-
ces Ji carries more information than provided by the unit root structure as given
in Definition 1. This motivates the definition of the state space unit root struc-
ture, which is useful for the characterization of model sets with common unit root
properties.

DEFINITION 2. A unit root process (y;):ez with a canonical state space rep-
resentation as given in Theorem 2 has state space unit root structure

Qs ={ (o, (¢l ndh,)) oo (o, (dlodh,)) ]

where 0 <df <df <...<dy <sfork=1,...,L

5. COINTEGRATION AND POLYNOMIAL COINTEGRATION

The unique representation of Theorem 2 is developed to allow for convenient
analysis of cointegration and polynomial cointegration, as will be discussed in
this section. Before turning to a definition of cointegration and polynomial coin-
tegration, we start by defining a semi-ordering of unit root structures. Denote for
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a unit root structure Q by F(Q) the set of distinct unit root frequencies included,
ie., F(Q) :={wi,...,o.

DEFINITION 3. Let Q := ((@1,h1), ..., (@, hp) and Q = (w1, h1),...,
(wy, hy)) be two unit root structures. Then Q <Qif

(i) FOCFQ. )
(ii) For all o € F(Q) for k and k such that ; = wx = w it holds that hi < hy.

FurtherQ%szQ%QandQ;éQ
For two unit root structures Q < Q define the decrease o (€2, Q) of the integra-

tion order at frequency wy, fork =1,...,1, as
5 hi—hy, Fk:ar=awr € F(Q),
5e(©, ©) ::{ ¢ £
hic, o & F(Q).

Clearly, the empty unit root structure is the smallest element in this semi-
ordering, i.e., Qo := {} < Q for any nonempty unit root structure €.

Let (y;);ez have unit root structure Q and consider a transformed process
BWLY (V)iez. = (X]_o B} yi-j)iez-Here f(2) = X1_, pjz/, fj € R for j=0,....q
and B, # 0.> By potentially accounting for a solution of the homogenous equation
D(L)y;, =0, where D(L) corresponds to Q, the process (L)’ (y¢)sez has a unit
root structure equal to or smaller than € in the semi-ordering defined above.

Our definition of cointegration and polynomial cointegration is based on the in-
troduced semi-ordering of unit root structures.

DEFINITION 4. An s-dimensional unit root process (y,)lez with unit root
structure Q is called cointegrated of order (Q, Q), where Q < Q, if there exists a
vector B € R, B # 0, such that (8'y;)rez has unit root structure Q. In this case
the vector J3 is called cointegrating vector (CIV) of order (Q, Q).

An s-dimensional unit root process (y;);ez, with unit root structure Q is called
polynomially cointegrated of order (Q, Q), where Q < Q, if there exists a vector
polynomial p(z) = 231:0 Bz, P €R, m=0,...,q, By #0, for some integer
1 < g < oo such that

(i) B(L) (i)iez has unit root structure Q,
(ii) maxg=1,. 118" )| (€2, €2) # 0.

In this case the vector polynomial B(2) is called polynomial cointegrating vector
(PCIV) of order (Q2, Q).

The restriction formulated in (ii) in the above definition rules out vector polyno-
mials that reduce the unit root structure merely by simply differencing the process.

For a clearer distinction we sometimes refer to cointegration as static cointe-
gration. Equivalently, we can interpret cointegration as polynomial cointegration
with polynomial degree 0 (excluded in the above definition).
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It is clear that a unit root process (y;);ecz can be statically and polynomially
cointegrated of different orders. However, for any CIV or PCIV for a process
(y1)iez, its cointegration respectively polynomial cointegration order is unique.
This follows immediately from the uniqueness of the unit root structure of unit
root processes (see the discussion at the end of Section 2).

In the considered state space representation the particular solution (yr,)sez is
a static linear function of the state and the error process. Therefore the cointegra-
tion and polynomial cointegration properties of (y;, »);ez are closely related to the
respective properties of the state. The following theorem shows that the state pro-
cess corresponding to the canonical representation developed in Theorem 2 has a
particularly simple unit root structure and cointegration properties.

THEOREM 3. Consider a minimal state space representation as given in Theo-
rem 2 and let (x;);c7, be the state process corresponding to the particular solution
(V1,p)rez as given in (8) with unit root structure ((wy, hy), ..., (cwr, hy)).

Consider the state process partitioned according to the partitioning of the sys-
tem matrices given in Theorem 2, i.e., x; = [x;’l, ... ,xt/’l,xt’,.]’. Fork=1,...,1
further partition x; j = [(xtl,k)/, el (xth,i)’]’, where using the indices djl»C as be-

; k ; k
fore, xt]’k e R% for j =1,..., hi for k such that 0 < wy < & and xtj’k eRY for
j=1,..., hi for k such that o € {0, 7 }.

Then the following properties hold:

(i) The processes (xtj;k),ez have unit root structure ((wy,hx — j + 1)) for
=1, hgandk=1,...,1

(ii) The processes (x,],k),ez are not cointegrated for j = 1,...,hx and
k=1,...,L

For w; = 0 the processes (xtj’ )rez are referred to as stochastic trends of order
hy — j + 1 and for wy # O they are referred to as stochastic cycles of order /iy —
Jj+1

In combination with the rank restrictions on the system matrices stemming
from minimality, these properties of the (sub-blocks of the) state (x;);cz consider-
ably facilitate cointegration and polynomial cointegration analysis for (yr,p)rez.
Consider the canonical representation (A, B, C) developed in Theorem 2, then

rohe
Vip=Cxi+e =Y, 3 Clx) +Coxiote. (18)
k=1j=1
Since C,i #0fork=1,...,l according to the rank restrictions implied by min-

imality (see Lemma 1) the integration properties (y;,)rez and (x;);ez coincide.
Furthermore, the processes (C,f xtj «)rez have the same integration properties as

unit root processes with unit root structures ((wg,hr — j + 1)) for C,{ # 0 for
j = 1,...,hk and k = _1,...,l. Therefore, any vector f # 0 such that
ﬁ/[C,l, . ,C,ﬁ ]=0and g’ C,i +1 # 0 leads to a reduction of the integration order of
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By, p)iez at frequency wy from Ay to hy — j. Thus, cointegration is character-
ized by orthogonality to sub-blocks of C; for k =1, ...,1. Clearly, a vector f§ # 0
can lead to a reduction of the integration orders at several or even all unit root
frequencies.

Note in addition that knowledge concerning the unit root structure of coordinate
processes of (y;,):ez simply translates into zero restrictions on the corresponding
entries in C and is thus simple to implement in a parameterization.

Also, polynomial cointegrating relationships can be recovered easily from the
developed canonical representation. For any 4 € N, it holds that

h
Yi,p = CAhx;_h + 2 CAJ_IBSI_j + & (19)
j=1

For some ¢ € N, which will be assigned a specific value below, define Y, , :=
[y;,p,yt’_l,p,...,y,’_q,p]’ and E;, = [8;58;—1""78;—q]/' Furthermore, use as
short-hand notation C, := [Cy,...,([], A, = diag(Ay,..., A4, and x;, :=
[xt” 1,...,xt”1]’ . Now consider equation (19) for the stacked vector Y, , with
the index A from (19) chosen in each block-row to give the state x;, in all

equations:

ICB...CAI2BCcAI~1B

q q
Culu Cods 01CB .. CAB
_ | cuAl CoAl S . _
Y, = ] Xt—qu+ ) Xi—go+ |1 . . E; g4
C. Cu N
—_— 0... ... 0 I
Oyu Oy.e S

(20)

This equation defines (’jq,u, (7)[,,. and &,. Consider a vector polynomial f(z) =
Zizoﬁmzm,ﬁm eR,m=0,...,q and

q
ﬂ(L)/yt,P = zoﬂf/nyf—mJ’ = [ﬁ(/) ﬂi ﬁé} Yt,_q
m=
=B (Oguti=qu +Ogoxi—g.e +EEry ) @1

where,[} = [ﬁ(’),/)’i,...,,b’é]’.

By construction the latter two terms, ,E’((’jq,.x,_q,o +& E;, q), are stationary.
Thus, the unit root structure of (L)’ (y;, p)irez is identical to the unit root structure
of (ﬁ’@q,uxt,u),ez, where both processes can be shown to possess a unit root
structure (see Theorem 4 below).

Consequently, the key to understanding the polynomial cointegration properties
of (y1,p)rez is to understand the integration properties of linear transformations
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of (@q,ux,,u),ez. This in turn is facilitated by the result of Theorem 3 showing

that the individual blocks (xi «)rez have unit root structures ((wy, hx — j + 1))
and are not cointegrated. This implies that a necessary condition for polynomial
cointegration of a certain order, i.e., a corresponding reduction in the integration
orders, is orthogonality (of ﬁ) to sub-blocks of @q,u. Thus, partition

A A A2 A Al A
Oy = [Oq’l,Oq,l,...,Oq’ll,Oq,z,...,Oqfl] , 22)
~ 7 . k ~ 7
with O] , e RUFDSX4 gor k such that wy € {0,7} and j = 1, ..., hx and Ol e
k
RUHDX24} o1 k such that O < wy < 7 and j = 1,..., hg. Using the above par-

titioning, the following theorem now clarifies the reductions in integration orders
achieved by dynamic linear transformations applied to (y; ,):ez.

THEOREM 4. Let (y; p)iez be a unit root process with unit root structure
Q = ((wy,h1),...,(w;, k) defined as the particular solution (8) of the state
space equations with the canonical state space representation (A, B,C) as given
in Theorem 2 and state process (x;);ez, as given in Theorem 3. Let again (L) =

Zzlzoﬁmzm, with B € R® form =0,...,q andﬁ = [ﬁé,...,ﬂé]’.

(i) Then the process P(L) (yi,p)iez has unit root structure Q =
(@1, h1),..., (@ hp) = Qif and only if:
- For each k such that 6 (Q, Q) = 0, it holds that E/@é,k #0.

- For each k such that 0 < 6k(Q,f2) < hy, it holds that E/@é,k =0 for
J =1 0(Q, Q) and fOMEIT 20,

- For each k such that 6, (Q, Q) = hy, it holds that E/@;,k =0 for j =
1,...,h.

(ii) Denote again with H the degree of the polynomial D(z) as given in Defini-
tion 1. Then there exists a vector polynomial 5(z) = 231:0 Lnz", Pm € RS,
m=0,...,q such that B(L) (y;,p)icz has unit root structure Q if and
only if there exists a vector polynomial ,6’~H_1(z) = 25;& ﬁmzm, ,b’~m e RS,
m=0,..., H—1 such that ﬁH_l (L) (y1,p)iez has unit root structure Q.

The conditions formulated in Theorem 4 do not incorporate the condition
maxg—1....; |14 (€)||0x (Q, Q) # 0 given in Definition 4. Thus, clearly the the-
orem only characterizes necessary conditions for polynomial cointegration. The
second item shows that only polynomials up to degree H — 1 have to be consid-
ered. A detailed characterization of polynomial cointegration, including the def-
inition of minimal degree PCIV, is presented elsewhere due to space constraints.
Let us here only briefly compare a few aspects of polynomial cointegration as
defined in this paper with the definition of Gregoir (1999a). First, the definition
of polynomial cointegration in Definition 4 extends the notion of multicointegra-
tion as defined by Yoo (1986) and Granger and Lee (1989a, 1989b). This is not the
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case for polynomial cointegration as defined in Gregoir (1999a, Def. 3.1). Second,
the definition of Gregoir includes only one unit root frequency. This implies that,
in cases where the considered process is integrated at more than one frequency,
the stochastic properties of the resulting dynamically transformed process are un-
clear, since possible reductions of the integration orders at the other frequencies
are left unspecified. Third, the definition of Gregoir links the order of polynomial
cointegration to the polynomial degree of the corresponding polynomial. This ap-
pears to be unsatisfactory since the relevant property of the PCIV is the achieved
reduction in the unit root structure of the transformed process and not the polyno-
mial degree of the PCIV. Fourth, the definition of Gregoir implies that a process
that is polynomially cointegrated of degree m is also polynomially cointegrated
of degrees j = 1,...,m — 1. Thus, that definition does not include any notion of
maximality of the reduction in the integration order.

6. SOME ILLUSTRATIVE EXAMPLES

In this section we illustrate the results of this paper for the four most widely
used cases, namely I(1) AR and ARMA processes, an 1(2) example (which we
use to exemplify the construction of the canonical representation), and MFI(1)
processes.

Remark 2. To facilitate comparison with related results in the literature, espe-
cially in the AR literature, we include non-zero (but zero mean) states xy , in the
discussion. It is straightforward to see that this adds a term C,, AL‘lx lLu-t €Zto
the output process. Note that all results stated, in particular the integration and
cointegration properties of both the components of the state process as well as the
resulting output process, are not affected by this addition.

Furthermore, in the discussion of the examples we focus on the solution only
for t € N, as is commonly done in large parts of the cointegration literature.
This is typically accompanied in the AR cointegration literature by conditioning

on initial observations yy, ..., y1—g, which in our setting corresponds to condi-
tioning on xi ,. All results discussed below hold for the processes defined for
t € Z.

6.1. I(1) AR Processes in the State Space Framework

This section is devoted to an illustration of the links between the autoregressive
and state space frameworks using the well-known notation of Johansen (1995)
for AR processes. Johansen (1995, (2.1), p. 11) uses AR processes defined as the
solution of

ye=Ilyi—1 + 1y +-- -+ pyr—p +ér, (23)

with IT; € R*** for j =1, ..., p for some starting values yo, ..., y—p+1, abstain-
ing here from deterministic components.
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One state space representation (referred to as companion form in the AR liter-
ature, see, e.g., Johansen, 1995, p. 15) for AR processes is given by

YVt = [H] H2 Hp]x,—i—S,,

—_——
C
M. ... m,
I, 0 - .- 0 I
0

Xi41=1 0 I Xe+ | .| &

0O---01 O

A

with x; 1= [yt’_l,...,y,’_p]’ € RP* for a given initial state x] := [y(’),...,y/_pH]’.

Under the assumption that the above AR equation (23) has an I(1) solution
(see below for the corresponding constraints on the parameters), the above state
space representation can be transformed to highlight the integration and cointegra-
tion properties. Define, parallelling Hansen (2005), with a similar line of thought
also used in Phillips (1998), the following matrices (where empty entries indicate

Zeros):
'al"l...l",,_l ﬂ];
_Is Is
* IS ﬂ*
a = s = T, 4
_Is Is
L I —1I
a1
—Ta, B
o) = . > BL=1"
__r;)_lal ﬁi

Here, as usual, o/ =11 = 211-7:1 IT; — Iy, witha, f € R*6=9) of full rank s — ¢ for
some0<c<sandI;:=— f:i+1 Ilj,i=1,..., p—1. Using these matrices the
above state equation can be written as x,4.1 = (Ips +a*(8*)")x; + Be;. Johansen
(1995, Thm. 4.2, p. 49) shows that the above equation (23) has an I(1) solution
under the assumption that det(aj_l”ﬁl) #0,withT':=I; — Z;:ll INanda,,p] €
R$*¢ full rank matrices such that a’a; =0 and 'S, = 0. Under this constraint
the matrix 7-! := [a%, p*1 is invertible; see Hansen (2005, Lem. A.4). Use this
transformation matrix to obtain A = T-AT, B = T-!B, C = CT, and x; =
T~ 1x;, which results in
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ﬂl

i [k 0 Bolol, Go[peirsy G

=10 et gyar|” B0 | C=1ALEAThL J-
0

. (24)

Hansen (2005, Lem. A.2) shows that [Amax (Ips—c + (8*)'a*)| < 1. Note that the
representation (24) need not be minimal. The index ¢ coincides with d as used in
the theorems. Partition the state X; = [X; ,, X;,o] according to the block structure
of A. Then, considering the solution of (24) for ¢ € N leads to the well-known
result

t—1
v =B (', TBL)™ (al T +)?1,u> + wy, (25)

j=1

with wy —6t+C (Ips —+ (B )/ *)t lxl 0+2 Co(lps—c+(ﬁ*)/a*)j_lBgt—j~
By appropriate choice of X , the process w; can be made stationary. This repre-
sentation (with the specific choice concerning X1 ,), often referred to as Granger
representation (see also Johansen, 1995, Thm. 4.2), shows that the cointegrating
space is spanned by the column space of 5.

One difference to the Granger representation given in Johansen (1995) is that
the stochastic trends are given here by « J_Z/ 18, j compared to a J_Z 0€t j
in Johansen (1995). This minor difference stems from the fact that the stochastlc
trends are in our setup defined as x; 1. It does not matter whether ¢, is included
or not in the stochastic trend, but our definition implies that the transfer function
ke(z) is normalized to ke (0) = Ij.

Whether a state space representation of a cointegrated I(1) AR process is suit-
able for structural identification depends upon the nature of the restrictions. In
situations where economic theory implies restrictions on the AR coefficients, e.g.,
zero restrictions, these restrictions need not necessarily be easily incorporated in
the corresponding state space representation. This stems from the fact that while
the outlined procedure provides a one-to-one mapping between the coefficients in
the AR and the state space representation, this mapping is nonlinear. This implies
that constraints easily imposed in the AR framework may be difficult to impose in
the state space framework. Conversely, when an economic model is solved in the
state space framework, the canonical form for state space representations derived
in this paper may allow for a simpler and more direct imposition of restrictions
than corresponding AR representations.

6.2. I1(1) Unit Root Processes

I(1) unit root processes have unit root structure ((0, 1)) and thus in the canoni-
cal representation A = diag(/y, .A,) for some d > 0. The matrices B and C are
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partitioned accordingly, i.e., B = [B},B,] and C = [C},C,] with B} € R?*S and
C1 e R**4 with s again denoting the dimension of the process considered. The re-
strictions formulated in Theorem 2 require that CiC1 = I; and that B; is p.u.t. and
has full row rank. Furthermore, the stationary subsystem (A,, B,, C,) is in eche-
lon canonical form. With the state partitioned accordingly in x; = [xt/,l,xl”.]’, it

is assumed that x; o = ]?’il Aﬁ_lB.et_j, t € Z. Consider as in the previous sub-
section x1,1 a zero mean random variable, then similarly to (8) the solution of the
state space equations is given by

) C1x1,1+01312};11 g—j+wy, t>1,
Vi,p = o (26)
Cixin—CiBi Y e—j+w, <1,

where here w; = ko (L)e; = & —{—2]?’2] C.Af_lB.e,_j. The solution for # > 1 ex-
tends the Granger representation for I(1) processes as given for AR processes in
Johansen (1995, Thm. 4.2). Denote with C;, | € R’ x(s=¢) g full rank matrix such
that Ci,lCLJ_ = I;_c and C{C;,1 = 0. Then (Ci,J_)N’l,P)IEZ = (Ci’lw,)tez and is
hence stationary, i.e., the column space of Cy, | equals the cointegrating space.

A parameterization of ; and C; has to take into account the restrictions for-
mulated in the canonical form. For given order n, d and locations of the restricted
entries in the matrix By in p.u.t. form, the set of all matrices C € R® xd guch that
C'C = I as well as the set of all B matrices with the given p.u.t. structure have to
be parameterized (with entries that are either positive or unrestricted). This setup
allows one to incorporate restrictions on the cointegrating space, e.g., restricting
certain coordinates of (y; ,);ez to be stationary or certain directions to lie in the
cointegrating space, straightforwardly in the parameterization. For the stationary
subsystem a parameterization that is suitable for usage with the echelon canonical
form can be chosen.

6.3. An I(2) Example

In this section we consider a trivariate state space system corresponding to an I(2)
process to illustrate how the constraints formulated in Theorems 1 and 2 lead to
a canonical representation and to also highlight the advantages of the developed
canonical form for cointegration analysis.

Thus, consider

110 0 100
. 0100 B 101
A =diag(Jy, A,) = , B = = ,

0010 B, 110
0000.5 100

101 0.2

C=[C,Cel=|011-04],
001 1
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Denote, using the notation established in the theorems, the first three columns of
CbyC; = [C:’E C%’G Cf’E], in the example given by

1 0 1
crf=10), ct=(1], cpfF=|1
0 0 1

The assumption that the stable part of the system is in echelon canonical form
leads to Ay = 0.5, B, = (0.2, 0, 0), and C, = (1, —2, 5)'.

Next note that the matrix J; is already in the format given in (10). Conse-
quently, in order to preserve this format by pre- and post-multiplication with non-
singular transformation matrices 77, these matrices need to have the following
structure (cf. Gantmacher, 1966, (14), p. 231):

1 ti2 413
T7'=10 n1 0|, withey #0,133 #0. (27)
0 1 13

Applying such a transformation matrix Tl_l to the matrix C; gives

1 0 1] |t ti2 t3 1tttz t3+133
Ci=CT7'=10 1 1[0 ty O|=|0 mi+m 133 | (28)
0 0 1 0 13 133 0 132 133

Denote the columns of C 1= [é : E e 12’G C 12’E]. The restrictions formulated for
the canonical form in item (iii) of Theorem 2 are in the present example given by
(CPEYCHE =1, (CPFYCPF =1.(CPPY PP =0, and (CTOY[CF CTF 1=
0. These restrictions imply #1; = £1, t13 = —133, t12 = —132, and t11 = —213).
Thus, in order for these constraints to be fulfilled in C 1, a transformation matrix
T has to be of the following structure:

11 0 11 o /2 —t33
Ti=1]0 t 0 s Tl_l =10 1 0
0 1/Q2t33) 1/t33 0 —-11/2 133

with 1] = +1, 133 = £1/+/2.

Now the restrictions formulated in item (iv) of Theorem 2, i.e., the p.u.t. struc-
ture of the second and third rows of By = T} By, determine a unique transformation
matrix (with 1] = 1, 133 = 1/4/2)

1 0 1
Tv=10 1 0
0 1/V2 V2
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Therefore, the canonical representation is obtained by transforming the sys-
tem (A, B, C) with the unique transformation matrix 7* = diag(7}*, 7;*) and is

given by
2 1 0
110 0 Lo o 1
A 01070 bootd C=10 1/2 1/4/2-2
“loo1 o0 |’ 3/2V21/V2)° B 0—1/21/5 5
0000.5 02 0 0 -2y

The canonical representation is well suited for studying the cointegration proper-
ties of the corresponding unit root solution process (yr,)sez- As in the other ex-
amples we consider only the solution for 7 € N for the value x| = [xi 1 x1,6]" with
X =32 AT Bag1oj =025, 0.5/ ey 1, with &1 denoting the first co-
ordinate of &,;. Denoting the first three rows of 5 by B!, j=1,2,3, we obtain
1 LEp ' e LEpl | p2,Gp2 | p2ER3

Sp=C{ OB Y, Y e+ (1P BL+COBY 0B

i=1j=1

Ci1B;
t—1
X 231—j+wt’ 29)
j=1
1([—1) 0 101\ s—1i=1 210\ /-1
=0 172 V2 |xi14+{000 )Y Sej+ (211 emj+w,
0_1/2 1/ﬁ 000/ i=1j=1 110/ j=!
‘ 0.2 ‘
with w, = ke(L)e, = & + 322 Cod™ Bagy—j = | =04 | 2,05 e,
1 .

stationary. The representation (29) immediately displays cointegration and is anal-
ogous to the representation developed for the autoregressive case in (Johansen,
1997, (10), p. 437). The difference is again that the stochastic trends in the canon-
ical state space representation only include errors up to &;_1.

Concerning the state process corresponding to this representation it holds
(cf. Theorem 3 or straightforward computation in this example) that in x;, =
[xtl,1 ,xtz’],xi] ,Xt,e], the first coordinate (x,l’l),ez is I(2), (xil)[ez and (le)teZ
are both I(1) and not cointegrated and (x; )7 is stationary.

Every vector f € R?, 8 # 0 such that A’ Cll’E = 0 reduces the integration order
in (8’31, p)iez from 2 to 1. Note that, since in the example C;B; has full rank, no
cointegrating vectors that reduce the integration order from 2 to 0 exist.

Consider next polynomial cointegration. According to Theorem 4 polynomials
S(L) that result in a stationary process S(L) (31, p):ez can be found with g = 1
using the equation
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CiJi
[0 51 [ c 1 =0.
1

A basis for the corresponding three-dimensional solution space is given by the
following three vectors:

0 0 1
1 0 -1
0 1 1
0’ 0’ -1
-1 0 0
0 -1 0
0
The first two vectors correspond to the polynomials f(z) = |1 | Ap(z) and
0
0
p(z) = | 0| Ap(z); i.e., they are just multiples of the differencing filter Ag(z).
1

Thus they do not fulfill condition (ii) of Definition 4 and are consequently not
PCIVs. The third solution vector is a PCIV in the sense of Definition 4 and is
given by

1 -1 Ao(z)
p=|-1|+]0 [z=] -1
1 0 1

This PCIV describes a cointegrating relationship between the first difference of
the first coordinate and the second and third coordinates of (J;,,):ez, all of which
are I(1) processes. Thus, it is a multicointegrating relationship in the sense of
Granger and Lee (1989a). By reparameterizing a polynomial f(z) = Sy + S1z as
Bo + 1 Ao(z), one can directly focus on the multicointegration formulation as
given by Granger and Lee (1989a).

The multicointegrating relationship can of course also be computed directly
from either the solution given in (29) or by looking at the solution in terms of the
state. For brevity we consider y; p; i.e., we ignore the first term in (29). As dis-
cussed, reduction from I(2) to I(1) requires that ﬁ(’)Cll’E = 0; i.e., the first coordi-
nates of y; , needs to be wiped out. The I(1) components of the second and third
coordinates of y; , are given by l/2xt 1+ 1/\/_x p and — 1/2xt L+ 1/\/_)%1
Only the ﬁrst coordinate of Ag(L)y;, , is an I(1) process and its I(l) component is
given by xt_l’1 Combining these observations with the properties of the state in
the canonical representation given in Theorem 3, which in the example imply no
cointegration between (xi iez and (xi 1)iez, leads to the same result concerning
multicointegration as computed above.

We close the discussion of the I(2) example by showing, as has been men-
tioned throughout the text, that the state space framework allows for simple
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parameterizations of minimal state space systems. Thus, we now want to pa-
rameterize all state space systems of order n = 4 for three-dimensional unit root
processes with state space unit root structure given according to the matrix A.
Hence, we now consider the matrices B and C as unknown. Since our focus is
cointegration analysis we only discuss a parameterization of B and C; and do
not consider the stable part in detail. The constraints formulated in item (iii) of
Theorem 2 are in the present situation given by (Cll’E)’Cll’E =1, (Clz’E)’CIQ’E =1,
CrEyCHE =0,and (€O [C]E €3F]=0. Given that all three vectors are three-
dimensional, a parameterization of C 11 E requires two parameters using, e.g., polar
coordinates when taking the constraint into account. Restricting a coordinate of
(y1)¢ez to be I(1) rather than I(2) corresponds to a zero restriction and thus reduces
the parameter set to be one-dimensional. Since Cf’E needs to be normalized and

orthogonal to C ll’E the corresponding parameter space is one-dimensional. Re-
stricting a coordinate of (y;),cz to be stationary requires the corresponding row
of C; to be equal to 0, i.e., introduces further orthogonality constraints. The re-
maining vector is determined up to a scalar factor from the first two vectors via
orthogonality, thus C*% = y Cr¢ with €°)C° =1 determined from C 'F and
Clz’E (up to the orientation, which can be fixed by choosing the first nonzero entry
to be positive). A necessary and sufficient condition for the presence of multicoin-
tegration is that y # 0; compare also the discussion in the example above. This
leads to a simple null hypothesis for the occurrence of multicointegration. Further-
more, the second and third rows of | need to be p.u.t. with one parameterization
for such matrices discussed, e.g., in Bauer and Wagner (2006, Lem. 10).

6.4. Multiple Frequency I(1) Processes

As a final example we consider multiple frequency I(1) processes, i.e., unit
root processes with unit root structure ((wg, 1), ..., (v, 1)). The primary use of
MFI(1) processes is for seasonal unit root and cointegration analysis, where, e.g.,
for quarterly observations unit roots may be present at the frequencies 0, 7 /2 and
7 (see Ahn and Reinsel, 1994; Johansen and Schaumburg, 1999).

According to Theorem 2 a minimal state space representation of the following
form exists for (y;,p)rez:

yip=[C1-+- CCo| xi +e1, (30)
Xi+1,1 A 00 Xp1 Bi

. O M

. = . + | - | & 31
X411 A0 X1l B
Xt41, 0 ...0 A | Lxe B.

For k such that 0 < wy < 7 the subsystems (A, By, Cy) are related to pairs of
complex conjugate matrices as in (12) and for k such that wy € {0, 7} there
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is no distinction required between real and complex system matrices, as sum-
marized for notational clarity in (16). The corresponding matrices Ji = Zx Iy,

for k = 1,...,1 and the additional constraints imposed by the canonical rep-
resentation are (Ci,—)'Cr,— = Ix and By — is p.u.t. and has full row rank
for k = 1,...,1. The stable subsystem (A,,Bs,C,) is in echelon canonical
form.

In the MFI(1) case it holds for frequencies 0 < wy < 7 that Ax = Ix ® Q(wk).
Consider here the case that w; = 0 and w; = 7; then the solution (again con-
sidered only for r € N and x; = [xi,u,xi,.]’) of the above state space system is
given by

—1 -1 ,
Fp=CB1 Y e—j+ > Co(lp ® Qw2)’ 1)8251—j
j=1 j=1

t—1

4+ 4 2 Ci—q (Idl—l ® Q(wl—l)j_l)Bl—lt‘ft—j
=1

t—1
+CB Y (=) e+ S+ wy, (32)
j=I1

with §; = Cix11 4+ C(Ip ® Q(@2) " Hxio+ -+ C(=1)""'x;; summariz-
ing the effect of the state components xj, = [x{j1 s xi’l]/ and w; = & +
j‘il C..AZ_]B.et_j, with again x| ¢ = 2}’11 .A{_IB.S]_j.

Thus, the canonical state space representation immediately leads to a Granger-
type representation decomposing the process (y;,,);ez into the stochastic trends
(C1B4 2;;1 &,—j) and cycles (Cy Z};ll g ® Q(a)k)j_l)Bket_j, fork=2,...,1—
1,CiB; Z;;% (=17 lg, _ ;) at the different unit root frequencies, the effects of the

state x1 (S‘,) and a stationary process (w;). The relationship between the state
space system matrices and the Granger representation (32) is much simpler than,
e.g., the relation between AR coefficients and the corresponding Granger repre-
sentation as derived for the AR case in Johansen and Schaumburg (1999). This
implies that it is easier to define a parameterization in the state space framework
than in the AR or ARMA framework; see also Bauer and Wagner (2006).

Theorem 3 shows that in the MFI(1) case the stochastic trends respectively
cycles (x;,x)rez are not cointegrated. Thus, cointegration occurs for vectors f # 0
such that p’Cy = 0 for at leastone k =1, ..., 1.

In the MFI(1) case additionally so-called dynamic cointegrating relationships,
i.e., polynomial cointegrating relationships of polynomial degree 1 may occur,
for unit root frequencies 0 < wy < 7. Let f(L) = fo+ f1L, with Sy, 1 € R® and
Lo, f1 # 0. Considering one unit root frequency we obtain

(Bo+BiL) Crxek = BoCrér—1 + [BoCrk (Lgk ® Q(wr)) + B1Ck] Xi=1,k»
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using x; x = (Ij ® Q(wi))xi—1,k + Bre—1. Therefore, the polynomial S (L) elim-
inates the stochastic cycle (x;x)iez in S(L) (3:,p)iez and is a PCIV, since it
automatically fulfills condition (ii) of Definition 4, if and only if

Cr(Ige ® Q(wx))
155 A1) [ ‘ =0.
Cr
The above matrix of dimension 2s x 2d*, with d* < s (cf. Theorem 1), has full
column rank 24* due to minimality. This leaves space for a 2(s — d*)-dimensional
subspace of dynamic cointegrating relationships.

7. SUMMARY AND CONCLUSIONS

This paper has demonstrated that the state space framework is convenient for rep-
resenting unit root processes, where the definition of unit root processes is con-
fined in this paper to ARMA processes to allow for finite order state space repre-
sentations. A canonical form for unit root processes with unit roots with integer
integration orders at any frequency that clearly reveals the integration, cointegra-
tion, and polynomial cointegration properties of the process has been developed.
This representation is convenient for cointegration analysis because of the par-
ticularly simple unit root and cointegration properties of the associated state pro-
cess. These properties depend to a large extent on the eigenvalue structure of the
sub-blocks of the A-matrix in the canonical representation. The corresponding
information is summarized in the newly defined state space unit root structure.
The paper has also provided a new definition of polynomial cointegration that
overcomes some discussed limitations of existing definitions and coincides in the
I(2) case with the definitions of multicointegration of Yoo (1986) and Granger
and Lee (1989a, 1989b). As has been mentioned, a detailed discussion of polyno-
mial cointegration based on the developed canonical representation as well as a
comparison to existing definitions is provided elsewhere.

To illustrate that the developed state space representation is, compared to the
ARMA framework, advantageous for understanding the dynamic properties of
unit root processes, several examples that cover the cases of major interest in em-
pirical analysis have been discussed. The discussion highlights that the state space
representation is closely related to the so-called Granger representation. Already
in the 1(2) and MFI(1) cases the relation of the AR parameters to the Granger
representation is rather complicated, compare Johansen (1997) and Johansen and
Schaumburg (1999), whereas it is an immediate result of the state space repre-
sentation for any unit root structure. Furthermore, the 1(2) and MFI(1) examples
highlight another advantage of the state space representation, namely that (static
and polynomial) cointegrating relationships can simply be recovered via orthogo-
nality relationships. Related to the previous observation note furthermore that the
state space representation allows one to easily restrict the unit root structure of co-
ordinates of (y;);ez Vvia zero restrictions on certain entries of the C-matrix of the
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canonical representation. Imposing such restrictions is a much more challenging
task in the ARMA framework.

NOTES

1. To avoid dealing with such complexities Gregoir (1999b) considers a simple estimator based on
principal components. As discussed in Gregoir (1999b, Sec. 1), such estimators are not efficient. A
simple parameterization, e.g., based on the canonical form developed in the present paper, will allow
one to study properties of pseudo maximum likelihood estimators and their efficiency properties for
processes with unit roots at arbitrary frequencies with integer integration orders.

2. The results obtained in Bauer and Wagner (2006) for unit root processes where the integration
orders of all unit roots are equal to one show that the resultant parameterization indeed allows for the
implementation of numerically simple pseudo maximum likelihood estimation procedures.

3. The integer m < p + H accounts for lags potentially necessary in the multivariate case due to
the usage of the Smith form for a(z); see HD for details.

4. Note that a similar idea has been used in Sims, Stock, and Watson (1990) for I(d) processes,
where in that paper the definition of I(d) processes is not restricted to ARMA processes (compare
Remark 1).

5. Note for completeness that ¢ as used here is in no connection with the moving average order
used above.
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APPENDIX: Proofs

Proof of Theorem 1. The unit root process (y;);e7 is a solution of the ARMA system
(a(z),b(z)). The ARMA system corresponds to the transfer function ¢(z) = Ez(z)_lb(z),
for which a minimal state space representation (A, B,C) with the A matrix in block-
diagonal form A = diag(A,, A.), where all eigenvalues of A, are of unit modulus and
[Amax(Ae)| < 1, exists. Let (y¢, p);cz denote the particular solution as given in (8).

In order to show the first part of the theorem, it has to be shown that (y; p);ez
is a unit root process and that it solves a(L)y:,p = b(L)es,t € Z. Since ¢(z) =
Zz(z)_lb(z) = }’io C‘ jz/ , we obtain from a comparison of power series coefficients
that Z?’Zi%(l’H+p) A;Ci_; = B; where B; =0, > g, with Aj,Bj as in (7). Let H =
max(q, H 4+ p) and denote by n the order of the state space system. Now using / =
H+1,H+2,H+n one obtains Ziiofiiél—i = 0 where in all cases [ —i > 0. This
implies ZinoAiCAl_i_lB = 0 and thus, since minimality of (A, B,C) implies that
[B,AB, A2B, U An-l B] has full row rank, one obtains Zino AiCAH_i =0.

For the particular solution (8) of the minimal state space system (A, B, C) it holds that
Viejp= CAH_jxt—ﬁ » —|—2iH:61 é‘ie,_j_i. From this it is straightforwardly verified that

2 Ajyi—jp= z Biei—y, tel.
=0 =0

Thus, (yt,p)sez is a solution of the ARMA system (a(z),b(z)) and it follows from the
proof of the second part of the theorem below that it is a unit root process with the same
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unit root structure as (yr);ez. Thus, D(L)ys,p = v¢,t € Z. This in turn implies for y, j, =
vt = yt,p that D(L)y; , = D(L)(yt — yt,p) = 0,t € Z. This finishes the proof of the first
part of the theorem.

For the second part of the theorem now let (A, B, C) denote a minimal state space system
with [Amax (A)| =1 and [Amax (A — BC)| < 1 with A = diag(A,, A,), with all eigenvalues
of A, having unit modulus and [Amax(A,)| < 1 and B and C partitioned accordingly. In
showing the claim it is convenient to transform the system (A, B, C) into the specific (more
structured) block-diagonal format discussed in the main text at the beginning of Section 4.
Thus, consider a transformed system as described by equations (9) to (16), where for no-
tational brevity we denote the appropriately transformed system also as (A, B, C). The de-
scribed transformation implies also a corresponding transformation of the state process as-
sociated with the considered solution, as has been discussed in Section 3. We are confident
that this notational shortcut does not lead to any confusion and henceforth only consider the
transformed system and state process. Also note again that considering such transformed
systems only is not a restriction of generality. By construction the process (y, p);ez given
in (8) is a solution of the state space system (A, B, C) in the specific format considered and
it thus only remains to show that it has unit root structure ((w1, k1), ..., (o, h;)). Thus, it
remains to show that D(L)(yr, p)sez. with D(L) = ]'[f{=1 Ag,’; (L), is a stationary process
with non-zero spectrum at the unit root frequencies wy, ..., ;. Due to the block-diagonal
structure of A it holds that y; , = Zi:[ Cixs o+ Coxtoter, t €Z(wWithx, g, k=1,...,1
denoting the components of x; ; corresponding to the partitioning of A).

We start by establishing stationarity, using

l
D(L)y1,p =Y, CkD(L)x; j + Co D(L)x1,0 + D(L)z;. (A.1)
k=1

The second and third terms above, Ce D(L)x;,e and D(L)e;, are stationary processes
with zero spectrum at the unit root frequencies. This implies that only the first / sum-
mands need to be investigated further. For any k = 1,...,] we can write D(z) =

(Moo Ay (@) AL @) = Do (@) AL (2) with Dy (zi) 0.

We now consider a fixed index k that corresponds to a unit root frequency wy such that
0 < w <7 (noting that the arguments for unit roots with frequency in {0, 7 } are analogous
and simpler). Since we now consider a fixed block we simplify notation by omitting the
index k; i.e., we use for the moment for brevity A = Ay, B = By, C = Cy, x¢ = Xy &,
h = hy. d; :d}‘,d:dk,andw:wk.

Note first that Ay (A) = Igima — 2cos(w)A + A2, for A as given in (13), is (using the
reduced notation) given by

[0 |14, ®V(w),02d1xz(d27d1)} [12d1,0241x2(d3*d1)} 0 1
0 0 {1d2®v(w)’02d2x2(d3—d2)] -
R 2dy_p x2(dp—dp_n ’
0 0 0 . [12d1172,0 ( )
E 2d, 2(dj,—d,
: [Idh_] & V(w),02n—1%2(dy h—l)]
Lo 0 0 0

(A_.Z)
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0 —sin(w)
sinfw) 0
o < ). From the above representation (A.2) it follows that Aw(A)h =0and Aa,(A)j #0
for j=1,...,h—1.Incase h > 1 it holds that

with V(w) = 2(Q(w) —cos(w)lp) =2 [ ] a nonsingular matrix (since 0 <

- I
(Ao (A= = { 2611] [02d1><2(d—d;,) [’dl ®V(w)h—1,02d1x2(d,,—d1)]} (A3)

Now consider
Aw(L)xs = x;p —2c0s(w)x;—1 +x;2 = (A —2c08(w) Igim A)X—1 + X, -2+ B

= (IdimA —2cos(w)A+ A2) X—2 +u,(1) =Ap(A)x;—2+ z)l(l),
with vt(l) = Bé&;_1+ (A —2cos(w)l4im 4) Be;—p an MA(1) process. Continuing with back-
ward substitution leads to AZ(L)xt = (Aa,(A))h Xi—2h +z),(h), with v,(h) an MA(2h-1) pro-
cess. Since (Aq(A))" =0 it follows that Aé')(L)(x,),EZ is a stationary process. The above
argument shows, when considering again all indices k = 1,...,[, that D(L)(yz,p)sez is
stationary.

It remains to show that the spectrum of D(L)(y;,p);ez is non-zero at the unit root fre-
quencies. The above representation (A.1) together with D—j (z) # 0 and D—(z;) = 0 for
J # k implies that for considering the spectral properties of D(L)(y;, p)teZ at frequency
wy it suffices to consider the term Cy, Ag,’,‘( (L)(xt 1) ez

Since we now again consider only one specific frequency 0 < w; < 7 (the case wy €
{0, 7} is analogous but simpler) we again use the simplified notation already used above
by omitting the index k. The proof is by contradiction: Hence assume that C Aw(L)hx, is
stationary with the spectrum equal to zero at frequency w. Consequently the same holds
for (C! Y'cC Ao (L) x;, with C1 denoting the first 2d; columns of C. This implies that also
clyc Aw(L)h_lx, is stationary. For & > 1 the above results, in particular (A.3), imply
that

- I _ — _
A (L), = [ 2(;1.} [02d1x2(d d) [Idl &V ()=, 021 X2 dl)H

xx_ap-n+ol" 7V, ez (A4)
Thus

(Cl)/Cl [02d1><2(d—dh) (g ® V(w)h—l’02d1x2(dh—d1)]] X 2(h—1) +(Cl)/CDt(h_1),

t € 7 is stationary. Due to minimality (cf. Lemma 1(i)) the matrix C ' is nonzero and
consequently (A.4) implies that there exists a vector £ # 0 such that (8'x;);c7, is stationary.
For h = 1 the result is immediate.

Since f#’x1 = 0, due to the normalization x; = 0, stationarity implies that

-1
0=px=pY A7 Be;_j1eN
j=1

Since (&;);¢z is white noise with E(e;&;) > 0 (cf. Definition 1) it follows that ﬁ’A-/ B =0,
J = 0. This is a contradiction to minimality; compare HD (Thm. 2.3.3, p. 48). Therefore the
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spectrum of C Aw(L)hx, must be nonzero at frequency w. Combining the above arguments
for all wq, ..., w; concludes the proof. u

Proof of Lemma 1. The proof of the lemma is based on the following result, known as
the Popov-Belovich-Hautus (PBH) test, which can be found including a proof in Kailath
(1980, Thm. 2.4-8., p. 135).

A state space system (A, B,C), with A € R"*" B € R"** C e R**" is not minimal
if and only if there exists either an eigenvector x, x # 0, of A such that Cx =0 or an
eigenvector y, y # 0, of A’ such that y' B = 0.

The PBH test will be used to characterize minimality for state space systems with the
A-matrix in the block-diagonal format considered. Due to the block-diagonal structure of
the A-matrix, eigenvectors of this matrix corresponding to unit modulus eigenvalues are of
the form o = [0,...,0,v;,0,...,0]" with Agog = Agvg. The same holds for eigenvalues
of A’

Henceforth we therefore consider only one typical block corresponding to a unit root
frequency 0 < w; < 7 and omit the index k for brevity in the rest of the proof; i.e., we use
A=A, J=Jx, Bo =By _,C—=Cy_,0 =0, h=hy,and dj = dj’.‘. For the blocks
corresponding to unit root frequencies @ € {0, 7 } the arguments are analogous but simpler
since no transformation to complex valued quantities is required.

Due to the structure of A, eigenvectors of A and A’ are of a particular form. Suppose
that v # 0 is an eigenvector of A, i.e.,

Av=lv e Ty 'ATR Ty v = 2T v & (é%) oc = Aoc,

where ve = T ) with Tr as given in (11) and J as given in (10). Since the only eigen-
value of J is 7 it follows that v = [w’ 0'] with Jw = Zw (with 2 =7Z) or oc = [0/ ©']
(with 4 = 2).

The structure of the matrix J (compare (10)) places O-restrictions on w. Partition the vec-
tor w = [(wf), @F), Y, ..., Y, wf)1 with wF e Cdi—dj-1 and wf e Ccdi-1
for j =1...,h, with dy = 0. For w to be an eigenvector of J it is necessary that wJG =0
forj=1,...,h.

After transformation to complex quantities the constraint that Co = 0 formulated in
the PBH test reads as [C— C—]oc = 0. Therefore, if C E has full column rank C_w =
CEWE =0, where vk = [(wf), s (wf)’]’ implies w = 0.

Entirely similar arguments apply to eigenvectors of A’ that have the same structure
when transformed by TR, as is seen by multiplication from the right with a vector v¢
using the same notation for simplicity. For w to be an eigenvector of J’ it has to hold that
w =[0,...,0,w;]". This implies, using similar arguments as above, that B! of full row
rank implies w;l B" =0, which leads to wy, = 0 and thus w = 0. Jointly the formulated
constraints imply minimality for the subsystem.

Combining the subsystems (Ag, By, Cy) for k =1, ..., shows that the restrictions for-
mulated in the theorem indeed characterize minimality, since also the stable subsystem
(Ae, Be, Co) is assumed to be minimal. The remaining two statements of the theorem fol-
low immediately. n

Proof of Theorem 2. Based on the specific minimal state space representation (A, B, C)
the proof proceeds in showing that only one observationally equivalent state space rep-
resentation (A, B,C) exists, which fulfills all additional restrictions formulated in the
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theorem as well as the restrictions formulated already in Lemma 1. This amounts to show-
ing that if (A, B,C) fulfills all restrictions and also (TAT™!, TB,CT™") fulfills all re-
strictions this implies that 7' = I,.

As before, due to the block-diagonal structure of the A-matrix it suffices to consider one
typical subsystem, since this block-diagonal structure is only preserved by block-diagonal
transformation matrices 7 = diag(7}, ..., 1}, Te); cf. Gantmacher (1966, (11), p. 231). For
notational brevity we again omit the index k in the rest of the proof. With respect to the sta-
ble subsystem (As,, Be,Ce) uniqueness is achieved by assuming it to be in echelon canon-
ical form.

Note here as a remark that observational equivalence is usually discussed using only real
valued nonsingular transformation matrices. Here we allow for complex valued transfor-
mation matrices and show that the real valued representation given in the formulation in
the theorem is unique even when allowing for complex nonsingular transformation matri-
ces. This is achieved by providing a unique complex valued representation, which is then
transformed as given in (12) to obtain a unique real valued representation.

For a typical subsystem corresponding to one unit root we first describe the set of trans-
formation matrices that leave the matrix A with the posited structure unchanged. This set
can equivalently be described by characterizing the set of matrices that fulfill =T =1,
with J as given in (10) and 7 € Cdxd, using again simplified notation. The structure of
J implies that this latter equation is equivalent to 7N = NT, with N = J —ZI;. Ma-
trix equations of this form are discussed in Gantmacher (1966, Sect. 8.1). Denote with
Id = [Id 04 % (dj+1=d; )] the non-zero blocks in N and partition 7 = [T; i, j=1,..,h with

T;j € (Cd’ xd; accordingly. Using this partitioning the equation TN = NT implies several

constraints (compare also Gantmacher, 1966, (14), p. 231). First it follows that 7}, ; idj =0
for j=1,...,h—1, which implies that 7}, ; =0for j =1,...,h — 1. Second, the relation

T il = 14, Tiv1, 41 (A5)

fori,j=1,...,h—1 implies

T | 0
Tig1,j+1= T(1) 7@ , (A.6)
i+1,j4+1 Ti+1,j+1
with T, ;| € Clin=dDxdj and 72) | e Cllin=d)x@ni=d)) for j j =1,

h — 1. The above relation (A.6) together with T, ; =0 for j =1,...,h — 1 implies
that 7; ; =0 for 1 < j <. Thus, the matrix 7" is block upper trlangular ie.,

TyyTip--Tip
0 o Top
rT=| . . . s
0 -~ 0 Tpy
with the blocks along the main diagonal related by (A.6).

The unique form of the A-matrix based on the matrix J does not suffice to select a unique
state space representation and hence the additional restrictions formulated in the theorem
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are placed on the matrices B and C via placing restrictions on B_ and C_. Consider
consequently T='B_andC_T given in partitioned format as

TinTyp T

0 Thp-- Ty
C-=Cc_T=[cLcz..ct]| . 7 1. (A.7)
0 -+ 0 Ty
T—l
. . 2
0 T, . BZ
B_=T"'B_= 2,2 -1, (A.8)
: h
0 --. 0 Th_fi BZ

with C— and B_ fulfilling all constraints formulated in the theorem and * denoting un-
specified entries. In the rest of the proof we now show that 7 = I; if also C— and B_
defined from (A.7) and (A.8) fulfill all constraints. The proof is recursive: The first block-
column of (A.7) equals cl =cbE —cLEr | =l 1)) and the last block-row of (A.8)

equals B = T, B_, with the partitioning as introduced in Lemma 1. The structure of the
matrices T, descrlbed in (A.6) implies that

-1
T, 0
-1 11
Th,h = [ :| .

k3% *

The restrictions formulated in the theorem, (C1 E) cLE =14, and B! p.u.t., now imply a
unique decomposition chEghl = (C_’ Tl,l) (T1 1 ! g 1) and consequently 77 | = Iy, .

This implies that cLE = c! LE

The argument proceeds with the next two blocks
Iy, O

— [0 7@ |
na=[r3n3].  na= Ope)
2,2 72,2

In partitioned format the second block-column of (A.7) equals
[c2€, 2] = [ebP 1)+ c20+ c2F ), cLE )+ c2F 1), (A9)

using the already established relationship C_ LE Cl‘E The following constraints are
1mposed in the formulation of the theorem: (62 G) [C1 E ¢ E] 0 and [Cl_’E CE’E]/
[c> LEe ] = 14, +d,- By assumption these have to hold similarly for the blocks of the
system matrix C_; i.e., (C2 G) [C1 Ec2 E] 0 and [CI_’E CE’E]’[Cl_’E C%’E] =14, +d,-
These constraints imply Tl(z) = 0 (by premultiplying the first block column of (A.9) with

cz L E) ), T(Z) =0 (by premultiplying the second block column of (A.9) with (CI_’E)/) and
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Tz(,]) = 0 (by premultiplying the first block column of (A.9) with (CE’E)’ ). The latter in

turn implies that

14, 0 0
—1 —1
Th,h =10 (T2(22)) 0f-
% * %
which implies via (A.8) that B"? = (73)~1B"2. Combining this with > =
C E’ET2(22), which follows from T1(22) = 0, implies again that there is a unique decom-

position of c2EBM2 = c2E "2 that fulfills all constraints, i.e., with B2 p.u.t. and
>EyctE = 1;,_4,. This shows that Ty y = I, and Ty » = 0 and thus [¢2¥,C*F]
[C2,G CZ,E]

The proof continues by induction. Suppose therefore that the constraints on the sub-
blocks of T are fulfilled up to some index 2 < j < h,ie. T;; = Iy fori =1,...,j and
Tig =0,for1 <i,g < jandi # g. Furthermore, we have

_[r() @
T j1 = [Tl,j+1 Tl,j+l] ; (A.10)
0 0
Tij+1= |:T(1) @) } . 2<i<, (A.11)
i,j+1 i, j+1
1y. 0
7
Tjt1,j+1= [T(l) e } : (A.12)
L+t L

The two zero blocks in the upper block-row of 7; ;1 follow from (A.5) and the fact that
by the induction assumption 7; 1 j = O for the considered values of i. Computations anal-
ogous to those performed with (A.9) for the second block column for the jth block column
of (A.7) show, by using the fulfillment of orthogonality conditions via pre-multiplication

with (C2FY, that Tl(})ﬁ —0,i = 1,...,j+1,Ti(j.)+1 —0,i=1,..., j. Then the unique

decomposition of C£+1’EB}i’j+l = C£+1’EBﬁ’j+1 concludes the induction step.

The result follows by combining all blocks: Uniqueness of the complex valued matrices
Jk, Bi,—,Ci,— implies unique real valued matrices Ay, By, Cy and thus by combination
with the unique stable subsystem in echelon canonical form a unique real valued state

space representation (A, 3, C). n

Proof of Theorem 3. The proof relies on properties of the state process already estab-
lished in the proof of Theorem 1.

(i) In the last part of the proof of Theorem 1 it has been shown that the first blocks
(xtl, )rez have unit root structures ((wy, hix)); compare in particular (A.4). In fact the argu-
ments there show that it is the first blocks (xtl’ )rez that have unit root structure ((wy, hig));
compare in particular (A.4). Note that the matrix Ay has a specific recursive structure in
the sense that omitting the first j block rows and the first j block columns leads to a ma-
trix of the same structure with 4y reduced to iy — j. This implies that entirely analogous
arguments as used in the proof of Theorem 1 show that the processes (xtj’ ©)rez have unit
root structures ((wy, hy — j +1)).
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(i) We now consider again only the state for one fixed index k, which we again assume
to correspond to a unit root frequency 0 < wy < 7. The arguments are again analogous but
simpler for unit roots with frequency wy, € {0, 7 }. For notational brevity we again omit the
index k. Partition the state x; (= x; ) as

- 1LET
Xt
1 2,G
X; Xy
2| |t
Xt = = 5
h
Xy x[h’G
hE
L Xt

with x,j e R%), x,j’G e R?4-1, and xtj’E e R2@=dj=1) for j=1,...,h and dy = 0. For
the last block (xth),ez with unit root structure ((w, 1)) we already know from Theorem 1
h—1

that it is not cointegrated. Consider next the process (x,h -1 )rez, Whichis given by x, /" =

a,_, ® Q(a))]xth_1 +x,h’G +B"=1¢,, t € Z. Prevalence of cointegration for (xth;ll )tez 1S
equivalent to the existence of £ # 0 such that (ﬁ/xth_:ll) <7, has unit root structure ((w, 1))
or is stationary. The latter case is excluded as has been shown in the proof of Theorem 1.
Using the block structure of the state and the A-matrix, similar derivations and expressions
as have been used in the proof of Theorem 1 can be applied to the state equation describing
only the sub-vector [(x,h =1y, (xYY. It holds that

Ao =1y @ V(WS +ir, 1€, (A.13)

where (0t);e7, is a stationary process. Since [14, | ® V(w)] has full rank and (xth’G)teZ
is not cointegrated, this shows that there exists no vector f # 0 that reduces the unit root
structure of (x,h_l),EZ from ((w,2)) to ((w, 1)).

Similar arguments as just outlined can be applied in a recursive fashion to show that also
none of the sub-vectors (x,j )tez for j=h—2,...,1is cointegrated. n

Proof of Theorem 4.

(i) It follows immediately from the representation (21) that B(L) y;, p =
E/Oq’u)ﬂ—q,u + wy, with w; = B’(@q,.x,_q,. + &E;,) stationary as dis-
cussed in the main text. Now the properties of the state (x;);c7 derived in
Theorem 3, most notably the absence of cointegration within the sub-blocks, show
immediately that the orthogonality constraints posited in the formulation of the
theorem are equivalent for the process S(L) (3¢, p);ez to have unit root structure
Q.

(i) If ¢ < H — 1 then setting S, =0for j =g +1,..., H—1 shows the claim and for
q > H —1 the claim is shown by taking the componentwise remainder with respect
to division by the polynomial D(z) defined in Definition 1. n
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