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COINTEGRATION AND
REPRESENTATION OF
COINTEGRATED AUTOREGRESSIVE
PROCESSES IN BANACH SPACES

Won-KiI Seo
University of Sydney

We extend the notion of cointegration for time series taking values in a potentially
infinite dimensional Banach space. Examples of such time series include stochastic
processes in C[0, 1] equipped with the supremum distance and those in a finite
dimensional vector space equipped with a non-Euclidean distance. We then develop
versions of the Granger—Johansen representation theorems for I(1) and I(2) autore-
gressive (AR) processes taking values in such a space. To achieve this goal, we
first note that an AR(p) law of motion can be characterized by a linear operator
pencil (an operator-valued map with certain properties) via the companion form
representation, and then study the spectral properties of a linear operator pencil to
obtain a necessary and sufficient condition for a given AR(p) law of motion to admit
I(1) or I(2) solutions. These operator-theoretic results form a fundamental basis for
our representation theorems. Furthermore, it is shown that our operator-theoretic
approach is in fact a closely related extension of the conventional approach taken
in a Euclidean space setting. Our theoretical results may be especially relevant in a
recently growing literature on functional time series analysis in Banach spaces.

1. INTRODUCTION

Conventionally, the subject of time series analysis concerns time series taking
values in finite dimensional Euclidean space. On the other hand, a recent literature
on functional time series analysis deals with time series taking values in a
possibly infinite dimensional Banach or Hilbert space, for instance, those in C[0, 1]
equipped with the supremum norm. Examples of such time series are not restricted
to function-valued stochastic processes: those in a finite dimensional vector space
equipped with a non-Euclidean metric, such as Chebyshev distance or taxicab
distance, are also included.

The property of cointegration, which was introduced by Granger (1981) and has
been studied in Euclidean space, was recently extended to a more general setting. A
recent paper by Chang, Kim, and Park (2016b) appears to be the first to consider the
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possibility of cointegration in an infinite dimensional Hilbert space. More recently,
Beare, Seo, and Seo (2017) adopted the notion of cointegration from Chang et al.
(2016b) and provided a rigorous treatment of cointegrated linear processes taking
values in Hilbert spaces.

The Granger—Johansen representation theorem is a result on the existence and
representation of I(1) (and 1(2)) solutions to a given vector autoregressive (AR)
law of motion that accommodates the possibility of cointegration. Due to crucial
contributions by e.g., Engle and Granger (1987), Johansen (1991, 1992, 1995,
2008), Schumacher (1991), Faliva and Zoia (2002, 2010, 2011, 2021), Hansen
(2005), and Franchi and Paruolo (2016, 2019), much on this subject is already
well known in a Euclidean space setting. For a brief historical overview of this
topic, see the introduction of Beare and Seo (2020). More recently, Chang, Hu, and
Park (2016a), Hu and Park (2016), and Beare et al. (2017) extended the Granger—
Johansen representation theorem for the I(1) case to a general Hilbert space setting.
Moreover, Beare and Seo (2020) provided representation theorems for I(1) and
I(2) AR processes in such a setting based on analytic operator-valued function
theory, and Franchi and Paruolo (2020) developed a more general result for I(d)
AR processes for d > 1.

This paper provides a suitable notion of cointegration and extends the Granger—
Johansen representation theorem for Banach-valued, not necessarily Hilbert-
valued, AR processes that are I(1) or I(2); that is, our theory can be applied to
more general AR processes, for instance, those taking values in C[O0, 1], L[0, 1],
for 1 < g < oo, or any finite dimensional vector space equipped with an arbitrary
norm. Viewed in the light of our purpose, our representation theorems need to be
developed without relying on the following two preconditions commonly required
in the literature: (i) a Hilbert space structure and (ii) a special restriction on the
AR polynomial. To see this in detail, we briefly review the relevant literature.
For a given AR(p) law of motion in a Hilbert space, which is characterized by
the AR polynomial ®(z) =1—z¢; —--- — /¢, Beare et al. (2017) assume that
&1, ...,¢, are compact operators when p > 1 (this compactness assumption is
not required if p = 1), and provide a sufficient condition for the existence of
I(1) solutions and a characterization of such solutions. In their representation
theory, compactness of ¢, ...,¢, makes ®(z) belong to a special subclass of
linear operators, called Fredholm operators, and the mathematical properties of
such operators play an important role. More representation theorems in a Hilbert
space setting are provided by Hu and Park (2016), Beare and Seo (2020), and
Franchi and Paruolo (2020), among which the latter paper more generally deals
with I(d) AR(p) processes for d > 1 and p > 1. The representation theorems in
those papers are closely related to that provided by Beare et al. (2017) in the
sense that Fredholmness of ®(z) has a crucial role in their developments. The
Fredholm assumption explicitly or implicitly employed in the foregoing papers
turns out to place nontrivial restrictions on solutions to the AR(p) law of motion:
nonstationarity of such a solution is driven by a necessarily finite dimensional
unit root process even in an infinite dimensional setting. From another standpoint,
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Chang et al. (2016a) employ a different assumption that (1) is a compact
operator and provide an I(1) representation result. As opposed to the results under
Fredholmness of ®(z), it turns out that their compactness assumption always leads
to I(1) solutions associated with an infinite dimensional unit root process unless
the considered Hilbert space is finite dimensional. To briefly sum up, all of these
existing versions are developed in a Hilbert space setting, and each of those relies
on a special requirement about ®(z), which restricts solutions to the AR(p) law
of motion in a specific way. We thus need a novel approach to overcome these
limitations in our more general setting.

To accomplish our goal, we first introduce a suitable notion of cointegration
in Banach spaces by defining a cointegrating functional that properly generalizes
the conventional notion of a cointegrating vector. We then characterize the cointe-
grating space (to be defined as the collection of cointegrating functionals) based
on the Phillips—Solo device (Phillips and Solo, 1992) applied to operator-valued
functions. After doing that, representation theorems for I(1) and I(2) AR processes
taking values in a Banach space are provided. Our representation theory is derived
under more primitive and weaker mathematical conditions in a general Banach
space setting where we do not even have the notion of an angle (inner product)
between two vectors. From Johansen (1991, 1992) to the foregoing recent papers,
geometrical properties induced by an inner product, such as orthogonality, have
been employed for the representation theory. However, it will be clarified in this
paper that such a richer geometry is not necessarily required: in our representation
theory, geometrical properties induced by an inner product have no essential role.

To obtain our representation theorems, we first note that an AR(p) law of motion
in a Banach space allows the companion form AR(1) representation in a properly
defined product Banach space, and it is thus characterized by a linear operator
pencil (to be introduced in detail later) denoted by 5(1). By studying the spectral
properties of a linear operator pencil, we find necessary and sufficient conditions
for <Y>(z)_1 to have a pole of order 1 and 2, and also obtain a local characterization
of ®(z)~! near z = 1. These operator-theoretic results not only determine the
integration order of solutions to the AR(p) law of motion, but also lead us to a
representation of such solutions in terms of the behavior of CT>(z) around z = 1;
that is, our versions of the Granger—Johansen representation theorems for I(1) and
I(2) AR processes are obtained. The fact that solutions to the AR(p) law of motion
are characterized in terms of a local behavior of 5(z), rather than the original AR
polynomial ®(z), makes it difficult to compare our results to those developed in
a Hilbert/Euclidean space setting. We thus provide further representation results
so that important characteristics of I(1) or I(2) solutions are expressed in terms of
linear operators associated with @ (z). To this end, we first show that our necessary
and sufficient condition for ®(z)~! to have a pole of order 1 (resp. 2) is equivalent
to a natural generalization of the well-known Johansen I(1) (resp. I(2)) condition,
and then we recharacterize solutions to the AR(p) law of motion in a desired way
using these equivalent conditions. By this further effort, not only can we obtain a
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more detailed characterization of such solutions, but also we can better clarify the
connection between our representation results and those in the existing literature.
We structure the remainder of the paper as follows. In Section 2, we develop a
suitable notion of cointegration in Banach spaces and provide some related results.
Our representation theory for I(1) and I(2) AR processes is contained in Section 3,
and concluding remarks follow in Section 4. Appendix A reviews background
material for our study, and Appendix B collects the proofs of our main results.

2. COINTEGRATION IN BANACH SPACES

Let {X;};>0 be an I(1) time series taking values in Euclidean space of dimension
n, denoted by R”". If there exists a nonzero vector 8 € R” such that {7X;},>¢ is
stationary under a suitable choice of X, we then say that {X,},>¢ is cointegrated
with respect to 8, and call 8 a cointegrating vector; see e.g. Johansen (1995,
Def. 3.4). In this conventional definition of cointegration, g itself acts as a scalar-
valued map defined on R", and what makes B a cointegrating vector is stationarity
of scalar-valued time series {87X;},>0. We thus may understand cointegration as
a property of scalar-valued maps defined on R”, which leads to the following
alternative definition.

Definition 2.1. For an I(1) time series {X;},>¢ and any scalar-valued linear map
f defined on R” (i.e., functional on R"), if {f(X;)}>0 can be stationary under a
suitable choice of Xy, then we say that {X,},>¢ is cointegrated with respect to f, and
call f a cointegrating functional.

In fact, the above definition is equivalent to the conventional one due to the
Riesz representation theorem (see, e.g., Conway, 1994, p. 13), implying that any
functional f on R" is uniquely identified as a vector 8 in the following sense:
f(x) = BTx for all x € R". Nevertheless, defining cointegration as in Definition 2.1
is advantageous especially when we consider a more general vector space; as
will be shown, we may replace R" with a separable complex Banach space B
without a serious theoretical complication, and then may obtain a suitable notion
of cointegration in B.

Throughout this section, we formally introduce cointegrated I(1) and I(2)
processes taking values in a Banach space and characterize the collection of
cointegrating functionals. Prior to a detailed mathematical treatment of those, it
may be helpful to see an example of functional time series of economic or statistical
interest that can motivate our more general setting.

2.1. Example: Banach-Valued Time Series and Cointegration

Our more general setting is of central relevance for applications involving func-
tional time series. As mentioned and analyzed in Hérmann, Horvéth, and Reeder
(2013) and Horvath, Kokoszka, and Rice (2014), possibly one of the most natural
functional time series is a sequence of intraday price curves of a financial asset. Let
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X;(s) be the price of a financial asset at time § € [Spin, Smax] Onday 7 € {1,2,...}. By
reparametrizing s into # = (5 — Smin)/ (Smax — Smin)» X; := {X;(u),u € [0, 1]} may be
viewed as a random element in C[O0, 1], the Banach space of continuous functions
on [0, 1] equipped with the usual sup norm. Linear functionals defined on C[0, 1]
reveal various characteristics of X;. For example, consider fi, f>, and f3 defined by

1

1
fix) =x(1), Hx) = f x(u)du, ) =x(1) —/ x(u)du, 2.1)
0 0

where x € C[0, 1]. Then, f;(X,) (resp. f>(X;)) computes the closing (resp. average)
price on day ¢, and f3(X;) gives their difference.

We may assume that the price curves observed on two adjacent days, say, X,
and X;, are tightly connected in the sense that X,(0) = X,_; (1) or loosely connected
in the sense that an overnight jump &,(0) := X;(0) — X;_;(1) is allowed. In either
case, {X;(u) —X;—1(1)}uepo, 1 denotes the cumulative intraday returns on day ¢. For
illustrative purposes, we may model such a sequence of returns as follows: for a
stationary process {8,},2(),1

Xt(u) _thl (1) = 8[(”)7 ue [07 1]7 (2.2)

where {&,(1)},>0 is assumed to have a positive variance for reasons to become
apparent. By introducing a linear operator ¢; defined by ¢;(x)(u) = x(1) for
u € [0,1] and then suppressing dependence on u for convenience, (2.2) can be
written as a curve-valued AR(1) process as follows:

Xi=¢1 X1 +e. 2.3)

If we take the functional f] to both sides of (2.3), we find that X;(1) = X,_; (1) +
&/(1); that is, the time series of closing prices {fi(X;)};>0 is a random walk
with stationary increments. This implies that {X,},~0 is a nonstationary curve-
valued process; if it were stationary, {f;(X;)};>0 would be stationary since f; is
a continuous linear transformation. On the other hand, note that f53(X;) = f3(&;)
holds and thus {f3(X;)};>0 is stationary, from which we find that f; transforms the
curve-valued nonstationary process {X,};>o into a scalar-valued stationary process.
In view of Definition 2.1, f3 may be called a cointegrating functional, which is, of
course, informal at this point since we have not yet provided our formal definition
of a cointegrating functional.
From the definition of ¢; and (2.3), we also observe that the following holds:

Yi(u) := X (u) = Xo(1) = Z&(l)-l- (&) —& (1), =1 (2.4)

s=1

We know from (2.4) that, under a suitable initialization, X, can be decomposed into
the sum of two different components: the first is the random constant function X

IEmpirical evidence about stationarity of cumulative stock return curves of a financial asset was provided in Horvéth
etal. (2014); however, we need to be careful in interpreting such evidence in our context since their results are obtained
by viewing intraday price curves as random elements of the usual Hilbert space L2[0, 1] rather than C[0, 1].
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F1GURE 1. Decomposition of Y;(u) = X;(u) — Xo(1) into the sum of Xﬁv and X,S. Notes: For a clear
graphical illustration, we let (i) Y; (resp. &.+1) be a sample path of Brownian motion initialized at 0.5
(resp. 0) and (ii) let Y; and Y;4| be horizontally separated in the first plot (even if ¥; and Y, are tightly
connected under (i)). The horizontal axis in each plot represents values of u € [0, 1].

defined by Xﬁv (w)=Y,(1) = Z;Zl g4(1), and the second is the random continuous
function X,S which is given by XZS (u) = &;(u) — &,(1) and hence satisfies that
XZS (1) = 0 (Figure | graphically illustrates this decomposition). Since {XtS }is1 18
stationary, nonstationarity of {Y;};>; results from the fact that the value of va
follows a random walk. Thus, the decomposition given by (2.4) distinguishes
the nonstationary and the stationary components of Y; from each other, and, as
will be discussed in detail later (Remark 2.2), this is a natural extension of the
projection-based decomposition of a cointegrated vector-valued time series; that
is, the transformations Y; > Xﬁv and Y, — XtS can be viewed as done by a certain
projection acting on C[0, 1] (Remark 2.3).

One may be interested in describing the above characteristics of the model
(2.3) using the existing theory of cointegration, assuming that the intraday price
curves are random elements of the usual Hilbert space L*[0, 1], the space of square
integrable functions on [0, 1] equipped with inner product (f, g) = fol fu)g(u)du.
In this case, however, the AR(1) operator ¢; given in (2.3) and the functionals f|
and f3 given in (2.1) lack an essential continuity property required in the existing
theory, and dealing with those linear maps in this context is far beyond what has
been covered in the literature.? This example, therefore, shows that our general
Banach space setting is useful to accommodate more various functional time series
as subjects of the theory of cointegration.

Many economic/statistical time series can be understood as Banach-valued
(especially C[0, 1]-valued) stochastic processes. Some existing examples in the
literature include daily electricity demand curves (Petris, 2013) and annual
temperature profiles (Dette, Kokot, and Aue, 2020).> Moreover, Banach space
methodology is sometimes naturally in demand when researchers want to adopt a

2¢1,f1, and f3 are not continuous with respect to the topology of L2[0, 1]. Such a linear map is equivalently said to
be unbounded. As far as this author knows, unbounded linear operators or functionals have not been considered in
the existing theory of cointegration and the Granger—Johansen representation.

3Nielsen, Seo, and Seong (2019) recently considered similar empirical examples (Ontario monthly electricity demand
curves and Australian annual temperature curves) in the L2[0, 1] Hilbert space setting and found empirical evidence
that those are cointegrated time series.
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different notion of distance for functional time series analysis. For example,
Dette et al. (2020) noted that two curves with rather different visual shapes
may still have a small L?-distance and thus be identified as similar in the usual
L?[0,1] setting. They therefore employed the sup-distance, which is expected to
better reflect the visualization of curve-valued observations in statistical analysis,
by assuming that such observations are random elements of C[0,1]. In this
regard, nonstationary, and possibly cointegrated, time series considered in the
L?[0,1] setting can be potentially reconsidered in a Banach space setting; as an
example of such time series, curves of age-specific employment rates (Nielsen
et al., 2019; Seo, 2020), population counts (Shang et al., 2016), mortality rates
(Gao and Shang, 2017), or fertility rates (Hyndman and Ullah, 2007) can be
mentioned.

2.2. Notation

We review our notation for the subsequent discussions. The setting for our analysis
is a separable complex Banach space B equipped with norm || - || 5. To conveniently
introduce our notation, we let B denote another such space, equipped with norm
|| - Il z; for example, B may be set to B or the complex plane C.

A linear operator A : B+ B is said to be bounded if ||Ax|| 5 < M||x| 5 for some
M < oo and any x € B. Such an operator is obviously continuous on 5. Unless
otherwise noted, every linear operator considered in this paper is bounded. Let
L(B,B) denote the space of bounded linear operators from B to B equipped with
the operator norm [|A||op = supy<; |Ax|| 5. We are mostly concerned with the case
B= g, so let £(B) denote L(B,5), and let I € L(I5) denote the identity operator
acting on B. For any A € L(B, g), we let ranA (resp. kerA) denote the set {Ax: x €
B} (resp. {x € B: Ax =0}). Commonly, ranA (resp. kerA) is called the range (resp.
the kernel) of A, and it is well known that ker A is necessarily closed, whereas ranA
may not be so. If dim(ranA) < oo, then A is said to be a finite rank operator. For
any subspace V C B, let V' denote the space of bounded linear functionals from
V to C equipped with the operator norm, i.e., V' = L(V,C), which is commonly
called the topological dual of V.

For any subset V of B, let c1 V denote the closure of V, i.e., the union of V and its
limit points. For subspaces V; and V, of B, we let V| + V, denote the set {v; +v; :
vi € Vi,v, € V,}, which is called the algebraic sum of V| and V5. If Vi +V, =B
and V; NV, = {0} hold for closed subspaces V; and V,, we then say that B is the
direct sum of V; and V5, and write B = V| @ V5. In this case, V; (resp. V;) is said
to be complemented by V; (resp. V), and V, (resp. V) is called a complementary
subspace of V| (resp. V,). These definitions can be extended for a finite collection
of subspaces Vi, V,,...,V, in an obvious way. For any set V C B, we let Ann(V)
denote the annihilator of V, defined by the set {f € B’ : f(x) = 0,Vx € V}, which
turns out to be a closed subspace of ’(Fabian et al., 2010, p. 56). For any closed
subspace V of B, we let B/V denote the quotient space equipped with the quotient
norm || - [|5/v, which is briefly reviewed in Appendix A.1.
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The definitions of a B-random variable X, its expectation EX, covariance
Cx, and cross-covariance Cx y with another B-random variable Y are given in
Appendix A.2. We are mostly concerned with the collection of 5-valued random
variables X satisfying EX = 0 and E||X||} < oo, which is denoted by £*(5). For
X € £2(B), we say that X has a positive definite covariance if fCx(f) = 0 implies
that f = 0.

2.3. Cointegrated I(d) Processes in Banach Spaces

Throughout this paper, we will need to consider I(d) processes in B and in C for
d € {1,2}, with innovations in B, so it is convgnient to define the I(d) property
with another separable complex Banach space B as in Section 2.2. Our definition
of the I(d) property is adapted from Beare and Seo (2020) and Franchi and Paruolo
(2020) for our more general setting. As a key building block for the I(d) property,
we first define the I(0) property.

Definition 2.2. A sequence X = {X;};>, in Sz(g) is said to be I(0) if

o0
X, —E(X) =) e t=t, (2.5)
Jj=0

where {&};ez 1s an i.i.d. sequence in £2(B) with positive definite covariance C,
and {6;};>o is a sequence in £(13, B) satisfying } ", [16;lop < 00 and 3= 6; # 0.

Remark 2.1. {;};cz in Definition 2.2 is an i.i.d. sequence in £>(B), which
is called a strong B-white noise (Bosq, 2000, p. 148). The i.i.d. condition is
imposed for simplicity, and the results to be developed remain valid under a weaker
condition that C,, does not depend on ¢ and C,, ., = 0 for all f and s # ¢. Such a
sequence {&,}cz is called a weak B-white noise (Bosq, 2000, p. 161).

As in a Euclidean space setting, (2.5) may be conveniently expressed as
X, —EX,) = ©L)e,

where O(z) = Z;io szj and L denotes the lag operator. Note that ®(-) is an
operator-valued function defined on C, which is called an operator pencil (see
Appendix A.4); if ©(-) is matrix-valued, it is called a matrix pencil. Based on the
I(0) property given by Definition 2.2, we define the I(1) and I(2) properties as
follows.

Definition 2.3. For d € {1,2}, a sequence in £? (g) is said to be I(d) if its dth
difference is an I(0) process admitting a representation (2.5) with {6;};>¢ satisfying

Y2 N6llop < .

Note that we require some summability conditions for I(1) and I(2) sequences,
which are introduced for mathematical convenience in order to facilitate the use
of the Phillips—Solo device in Section 2.4.
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Cointegration of an I(d) process in 3 may be defined by extending Definition 2.1
in an obvious way. Let X be an I(d) process in B, f be an element of 5, and A :=
I — L be the difference operator. If the scalar-valued time series {f(A9"1X;)};=0
is stationary (A is understood as the identity operator) in C for a suitable choice
of Xy, we then say that X is cointegrated and call f a cointegrating functional.
Obviously, the collection of cointegrating functionals constitutes a subspace of 3/,
so we call it the cointegrating space.

2.4. Characterization of the Cointegrating Space

In this section, we characterize the cointegrating space associated with I(1) or I(2)
processes in B. A key input to our results is the Phillips—Solo device (Phillips and
Solo, 1992, Lem. 2.1 and Sect. 4) for obtaining an algebraic decomposition of
a linear filter into long-run and transitory components. Even if the Phillips—Solo
device was presented in Phillips and Solo (1992) as a way to decompose matrix
pencils when the usual matrix norm is considered, it can be directly extended to our
Banach space setting by just replacing matrix pencils (resp. the usual matrix norm)
with operator pencils (resp. the operator norm); no further changes are required
from their proofs.

For d € {1,2}, let X = {X;}>_4+1 be an 1(d) sequence in B, admitting the
following representation:

AX, = 0O, t>1. (2.6)

Under the summability conditions given in Definition 2.3, we may apply the
Phillips—Solo device to obtain

OL) =0(1)+AO*(L), 2.7)

where ©®* (L) = — Zfi() Oj*Lj and 6/ = Z,fozjﬂ 0. In (2.7), ®(1) (resp. AG®*(L))
is called the long-run (resp. transitory) component of ®(L); see Phillips and Solo
(1992). We may deduce from (2.7) that (2.6) allows the following representation,
called the Beveridge—Nelson decomposition: for d € {1,2} and for some 7y,

t
AX, =154+ O(1) st +v, t>0, (2.8)

s=1

where {v;};>¢ is stationary and v, = ©* (L), for each 7. Given (2.8), the cointegrat-
ing space €(X) associated with X is formally defined as follows: for d € {1,2},

C(X) ={f € B : {f(AY"'X,)} ;=0 is stationary for some 7y € £*(B)}.
We also define
AX) =ran®(1),

which is called the attractor space of X. We then provide useful results to
characterize €(X) when (i) there is no restriction on 2((X) and (ii) clA(X) is
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complemented in B. In case (ii), clA(X) allows a complementary subspace,
but which is not uniquely determined in general; for example, if B = R? and
cl(X) = span{(1,0)}, then the span of any arbitrary vector that is not included in
span{(1,0)} can be a complementary subspace. We will also see later, in Remark
2.3, that various subspaces can complement cl2((X) of the cointegrated time series
considered in Section 2.1.

We thus hereafter let C(cl12(X)) denote the collection of the complementary
subspaces of cl2((X), i.e., any element V € C(clA(X)) satisfies

B=clAX)a® V. 2.9)

If B is a Hilbert space, 2(X)* is always a complementary subspace of cl2((X)
(Conway, 1994, pp. 35-36), hence AX)*t e C(clAX)); however, there may not
exist a subspace V satisfying (2.9) if B is an infinite dimensional Banach space
(see Remark 2.4). If the direct sum (2.9) holds for any V e C(cIA(X)), we may
define the unique projection Py € L(B) onto V along cl2((X), i.e., Py is the unique
linear operator satisfying the following properties:

Py =P, ranPy =V, kerPy = clA(X); (2.10)

see Megginson (2012, Thm. 3.2.11). If B is a Hilbert space and V = 2A(X)* as
mentioned above, Py becomes the orthogonal projection onto 2((X)*, but for any
other V e C(clA(X)) which is not equal to 2A(X)*, Py becomes a nonorthogonal
projection. Our first result in this section characterizes the cointegrating space €(X)
in terms of 2((X) and Py defined above.

PROPOSITION 2.1. If X = {X,}1>—q+1 is 1(d) for d € {1,2}, the following hold.
(i) €(X) = Ann(R(X)).
(i) IfV e C(clA(X)), then €(X) = {f oPy : f € B}, where Py satisfies (2.10).

Proposition 2.1(i) shows that €(X) is given by the annihilator of 24(X), and
thus a closed subspace of 5’ regardless of whether 2((X) is closed or not. This
characterization is obtained without any additional condition on 2((X), but it is
instead less informative than that given in Proposition 2.1(ii). If cl2((X) allows a
complementary subspace V € C(cI2(X)), we then know from the result given by
Proposition 2.1(ii) that €(X), which is a subspace of 5/, is in fact fully characterized
by the projection Py € £(B) satisfying (2.10). This result in turn leads us to have
a natural decomposition of {A9~1X;},>¢ into two components with different kinds
of cointegrating behaviors as in a Hilbert/Euclidean space setting; see Remark 2.2.
Some more remarks on Proposition 2.1 and the direct sum condition (2.9) are in
order.

Remark 2.2. In our Banach space setting, the cointegrating space €(X) is,
by definition, a subspace of B’ which is in general different from 5. How-
ever, the result given in Proposition 2.1(ii) makes it possible to understand
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&(X) as a subspace of 5. Consider the Beveridge—Nelson decomposition (2.8).
Using Py defined under the direct sum (2.9), we may decompose A?~'X; into
(I—Py)AY"'X, and PyA?~'X,. The former is the unit root component in the
sense that {f(/ —PV)Ad‘lX,}tzo cannot be stationary for all f € B’ as long as
fU —Py) # 0, whereas the latter is the stationary component in the sense that
{fPy Ad’lX,},zo can be made stationary under a suitable choice of 7, for all f € 5.
This projection-based decomposition of a cointegrated time series is what has been
done in a Euclidean space setting (see, e.g., Johansen, 1995, pp. 40—41), and as
discussed, it is also possible in our setting without a richer geometry of a Hilbert
space.

Remark 2.3. In the example given in Section 2.1, any solution to the AR(1)
law of motion (2.3) in B(= CJ[0, 1]) satisfies that AX; = @&, + A(e; — ¢1&;) (see
(2.4)) and, as shown in Section B.4, c12((X) =ran¢; = Cj holds, where C, denotes
the collection of constant functions. In this case, there are many different choices
of V satisfying (2.9). One possible candidate is what we already considered in
Section 2.1. Note that x € B is uniquely decomposed into x = x; + x, where
x1(u) = x(1) (and thus x; € Cp) and x, (1) = x(u) — x(1) for u € [0, 1]. Thus, Cy
is obviously complemented by C; = {y € B : y(1) = 0}, and, in this case, Py is
given by Pyx(u#) = x(u) — x(1). How this projection decomposes X; into the unit
root and stationary components is already illustrated in Figure 1; specifically, note
that (ignoring tp) (I — Py)X, = va and PyX, = XZS . It may be similarly deduced
that {y € B : y(a) = 0} for a € [0, 1] (in this case, Pyx(u) = x(u) —x(a)) or {y € B :
fol y(u)du = 0} (in this case, Pyx(u) = x(u) — fol x(u)du) can be another candidate
for V. We note that (/ —Py) X, = va holds regardless of which V is chosen, meaning
that the unit root component is always uniquely identified. On the other hand, the
stationary component depends on V (e.g., ignoring 1y, Py X, (1) = &,(u) —&,(1) if
V = Cy, whereas PyX,(u) = &,(u) — [ &;(u)du if V = {y € B: [ yu)du = 0}).
In a Hilbert/Euclidean space setting, this projection-based decomposition has
been discussed for the case where V = A(X)* and thus Py is an orthogonal
projection. However, it is now clear that orthogonality has no essential role in
such a decomposition; V may be set to a subspace that is not orthogonal to the
attractor space, and this only leads us to have a different stationary component
without affecting the unit root component.

Remark 2.4. If B is an infinite dimensional Banach space, a closed subspace
may not be complemented (Megginson, 2012, pp. 301-302), hence (2.9) is not
generally true. It, however, turns out that either of the following is a sufficient (but
not necessary) condition for the existence of V satisfying (2.9):

(1) dimR(X)) < oo, (i1) dim(B/A(X)) < oo;
see Megginson (2012, Thm. 3.2.18). The two conditions lead to different dimen-

sionalities of the cointegrating space of B'. In case (i), V is necessarily infinite
dimensional, and we deduce from Proposition 2.1 that the cointegrating space is
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also infinite dimensional. In case (ii), on the other hand, V is finite dimensional,
hence the cointegrating space is finite dimensional as well.

One may be interested in how the general results given by Proposition 2.1 reduce
to what we have known about cointegration in a Hilbert/Euclidean space setting.
Let H be a separable complex Hilbert space with inner product (-,-). If B =, the
Riesz representation theorem (see, e.g., Conway, 1994, p. 13) implies that every
f € H'is given by the map (-,y) : H +> C for a unique element y € H. Therefore,
we may alternatively define the cointegrating space as follows: for d € {1,2},

CyX)={yeH: {(Ad_lXt,y)},zo is stationary for some 7o € £%(#)}. (2.11)

Moreover, in this case, we know that the direct sum (2.9) holds for V = 2A(X)*,
which makes Py become the orthogonal projection onto 2(X)*. Under all these
simplifications, Proposition 2.1 reduces to the following characterization, which
is identical to the description of €4, (X) given by Beare et al. (2017).

COROLLARY 2.1. If X = {X;}i>—a+1 is I(d) for d € {1,2} and B = H, then
Cu(X) = AX)L.

We close this section with some remarks on Proposition 2.1 and Corollary 2.1.

Remark 2.5. Suppose that B =R" or C" equipped with the usual inner product
(x,¥) = xTy. This is of course a special case of a Hilbert space, so we may consider
the alternative definition of the cointegrating space, €4 (X), given in (2.11). If
there exists a nonzero cointegrating vector, the long-run component ® (1) from
the Phillips—Solo decomposition in this setting is a reduced rank matrix, i.e.,
rank ®(1) = s < n. If so, there are two full column rank n x s matrices ®; and
0, satisfying ©(1) = ©,0] (see, e.g., Engle and Granger, 1987). As a result,
C4(X) is given by the collection of vectors that are orthogonal to the columns of
©®1, which is an (n — s5)-dimensional subspace of R" or C".

Remark 2.6 (Second-order cointegrating functionals). Under the summability
requirement for the I(2) property in Definition 2.3, we may apply the Phillips—Solo
device to ®* (L) in (2.7), and obtain

O(L) = O(1) + AO* (1) + A?O™ (L), (2.12)

where ©% (L) = — > *, 6L/ and 7 = > 7. 6;. We then may deduce from
(2.12) that (2.6) with d = 2 allows the following representation: for some 7 and 7y,

t r t
X, =t0+nt+0) Y Y e +0 ()Y a+v), 120,

r=1 s=1 s=1

where {v]},>¢ is stationary and v = @ (L)¢, for each ¢. Note that for any
f € €(X) = Ann(ran ©(1)), we have f(X,) = f(O* (1) Y_i_, &) +f (V) by assum-
ing f(t9) = f(r;) = 0. Then it may deduced from a nearly identical argument
used to prove Proposition 2.1(i) that {f(X;)};>0 is stationary if and only if f €
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Ann(ran ©* (1)) also holds. To sum up, {f(X;)};>0 can be made stationary under a
suitable choice of 7y and 7; for any f € Ann(ran ®* (1)) N Ann(ran ®(1)). We call
such f as a second-order cointegrating functional, which will be of interest to us
in Section 3 as an important aspect of I(2) AR processes in 5.

3. REPRESENTATION OF I(1) AND I(2) AUTOREGRESSIVE

PROCESSES
For fixed p € N, suppose that a sequence {X;}>_,+1 C £*(B) satisfies the following
AR(p) law of motion:
q)(L)Xt =&, IZ 1, (3.1)

where {&,};ez C £*(B) is an i.i.d. sequence with positive definite covariance C,
and

)4
Q@) =1-Y ¢7. ¢1.....¢p € LB
j=1

We let the operator pencil ® : C +— L(B) be called the AR polynomial. The i.i.d.
condition imposed on {¢;},c7 can be replaced by the requirement that C,, does not
depend on ¢ and C;, ., = 0 for all ¢ and s # ¢ without affecting any of the results to
be developed later; see Remark 2.1. For notational simplicity, it is convenient to
expand ®(z) around one as follows:

)4
D)= Diz—1)), b=V (1)/j!=
j=0

Z:é) (j‘;h) Gin,  ifj=1,...,p.
3.2)

{1— > b, ifj=0,

We hereafter say that @ has a unit root if it satisfies Assumption 3.1, where the
following notation is employed: o (®) denotes the spectrum of & given by the set
{z € C: ®(z) is not invertible} and D, denotes the open disk with radius r centered
at0 e C.

Assumption 3.1 (Unit root).
(@) o(P)N Dy, = {1} for some n > 0 and P¢ # 0.

(b) ran® and ker ®( can be complemented.

Assumption 3.1(a) is similar to the standard unit root assumption given in
a Hilbert/Euclidean space setting; see Franchi and Paruolo (2020, Sect. 3.1).
Assumption 3.1(b) requires ran ® and ker &, to be closed and allow comple-
mentary subspaces, and we note that such complementary subspaces are not
uniquely determined in general once they exist; see, e.g., Remark 2.3. Thus,
for convenience, let C(ran ®) (resp. C(ker ®y)) denote the collection of all the
complementary subspaces of ran ® (resp. ker ®); that is, if Vg € C(ran @) and
Wg € C(ker @), we have B = ran & @ Vg = ker & @ Wg. If B is a Hilbert space,
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then any closed subspace can be complemented by its orthogonal complement
(Conway, 1994, pp. 35-36), hence these direct sums hold for Vg = [ran ®(]*
and Wg = [ker ®o]* as long as ran®, is closed (ker®, is necessarily closed
since @y € L(B)). In the existing representation theorems developed in a Hilbert
space setting, closedness of ran @ is implied by the employed assumptions, so
Assumption 3.1(b) consequentially holds (see Remark 3.1 to appear in Section
3.1). In a general Banach space setting, on the other hand, Assumption 3.1(b)
does not necessarily hold even when ran @ is closed; see the example given by
Megginson (2012, Thm. 3.2.20). Nevertheless, Assumption 3.1(b) may not be
restrictive in general and, moreover, is a fairly weaker requirement which is strictly
implied by the regularity conditions on ®(z) employed in the existing literature; a
more detailed discussion will be given in Remark 3.1.

In this setting, what we seek are (i) a necessary and sufficient condition under
which the AR(p) law of motion (3.1) allows I(1) or I(2) solutions, and (ii) a
characterization of such solutions; in the case B = R” or C”", these issues are
dealt with in Johansen’s representation theory. Hereafter, we conveniently say
that a sequence {X;};>_,11 from (3.1) allows the Johansen I(1) representation if
it satisfies the following: for 7y depending on initial values of (3.1), a stationary
sequence {v,};=0 C £*(B), and Y_; € L(B),

t
X, =1+ Zss+ v, t>0. (3.3)

s=1

We also say that {X;},>_,1 allows the Johansen I(2) representation if it can
be represented as follows: for 7y and t; depending on initial values of (3.1), a
stationary sequence {v}=0 C £2(B), and Y, Y_ € L(B),

t r t
X,=ro—i—rlt—i—T_zZZag—l-T_]Zes—l-v,, t>0. 3.4)
s=1

r=1 s=1

In the case B = R" or C", Johansen (1991, 1995) shows that a necessary and
sufficient condition for the AR(p) law of motion (3.1) to allow I(1) solutions is
given by that

al, @By is invertible, 3.5)

where o) (resp. B11) is a full-rank n x (n — r) matrix whose columns are orthogo-
nal to « (resp. B) for some r < n, and @ and g are full-rank n x r matrices satisfying
@) = afT; without loss of generality, we assume that ] )y = B fu = I,
(the identity matrix of dimension n — r). The condition given by (3.5) is called
the Johansen I(1) condition, under which a sequence {X;};>_p+ from (3.1) allows
the Johansen I(1) representation with a certain operator Y_y; see Johansen (1995,
Thm. 4.2). A similar representation result for the I(2) case is also given by Johansen
(1995, Thm. 4.6). Extending these results to a Banach space setting may not be
done by a simple extension: due to the fact that 5 may not be equipped with an
inner product and can be infinite dimensional, we cannot rely on some important

https://doi.org/10.1017/50266466622000172 Published online by Cambridge University Press


https://doi.org/10.1017/S0266466622000172

COINTEGRATED PROCESSES IN BANACH SPACES 751

geometrical properties and matrix algebraic results that are allowed in Euclidean
space. We thus need a novel approach that relies neither on the geometrical
properties induced by an inner product nor on the finite dimension of B.

As observed in an early contribution by Schumacher (1991), the I(d) property
of solutions to the AR(p) law of motion, characterized by a matrix pencil ®(z), in
R" is determined by the behavior of the inverse ®(z)~! around z = 1. This is also
true in our Banach space setting; hence, our approach to developing representation
theory for I(1) and I(2) AR processes essentially boils down to examining the
inverse of the AR polynomial around z = 1. As a way to achieve this goal, we first
consider the companion form of (3.1) characterized by a linear operator pencil )
to be defined later, and study the behavior of ED(z)’1 around z = 1 based on the
spectral theory of linear operator pencils given in, e.g., Kato (1995) and Gohberg,
Goldberg, and Kaashoek (2013). We then recover the behavior of ®(z)~! around
z =1 from that of <T>(z)‘1 by generalizing Johansen’s I(1) and 1(2) conditions;
this second step adds to earlier findings on the inversion of linear operator pencils
given by Albrecht, Howlett, and Pearce (2011) and Albrecht, Howlett, and Verma
(2019).

It will be convenient to fix standard notation and terminology, based on
Appendix A.4 providing a brief introduction to operator pencils, for the subsequent
discussions. For any operator pencil A and its spectrum o(A) = {z € C :
A(z) is not invertible}, we let p(A) denote the set C\ o (A), which is called the
resolvent set of A. Now, suppose that A(z) permits a Laurent series expansion at
7 = 70 as follows: for some d > 0,

AR =) Aiz—20), A 4#0. (3.6)

j=—d

If d = 0, we say that A(z) is holomorphic (or equivalently, complex-differentiable)
at z = zo. In this case, (3.6) becomes the Taylor series of A(z) at z = zp, which
is called the Maclaurin series of A(z) if zo = 0. If d # 0, A(z) is said to have an
isolated singularity at z = zp. An isolated singularity with d < oo is called a pole
of order d. A pole of order 1 is said to be simple. If d = 0o, A(z) is said to have
an essential singularity at z = z9. The sum of the leading terms indexed by j =
—d, ..., —1 is called the principal part, and the sum of the remaining terms is
called the holomorphic part.

3.1. Relationship to Earlier Literature

A few different versions of the Granger—Johansen representation theorem have
been proposed in the recent literature on cointegrated functional time series taking
values in a Hilbert space, such as Chang et al. (2016a), Hu and Park (2016), Beare
etal. (2017), Beare and Seo (2020), and Franchi and Paruolo (2020). Compared to
those papers, our versions are developed under a general Banach space setting
without relying on the richer geometry of a Hilbert space, which can help us
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consider a greater variety of functional time series as subjects of the theory of
cointegration, as illustrated in Section 2.1. Apart from such mathematical gains,
we here briefly describe how our setting is related to the assumptions employed in
the aforementioned papers by assuming B = H (recall that H denotes an arbitrary
separable complex Hilbert space).

We first focus on the I(1) case. Except for the paper by Chang et al. (2016a)
providing a quite different representation result, the AR polynomial ®(z) in the
foregoing papers satisfies the following condition: for z € C,

dim(ker ®(z)) < oo and dim([ran ®(2)]*) < 0. 3.7

If (3.7) holds, ®(z) is called a Fredholm operator. Fredholmness of ®(z) can
be more generally defined in our Banach space setting by replacing the latter
condition in (3.7) with dim(3/ran ®(z)) < co. The Fredholm property, combined
with the unit root assumption (Assumption 3.1), produces some special behavior
of ®(z)~! near z = 1, which becomes a crucial input to the existing theorems;
see Beare and Seo (2020, Appx. A.1) and Franchi and Paruolo (2020, Appx. B).
An important consequence of assuming (3.7) is that Y_; in (3.3) always becomes
a finite rank operator, hence the random walk component Y_; ZZ:I g in (3.3)
essentially boils down to a finite dimensional unit root process. As a result, the
attractor space (resp. the cointegrating space) associated with the AR(p) law
of motion is necessarily finite dimensional (resp. infinite dimensional). On the
other hand, the version of Chang et al. (2016a) relies on the assumption that
dy(= P(1)) is compact, which turns out to result in the opposite case, where
the cointegrating space is finite dimensional and the random walk component
takes values in an infinite dimensional space unless H is finite dimensional.
Their compactness assumption is not compatible with Fredholmness of ®(z) in
an infinite dimensional setting (Abramovich and Aliprantis, 2002, Lem. 4.41). We
thus have two qualitatively different I(1) representation results depending on two
generally incompatible regularity conditions on ®(z).

To the best of the author’s knowledge, the existing representation theorems for
I(2) AR processes in a general Hilbert space setting were recently provided by
Beare and Seo (2020) and Franchi and Paruolo (2020), where Fredholmness of
®(z) is an essential assumption for their representation theory. Similar to the I(1)
case, the Fredholm assumption makes Y_, and Y_; in (3.4) become finite rank
operators, hence the random walk component Y_» Y ', ™" e, +T_1 Y\, & is
intrinsically a finite dimensional unit root process. This requirement entailed by
the Fredholm assumption not only compels the attractor space associated with I(2)
solutions to be finite dimensional, but also places some more restrictions on their
cointegrating behavior; a more detailed discussion will be given in Sections 3.4
and 3.5.

As discussed above, any regularity conditions imposed on ®(z) may compel
solutions to the AR(p) law of motion to have some specific characteristics. It is
thus desirable to develop representation theory for I(1) and I(2) AR processes under
minimal regularity conditions on ®(z). We in this paper require weaker conditions
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on ®(z) than either of Fredholmness or compactness, which naturally makes our
representation theory place weaker restrictions on solutions to the AR(p) law of
motion. In particular, the random walk component of I(1) or I(2) solutions can
be either finite dimensional or infinite dimensional in our results, whereas the
component is required to be exclusively finite dimensional or infinite dimensional
depending on the employed regularity condition on ®(z) in the recent literature.

Remark 3.1. As discussed, in the existing literature concerning the case B ="H
of infinite dimension, ®(z) is either Fredholm or compact but not both. Fredholm
property (3.7) implies that ran @ is closed (Conway, 1994, Thm. 2.3, p. 350). We
thus find that ran @, (resp. ker @) allows a finite (resp. an infinite) dimensional
complementary subspace; this is also true in a more general situation where B
is not necessarily a Hilbert space and ®(z) is a Fredholm operator acting on B
(see Remark 2.4). On the other hand, if ®(z) is compact and satisfies Assumption
3.1(a), then Chang et al. (2016a, Lem. 1) showed that ran @ is necessarily finite
dimensional (and thus closed); from an obvious extension of their proof, it can be
shown that this result does not require the assumption that 5 is a Hilbert space.
It is then obvious that ran ®, (resp. ker ®() allows an infinite (resp. a finite)
dimensional complementary subspace in a general Banach space setting. Note
that Fredholmness or compactness of ®(z) places some specific dimensionality
restrictions on the complementary subspaces, whereas no such restrictions are
required by Assumption 3.1(b).

Remark 3.2. Suppose that B is infinite dimensional. As will be shown in
Proposition 3.4, the random walk component in the I(1) case always takes values
in ker ®,, whose dimension is finite (resp. infinite) if ®(z) is Fredholm (resp.
compact) under Assumption 3.1(a). This shows where the difference between the
existing I(1) representation results about the dimensionality of the random walk
component originates from.

3.2. Linearization of the AR Polynomial

Consider the product Banach space B? equipped with the norm || (x1, ..., x,) ||z =
Zle lIxjll 5 for any (xi,...,x,) € B”. We let I, denote the identity map acting on
BP. In fact, the AR(p) law of motion (3.1) may be understood as the following

AR(1) law of motion in B7:
(L)X, =7, (3.8)

where @ : C — L£(B?) is a linear operator pencil given by d(z) = I, — z¢) and

X o1 Q2 o Pp1 B &t

. Xio - I 0 - 0 0 N 0
XI = : ’ ¢1 = : : - : : ) & = : . (3'9)

X pi1 0 0 I o 0
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Commonly, (3.8) is called the companion form of (3.1); see, e.g., Johansen (1995,
p- 15) or Bosq (2000, p. 128). From a mathematical point of view, the behavior
of ®(z)~! that we want to know may be obtained from that of ®(z)~!, and this is
as described in Proposition 3.1, where the following notation is employed: II,, :
BP — B and IT} : B +— B” denote the maps defined by

I, (x1,x2, ..., Xp) = X1, I"I;(xl):(xl,O,...,O). (3.10)

PROPOSITION 3.1. Under Assumption 3.1, the operator pencils ® and @
satisfy the following.

(i) o(®) =0 (®) and T,®(2) "'} = d(2) .

(i) Under Assumption 3.1, if either 0f€>(z)_] or ®(z)~! has a pole of order d
(resp. essential singularity) at z =1, then the other has a pole of order d
(resp. essential singularity) at z = 1.

Proposition 3.1(i) shows that EIS(z) inherits the unit root property of ®(z)
given by Assumption 3.1, and ®(z)~! can be recovered from P(z)! using the
maps given in (3.10). Moreover, Proposition 3.1(ii) implies that we can obtain a
necessary and sufficient condition for ®(z)~! to have a pole of order 1 or 2 at
z =1 by finding such a condition for ®(z)~". These results will become useful in
the development of our representation theorems for I(1) and I(2) AR processes.

3.3. Representation of I(1) Autoregressive Processes

In Section 3.3.1, we develop our representation theory for I(1) AR processes
resorting to the companion form AR(1) representation (3.8); this is done by
studying the spectral properties of ®(z) under Assumption 3.1. We then discuss
on how the results obtained via the companion form can be reformulated in terms
of the behavior of the AR polynomial ®(z) in Section 3.3.2.

3.3.1. Representation via the Companion Form. Resorting to the companion
form (3.8), we in this section provide a necessary and sufficient condition for the
AR(p) law of motion (3.1) to admit I(1) solutions and a characterization of such
solutions.

Under Assumption 3.1(a), we know from the results given in Appendix A.4
(especially, see (A.1)) that C'\Is(z)’1 can be written as the following Laurent series:

for d e NU{o0},
—1 o0
D@7 ==Y Nie—1)/=> Niz—1)’. (3.11)
j=—d j=0

For notational convenience, we let

P N_3u. (3.12)
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and expand 5(2) around one, obtaining
D) =D+ (- DD, Bo=U,—¢). D1=—¢. (3.13)

The operator P given above turns out to be a projection under Assumption 3.1
(Lemma B.1(ii)) and has a crucial role in the subsequent discussion. What we
first pursue for the development of our representation theory is a necessary and
sufficient condition under which the AR(p) law of motion (3.1) admits I(1)
solutions (or equivalently, () ' hasa simple pole atz=1). If B=R" or C", itis
well known that the Johansen I(1) condition given by (3.5) is such a condition, and
this condition plays an essential role in Johansen’s representation theory for I(1)
AR processes. Beare et al. (2017), who studied the same issue for the case B = H,
revisited the Johansen I(1) condition and provided its geometric reformulation
given by a certain nonorthogonal direct sum of H”; see Remark 3.4. Inspired by
their direct sum condition that can be applied for / of an arbitrary dimension, we
propose the following condition.

I(1) condition: 37 =ran 50 @ ker 50.
Some remarks on the I(1) condition are given as follows.

Remark 3.3. The I(1) condition is given as the direct sum of B? by two fixed
subspaces ran @, and ker @, and this specific direct sum condition will be shown
to be necessary and sufficient for the existence of I(1) solutions. In the case where
our I(1) condition holds, it is worth noting that a unique projection whose range is
ker ff)o and kernel is ran &30 is well defined (Megginson, 2012, Thm. 3.2.11).

Remark 3.4. In the case where B = H of an arbitrary dimension and ¢y, ..., ¢,
are compact operators, Beare et al. (2017) showed that the nonorthogonal direct
sum H” = ran EISO @ ker CT)() is a sufficient condition for the AR(p) law of motion
(3.1) to admit I(1) solutions; however, its necessity was not discussed in their
paper. They showed that their condition becomes equivalent to the Johansen I(1)
condition if H = R" or C". The reader is referred to the results given in Section 4
(and the proofs of those) of their paper.

Our first result in this section not only shows that the I(1) condition is a necessary
and sufficient condition for ®(z)~! to have a simple pole at z = 1, but also
characterizes the principal part of its Laurent series.

PROPOSITION 3.2. Suppose that Assumption 3.1 holds. The following condi-
tions are equivalent.

@) EIV>(z)_1 has a simple pole at 7 = 1.
(ii) P is the projection onto ker @ along ran @,
(iii) The I(1) condition holds.

Under any of these conditions, the following holds: for some n > 0,

(1-2)®@) ' =P+(1—2)H(z), z€Di4y (3.14)
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where H(z) denotes the holomorphic part of the Laurent series of ®(2)~! around
z= 1. Moreover, each Maclaurin series of (1 — 2)P() " and H(2) is convergent
on Dy .

Examples of the use of Proposition 3.2 for verifying that ®(z)"! has a simple
pole at z =1 will be given later in this section. Proposition 3.2 extends the results
given by Beare et al. (2017), which are briefly reviewed in Remark 3.4, in the
sense that it provides a necessary and sufficient condition for the existence of
I(1) solutions without requiring either of a Hilbert space structure or compactness
of ¢1,...,¢,. In addition, combined with Propositions 3.1, the local behavior of
®(z)~! around z = 1 given by (3.14) provides a characterization of solutions to
the AR(p) law of motion (3.1), which leads to our first version of the Granger—
Johansen representation theorem for I(1) AR processes given below.

PROPOSITION 3.3. Suppose that Assumption 3.1 holds. Under the I(1) condi-
tion, a sequence {X;}>_p+1 satisfying (3.1) allows the Johansen I(1) representation
(3.3) with

o0
Yo =TLPIT, v =TLHDITe =Y (—)/T,® U, -P)Te_; (3.15)
j=0

where P and H(z) are given in Proposition 3.2, and I, and l'[[;k are given in (3.10).
Moreover, the AR(p) law of motion (3.1) does not allow I(1) solutions if the I(1)
condition is not satisfied.

Proposition 3.3 shows that, under our I(1) condition, solutions to the AR(p)
law of motion (3.1) can be represented as (3.3) similar to the Beveridge—Nelson
decomposition (2.8) of an I(1) cointegrated linear process. For such a solution
{X:};>0, we may deduce from our discussion in Section 2.4 that {f(X;)};>¢ can be
made stationary under a suitable initial condition if and only if f € Ann(I1,PTL}).
Some more remarks on the results given by Proposition 3.3 are in order.

Remark 3.5. Proposition 3.3 may be viewed as an extension of Theorem
4.1 of Beare et al. (2017), which provides a version of the Granger—Johansen
representation theorem in a Hilbert space setting resorting to the companion form
representation of a given AR(p) law of motion.

Remark 3.6. In the case dim(B3) = oo, neither the attractor nor the cointegrating
space associated with (3.1) is compelled to be finite dimensional in our represen-
tation results, whereas one of those subspaces is necessarily finite dimensional in
the existing theorems developed in a Hilbert space setting; see Section 3.1. As a
simple illustration, let p = 1 and ¢; be an arbitrary projection. In this case, we
may deduce from Propositions 2.1, 3.2, and 3.3 that the dimension of the attractor
space (resp. the cointegrating space) associated with (3.1) is equal to dim(ran¢;)
(resp. dim(ker¢,)). Since ¢, is an arbitrary projection, all the following cases are
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possible: (i) dim(ran¢;) < oo and dim(ker¢;) = oo, (ii) dim(ran¢;) = oo and
dim(ker¢,) < 0o, and (iii) dim(ran¢;) = oo and dim(ker¢;) = oo

In this section, the I(1) condition and solutions to the AR(p) law of motion
(3.1) are characterized in terms of the behavior of 5(z) around z = 1. For this
reason, our results do not clearly reveal how the proposed I(1) condition and the
cointegrating behavior of I(1) solutions are related to the structure of the original
AR polynomial ®(z). This is a natural consequence resulting from that we resort
to the companion form representation of (3.1) to obtain our main results given in
this section. In the next section, we will discuss how these results can be recast
in terms of the behavior of the AR polynomial & (z). By doing so, we obtain a
more detailed characterization of I(1) solutions and find the connection between
our representation results and those developed in a Hilbert/Euclidean space setting.
We close this section with a few examples illustrating the use of Proposition 3.2
for verifying that ®(z)~! has a simple pole at z = 1.

Example 3.1. In the example given in Section 2.1, B = C[0, 1], 5(2) =1—-2z¢1,
and ¢, is defined by ¢ x(u) = x(1) for u € [0, 1]. Note that ®, # 0 and Dox(1)=0
for any arbitrary x € C[0,1]. This implies that every y € ran ®o must satisfy
y(1) =0, from which we find that 50 is not invertible. Let Cy and C; be defined
as in Remark 2.3. Then, it can be shown that Assumption 3.1(a) is satisfied,
ker 5150 = Cy, and ran 50 = C; (see Appendix B.4). As discussed in Remark 2.3,
we have B = Cy @ Cy, and thus find that the I(1) condition holds.

Example 3.2. Suppose that B = C[—1, 1], 5(z) =1—z¢,, and ¢, is defined by
drx(u) =x(w)/2 +x(—u)/2, xe€B, uel[—1,1].

One can easily show that (i) 0(5) = {1} and (ii) ¢ (resp. I —¢,) is the projection
onto the space of even (resp. odd) functions along the space of odd (resp. even)
functions, hence B = ran <I>0 @ ker CDO Thus, it is concluded that <I>(z) ! has a
simple pole at z = 1. In fact, we reach the same conclusion in cases where any
arbitrary projection replaces ¢; in the above.

Example 3.3. Let ¢y be the space of complex sequences converging to zero
equipped with the norm |la|| = sup; |a;| for a = (aj,ay,...) € ¢p. The space ¢
may be viewed as a natural generalization of a finite dimensional vector space
equipped with the supremum norm, and also turns out to be a separable Banach
space (Megginson, 2012, Exams. 1.2.13 and 1.12.6). Let ¢, be defined by

b1(ar,az,a3,a4, ...) = (a1,a, +az, raz, \’ay, ....), (3.16)

where A € (0,1). In thls case, CI>(2) = [ —z¢; satisfies Assumption 3.1(a) (see
Appendix B.4), and ran CDO and ker CDO are given as follows:

ranq)() = {(07b15b25 ) . b] € C, hm b] = 0}’
j—o00

ker ®o = {(0,5,,0,0,...) : b, € C}. (3.17)
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The above subspaces can be complemented (see Example 3.4), hence Assumption
3.1(b) is also satisfied. . However, (3.17) clearly shows that B # ran <1>0 @ ker <I>0
We thus conclude that <I>(z) ! does not have a simple pole at z = 1; it will be shown
in Section 3.4 that ED(z)_l has a pole of order 2 at z = 1.

3.3.2. Further Characterization of I(1) Solutions. If B = R" or C", the
Johansen I(1) condition given by (3.5) is necessary and sufficient for the AR(p)
law of motion (3.1) to admit I(1) solutions. If we let Pj, 00 (resp. Pyerogt)
denote the orthogonal projection onto [ran oM (resp. [ker dg]h), then (3.5) can
be equivalently understood as that P, ¢ 11 P1 (I — Pier o)1) as a map from ker @
to [ran ®y]* is invertible. We will obtain a natural generalization of this condition
to our Banach space setting, and further characterize I(1) solutions using such a
condition.

Recall that C(ran ®) (resp. C(ker ®()) denotes the collection of all the comple-
mentary subspaces of ran @ (resp. ker ®¢). Under Assumption 3.1, C(ran @) and
C(ker @) are nonempty sets. For any Vg € C(ran ®() and Wg € C(ker @), we have

B=ran®y® Vp =kerdyd Wg. 3.18)

If the direct sums given in (3.18) hold, we may define the projections Py, and Py,
satisfying

ranPV[J =V, kerPVC =ran ®, ranPWc = W, kerPWB =ker®dy; (3.19)

these projections are uniquely defined for any Vg € C(ran @) and W € C(ran @)
(Megginson, 2012, Thm. 3.2.11). We then define the operator A (Vg, We) € L(B)
as follows:

A1 (Vg Wp) := Py, @ (I — Pyyy). (3.20)

Note that our construction of A;(Vg, W) depends on Vg € C(ran @) and Wg €
C(ran @), which are arbitrary elements of C(ran @) and C(ker @), respectively.
We thus may understand A;(Vg, Wp) as an operator-valued function of the
variables Vg and Wg hereafter. Suppose that B = R" or C", Vg = [ran D]+,
and Wp = [ker dp]t. In this case, PV[: (resp. I — PW[:) becomes the orthogonal
projection onto [ran N (resp. ker @), then it follows from our earlier discussion
that the Johansen I(1) condition given by (3.5) is equivalent to that A (Vg, W) as
a map from ker @, to Vg is invertible. One may naturally generalize this condition
to a Banach space setting by not requiring Vg (resp. Wg) to be the orthogonal
complement to ran @ (resp. ker @), and our next result given below shows that
this is in fact an equivalent reformulation of the I(1) condition given in Section
3.3.1. Using this result, we moreover obtain a useful characterization of Y_; in
terms of the operators defined above.

PROPOSITION 3.4. Suppose that Assumption 3.1 holds. Then the following
conditions are equivalent.
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(i) The I(1) condition holds.

(ii) Ay (Vg, We):ker ®g> Vg is invertible for some Vg € C(ran &) and Wg €
C(ker ®y).

(iii) A1 (Vg, Wg) :ker ®g— Vg is invertible for any arbitrary Vg € [(ran @)
and Wg € C(ker ®).

Let any of the above conditions hold. Then, for any Vg € C(ran ®q) and Wg €
C(ker @), a sequence {Xi}i=—pt1 satisfying (3.1) allows the Johansen I(1) repre-
sentation (3.3) with Y_; satisfying

Py Y_i =Y_;(I—=Py) =0, Y_:Vg>kerdg=A (V. W)™,  (3.21)
where A1 g(Vg, Wp) denotes the invertible map A (Vg, Wp) : ker @ — V.

It is interesting that a natural generalization of the Johansen I(1) condition is
equivalent to our previous necessary and sufficient condition for the existence of
I(1) solutions developed in a general Banach space setting. This shows that our
operator-theoretic approach is in fact closely related to the conventional Johansen’s
approach. We know from the equivalence between the three conditions given
in Proposition 3.4 that Vg (resp. Wg) can be fixed to any arbitrary element of
C(ran @) (resp. C(ker ®g)) with no loss of generality; this, of course, implies that
Vg = [ran @]+ and W = [ker ®¢]* can always be assumed in a Hilbert/Euclidean
space setting. Moreover, (3.21) describes how the operator Y_; acts as a map from
ran ®y @ Vg to ker &y @ Wy for any Vg € C(ran &) and Wg € C(ker ®y); this, of
course, provides a full characterization of Y_;, given that B allows the bipartite
decompositions given in (3.18).

In Section 3.3.1, the I(1) condition and the cointegrating behavior of I(1)
solutions are characterized in terms of some operators associated with ®(z) given
in the companion form (3.8); however, one may be interested in characterizing
those using operators associated with the original AR polynomial ®(z). The
conditions (ii) and (iii) in Proposition 3.4 are already given in such a manner,
and those are equivalent reformulations of our I(1) condition. Moreover, our
characterization of Y_;, given by (3.21), helps us characterize the cointegrating
behavior in a desired way; see Remarks 3.7 and 3.8.

Remark 3.7. From (3.21), we know that the attractor space of 1(1) solutions
is given by ran Y_; = ker ®,. Let Wg € C(ker @), and let Py, be the projection
onto Wp along ker ®). We then deduce from Proposition 2.1 that a cointegrating
functional f can be written as f = g Py, for some g € B.

Remark 3.8. Using the results given in Proposition 3.4, we may obtain a
stronger characterization of the cointegrating behavior of I(1) solutions than that
given in Section 3.3.1. From the expression of Y_; given in (3.21), we find that a
nonzero element f € B’ satisfies

{f(X)}i>0 1s I(0)if and only if f € Ann(ker ®y); 3.22)
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see Appendix B.4 for our proof of (3.22). The above characterization not only
shows that the cointegrating space is given by Ann(ker &), but also establishes
1(0)-ness of {f(X;)}s>0 for any f € Ann(ker ®y).

3.4. Representation of I(2) Autoregressive Processes

In this section, we suppose that the I(1) condition fails and develop our repre-
sentation theory for I(2) AR processes. We know from Proposition 3.4 that the
failure of the I(1) condition is understood as noninvertibility of A;(Vg, Wp) as a
map from ker @ to Vg, where Vg (resp. Wg) may be fixed to any arbitrary element
of C(ran &) (resp. C(ker ®()) without loss of generality; especially, Vg = [ran ®o]*+
and Wg = [ker @]+ can be assumed if B is a Hilbert space, which is helpful to
compare the results to be developed with the existing I(2) results given in a Hilbert
space setting. For such a fixed choice of Vg and Wg, we define Py, and Py, as in
(3.19) and let

R:= Pvcdblkercbg, K:={x eker®g: ®x € ran dp}.

Using the notation given above, we summarize the assumptions for our I(2)
representation results as follows.

Assumption 3.2.
(a) Assumption 3.1 holds and A;(Vg, W) is not invertible for some fixed Vg €
C(ran &) and We € C(ker @y); if B is a Hilbert space, Vg = [ran ®y]+ and
Wg = [ker ®¢]*.
(b) R (resp. K) can be complemented in Vg (resp. ker @), i.e., for some Rg C B
and K¢ C B,

Ve =R®Rg, ker &y = K@ K. 3.23)

If Rp and K satisfying (3.23) exist, then they are not uniquely determined in
general. For convenience, we hereafter let Cr) (resp. C(K)) denote the collection
of the complementary subspaces of R in V¢ (resp. K in ker ®(). Our requirement for
the existence of such complementary subspaces may not be restrictive in general
and do not invalidate that our I(2) results to be developed can complement the
earlier results developed in a general Hilbert space setting; the regularity condition
imposed on ®(z) for the existing I(2) results strictly implies the requirement and,
moreover, places some certain restrictions on the dimensions of the complementary
subspaces; see Remark 3.9.

Remark 3.9. Fredholmness of ®(z) is an essential assumption in the existing
1(2) representation theorems developed in the case B = H (Beare and Seo, 2020;
Franchi and Paruolo, 2020). In such a setting, we have B = ran®y @ Vg =
ker &) @ Wg for some Vg and Wy (Remark 3.1), and both Vg and ker @ are finite
dimensional. Since every finite dimensional space can be complemented (Remark
2.4), (3.23) holds for some Rg and Kg. This is also true in a more general situation
where B3 is not necessarily a Hilbert space and ®(z) is a Fredholm operator acting

https://doi.org/10.1017/50266466622000172 Published online by Cambridge University Press


https://doi.org/10.1017/S0266466622000172

COINTEGRATED PROCESSES IN BANACH SPACES 761

on 3, which can be seen from Remark 2.4. Note that Fredholmness of ® (z) requires
that Vg, ker @y, Rg, and Kg are all finite dimensional (and thus Wp is infinite
dimensional), which means that the assumption leads us to stronger conditions
than those required by Assumption 3.2.

As in Section 3.3, we first develop our representation theory for 1(2) AR
processes resorting to the companion form representation (3.8), and then discuss
how the results obtained via the companion form can be recast in terms of the
behavior of the AR polynomial ®(z). In the subsequent discussion, we will need
the notion of a generalized inverse of a linear operator in our Banach space
setting, which is introduced in Appendix A.3; the generalized inverse considered
in this paper is a natural generalization of the well-known Moore—Penrose inverse,
employed in Beare and Seo (2020) and Franchi and Paruolo (2020) for their I(2)
representation results developed in a Hilbert space setting.

3.4.1. Representation via the Companion Form. _As in Section 3.3.1, we first
resort to linearization of @ : C — B, hence consider @ : C — B? given in (3.8) and
(3.9). Under Assumption 3.2, we have the Laurent series of EI;(z)’l near z =1 as
in (3.11), and also define P as in (3.12). Before stating our main results, we collect
some preliminary results and fix notation.

Under Assumption 3.2, ran d~>0 and ker 50 can be complemented (Lemma
B.2(1)) in BP. We let E(ran <I>o) (resp C(ker@o)) denote the collection of the
complementary subspaces of ran d (resp. ker <I>0) that is, for any Vg € C(ran <I>0)
and W, € C(ker ®y), we have

B = ran ¢ @ Vg = ker &y W, (3.24)

Under the direct sums given by (3.24), we may define the projections Py, and Py,
satisfying
ranPy, =Vg, kerPy, =ran 50, ranPyy, =Wg,  kerPyy, = ker 50.

3.25)

The projections Py, and Py, are uniquely defined for any Vg € C(ran @) and

We € C(ker d~>o); see Megginson (2012, Thm. 3.2.11). For notational convenience,
we let

KC = ran ®, Nker Oy. (3.26)

A crucial preliminary result is that /C £ {0} is required for ®(z)~! to have a pole
of order 2 at z =1 (Lemma B.2(ii)); based on this result and the notation defined
above, we propose our 1(2) condition as follows.

1(2) condition: K # {0} and for some Vg € C(ran ®o) and Wy € C(ker @),
B’ = (ran ® + ker &) ® DK, (3.27)

where 5g is the generalized inverse of 50 (see Remark 3.10 and Appendix A.3).
Some remarks on the 1(2) condition are given as follows.
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Remark 3.10. For any 1 € C(ran ®,) and W € C(ker ®p), the generalized
inverse ®; is defined as the unique linear operator satisfying

505350 = E)o, 5‘8505‘“ = E)g, 50‘55 = Ip —Pyc, 5?)50 = PWC;

see Appendix A.3 for a more detailed discussion. In a Hilbert space setting, Vg
(resp. W) can be set to [ran d] - (resp. [ker ®o] "), then ®f becomes equivalent
to the Moore—Penrose inverse of ®.

Remark 3.11. The I(2) condition is given as the direct sum of B” by two
subspaces ran CDO +ker & and <I>g IC, where the latter depends on Vg € C(ran &)
and W € C(ker ®,) since the deﬁmtlon of <I>g does so (see Remark 3.10). However,
it turns out that if (3.27) holds for some Vg € C(ran ®) and 1 Wg € C(ker ®,), then
it holds for any arbitrary Vg € C(ran CDO) and W € C(ker CI>0) (Lemma B.2(iii)).
Thus, the choice of V; and W; does not affect the subsequent results, and also
may be arbitrarily fixed without loss of generality; for example, in a Hilbert space
setting, we may assume that Vg = [ran ®o]* and Wg = [ker ®o]*.

Remark 3.12. If B = H and 5(z) is Fredholm, we may assume that Vg =
[ran 50] and Wp = [ker <I>0] in the 1(2) condition with no loss of generahty
(Remark 3.11); in this case, <I>g is equal to the Moore—Penrose inverse <I> of <I>0
(Remark 3.10). Then, our I(2) condition reduces to a necessary and sufﬁ01ent
condition for ®(z)~! to have a pole of order 2 at z = 1 given by Beare and Seo
(2020, Thm. 4.2 and Rem. 4.7).*

Our next result shows that the proposed 1(2) condition is indeed necessary
and sufficient for ®(z)~! to have a pole of order 2 at z = 1, and provides a
partial characterization of the principal part of the Laurent series; a more detailed
characterization of the principal part can be obtained in terms of some operators
associated with ®(z), but which is postponed to Appendix B.3.3 since more
preliminary results to be developed in Appendix B are required.

PROPOSITION 3.5. Suppose that Assumption 3.2 holds. Then E>(z)’1 has a
pole of order 2 if and only if the I(2) condition holds. Under the 1(2) condition, the
following holds for some n > 0:

(1-22P@) "= -N,L+(1-2)(N,+P)+(1-2)°H{), z€Diy, (3.28)

where N_; satisfies ranN_, = K, H(z) is the holomorphic part of the Laurent
series of ®(2)~', and each Maclaurin series of (1 —z)>®(z) "' and H(z) converges
onDiyy

Examples of the use of Proposition 3.5 for verifying that ()" has a pole
of order 2 will be given at the end of this section. Proposition 3.5 provides a

4In fact, the direct sum condition given by Beare and Seo (2020, Thm. 4.2 and Rem. 4.7) is slightly different. However,
with a simple algebra, it can be shown that the direct sum given in the I(2) condition is equivalent to B = (ran ®q +
ker ®¢) & (I, — <1>g)l€, which is exactly comparable with their direct sum condition.
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characterization of the local behavior of 5(1)‘1 around z = 1 under the 1(2)
condition, which, together with Proposition 3.1, leads to our first version of the
Granger—Johansen representation theorem for I(2) AR processes as follows.

PROPOSITION 3.6. Suppose that Assumption 3.2 holds. Under the 1(2) condi-
tion, a sequence {X;}=—_,11 satisfying (3.1) allows the Johansen I(2) representation
(3.4) with

Y2 = —T,NLIT, Y_y=I1,(N_+P) IT,

v, = an(L)n;e,=Z(— 1)/T1, &, (I, —P)[T%e,;, (3.29)
j=0

where N_,, P, and H(z) are given in Proposition 3.5, and I1, and H; are given in
(3.10). Moreover, the AR(p) law of motion (3.1) does not allow 1(2) solutions if the
1(2) condition is not satisfied.

Note that the representation (3.4) with (3.29) is similar to the Beveridge—Nelson
decomposition (2.8) of an 1(2) cointegrated linear process. From our discussion in
Section 2.4, we may deduce that f € Ann(IT,N_, 1'[,*,) (resp. f € Ann(IT,N_, 1'[,*,) N
Ann(IT,PIT})) is a cointegrating functional (resp. a second-order cointegrating
functional). Appendix B.3.3 provides characterizations of N_; and P in terms of
certain operators associated with ®(z), which complements the results given by
Proposition 3.6.

In this section, we have shown that the AR(p) law of motion (3.1) admits
I(2) solutions if and only if the I(2) condition holds, and provided a partial
characterization of such solutions. All these results are obtained resorting to
the companion form representation of (3.1), hence it is not clearly revealed how
the I(2) condition and the cointegrating behavior of I(2) solutions are related to the
structure of the original AR polynomial ®(z). This issue will be addressed in
the next section by providing a more detailed characterization of I(2) solutions
in terms of operators associated with ®(z). Before closing this section, we give
examples of the use of Proposition 3.5 for verifying that ®(z)"! has a pole of
order 2.

Example 3.4. Consider Example 3.3, where we showed that ®(z)~! does not
have a simple pole at z = 1, hence we know that Assumption 3.2(a) holds. Note that
ran &, (resp. ker @) allows a complementary subspace Vg (resp. WWp); specifically,
V¢ and YW may be set to

Ve ={(01,0,0,...), by € C}, We =1{(b1,0,b,b3,...), : b; € C, lim b; =0}.
j—00

Obssrve that ran @y &R =ran &5+ & ker &y =ran d~>0 +ker CT)O =ran 550 and K =
ker @, hence Assumption 3.2(b) is also satisfied for Rg = V¢ and K¢ = {0}. For
any (b;,0,...) € Vg, we find that —®y(b1,0,...) = (0,b1,0,...). Precomposing
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both sides of this equation with 2, we obtain
( bl’ )_qu(O b17 7"')7 (3-30)

where the equality holds since (b;,0,...) € Wg and 8 CBO Pyy;. From (3.17),
(3.30), and the fact that K = ran @y Nker &y = ker dy, we deduce that dDgIC =
{(b1,0,...), by € C}, which is a complementary subspace of ran <I>0 +ker <I>0 Thus
d(z)"! has apole of order2 at 7 = 1.

Example 3.5. In the setting of Examples 3.3 and 3.4, we observed that ker d,
and /K are finite dimensional under the I(2) condition. However, these subspaces
may not be finite dimensional in general. To see this, we will consider slight
modifications of ¢;; under any of the changes in ¢; to be given below, it can be
easily shown that Assumption 3.2 is still satisfied. We first replace (3.16) with the
following:

¢1(ar, az,a3,a4, ...) 3.31)
= (a1,ar+ay, a3 +ay,a4,a5s +as, a6+ as,az,as +az, a9 +a, ...).

In this case, the 1(2) condition holds (see Appendix B.4), and ran CT)O and ker 50
are given by

ran E’o = {(O,bl,bl,O, bz,bz,o, b3,b3, .. ) . bj (S (C, 11I1’1 bj = 0}, (3.32)
] 00

ker ®o = {(0,b1,b,,0,b3,b4,0,b5,bs, ...) : bj € C, lim b; = 0}. (3.33)
J—> 00

Since K = ran 50, it is obvious that ker 50 and K are infinite dimensional. Now,
we replace (3.16) with the following:

¢1(a17a27a3sa41 .. ) = (alva2 +a11a3aa47 )

From similar arguments to those in Appendix B.4, we find that the I(2) condition
holds. Note also that

ran @y ={(0,5,0,0,...): by € C}, ker®o={(0,by,by,...): bjeC, lim b;=0},
J—>00
(3.34)

and thus /C =ran 50. ‘We know from (3.34) that ker 50 is infinite dimensional, but
KC is finite dimensional.

3.4.2. Further Characterization of I(2) Solutions. ~ Suppose that B =R" or C"
and the Johansen I(1) condition fails. Continuing with the notation introduced for
(3.5), we let o and o be full-rank (n —r) x s matrices satisfyinga |, 18, = @woT,
where s < n—r. Let wy (resp. oy ) be a full-rank n x (n — r — 5) matrix whose
columns are orthogonal to those of (o, @) (resp. (B, i 0)). Without loss of
generality, we may assume that @ || @y =0, 011 = I,—,—, (the identity matrix of
dimension n — r — s). Johansen (1992, 1995) provides a necessary and sufficient
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condition for the AR(p) law of motion (3.1) to admit I(2) solutions, which is given
by that

@] <<I>2 — @, @Sd)l) ou is invertible, 3.35)

where <I>g is the Moore—Penrose inverse of ®q. To provide a natural generalization
of the Johansen I(2) condition that can be applied to our Banach space setting, as
we did in Section 3.3.2 for the I(1) case, we first review some preliminary results
that hold under Assumption 3.2 and fix some notation.

We let PVC and PWB be defined as in (3.19) for Vg € C(ran () and Wg €
C(ker @), which are fixed with no loss of generality in Assumption 3.2. We then
let ®§ denote the generalized inverse of @, which is the unique linear operator
satisfying the following properties:

PYDED) = By, PLDD) = Df, DD =1 —Py,, DDy =Py

If B =" and thus V = [ran ®o]t and W = [ker dy]t, then dbg is equivalent to the
Moore—Penrose inverse @8 of ®@(; see Appendix A.3. Moreover, we note that the
direct sum conditions given in Assumption 3.2 can be combined and equivalently
formulated as follows:

B=ran®y®RSRy = W & Kg K. 3.36)

Then, for any Rg € C(R) and K¢ € C(K), we may define the unique projections P,
and Py satisfying

1ranPRE =Rg, keerRE =ran®y®R, ranPx =K, kerPx= Wp®Kg;
3.37)

see Megginson (2012, Thm. 3.2.11). We then define the operator A,(Rg,Kg) €
L(B) as follows:

A2(Rg, Kg) :=Pry (P2 — D1 PF Py ) P (3.38)

Our construction of A,(Rg,Kg) depends on the choice of Rg and Kg, hence
A»(Rg, Kg) may be understood as an operator-valued function of the variables Rg
and Kg. Suppose that B =R" or C" (hence Vg = [ran dg]t and W = [ker D),
Rg = [ran ¢ @ R]+, and Ke=[We® K]+ in (3.36). In this case, the Johansen I(2)
condition given by (3.35) can be equivalently understood as that A,(Rg, Kg) as a
map from K to Rg is invertible, then we know from Johansen (1995, Thm. 4.6) that
the AR(p) law of motion (3.1) allows I(2) solutions. We will show in Proposition
3.7 that this result can be extended to our Banach space setting where the notion
of an orthogonal complement is not generally allowed. To simplify mathematical
expressions, we hereafter employ the following notation:

Mi = A1 (Vg Wg), My=®, — D1 0fD;, Mj=D3— D DfD DfDy,

where, unlike in Section 3.3.2, M; = A;(Vg, Wp) is understood as a fixed element
of L£(B) under Assumption 3.2. Moreover, as the last piece of our preliminary
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results for Proposition 3.7, we note that the generalized inverse M{ of M is
uniquely defined for any Rg € C(R) and Kg € C(K) under Assumption 3.2, and
it satisfies ranM{ = K¢ and ker M = ran ®( & Rg (Lemma B.3).

PROPOSITION 3.7. Suppose that Assumption 3.2 holds. Then the following
conditions are equivalent.

(i) The I(2) condition holds.
(i) A2(Rg,Kg) : K Rg is invertible for some Rg € C(R) and Kg € C(K).

(iii) A»(Rg,Kp) : K+ Rg is invertible for any arbitrary Rg € C(R) and Kg €
C(K).

Let any of the above conditions hold. Then, for any choice of Rg and Kg, a sequence
{Xi}i=—p+1 satisfying (3.1) allows the Johansen I(2) representation (3.4) with Y_,
satisfying

(I =P Yy ="Y_2(I—Pgy) =0, Y_,:Rgr— K=Az(Rg.Kp)™!,  (3.39)
and Y_; satisfying

(I-P) Y (I-Pry)=—M{,

(I-P) Y Pry=(Pf P + M{M,) Yo,

PY_ (I-Pry)="_5 (®, Df + M, M),

PY_1Pry="_2(M3—M, ®§ D1 — & DM, —MoM{M, )Y,

where Ay r(Rg,Kg) denotes the invertible map A,(Rg, Kg) : Ki— Rg.

Proposition 3.7 not only shows that the condition given by (3.38) is equivalent
to our I(2) condition given in Section 3.4.1, but also implies that Rg and Kp
can be arbitrarily chosen among possible candidates; this, of course, means that
Rg and Kg can always be fixed to the relevant orthogonal complements in a
Hilbert/Euclidean space setting without loss of generality. Moreover, Proposition
3.7 shows in detail how Y_; and Y_; act on B satisfying the tripartite decompo-
sitions given by (3.36), from which we obtain a more detailed characterization of
the cointegrating behavior of I(2) solutions than that given in Section 3.4.1; see
Remarks 3.13-3.15.

Remark 3.13. From (3.39), we know that the attractor space associated with
I(2) solutions is given by ran Y_, = K. Then it follows from Proposition 2.1 that a
cointegrating functional f satisfies f = g(I — Px) for some g € 13, where Py is the
projection on K along W @ Kg; see (3.37).

Remark 3.14. Using the results given in Proposition 3.7, we can obtain a
stronger characterization of the cointegrating behavior of I(2) solutions as follows:
for any nonzero element f € B’ and for some r € {0, 1},

{f(X)}i>0 1s I(r) if and only if f € Ann(K), (3.40)
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{f(X1)}>0 1s 1(0) if and only if f € Ann(ker @) N Ann(Cbgcbl K). 3.41)

Obviously, (3.40) (resp. (3.41)) identifies the cointegrating space (the collection
of second-order cointegrating functionals). A detailed discussion including our
proofs of these results is given in Appendix B.4.

Remark 3.15 (Polynomial cointegration for an 1(2) AR process). For any
cointegrating functional f € Ann(K), f may or may not satisfy f € Ann(ker &)
since K C ker ®. If f € Ann(ker ®() and one combines levels and first differences
asinf(X;) —f (<I>§<I>1 AX;), then such a sequence is always 1(0); this phenomenon
does not occur if f ¢ Ann(ker ®y). A detailed discussion including our proof of
this result is given in Appendix B.4. The case where the sequence of f(X;) and
that of f(P§dP AX,) are both I(1) may be understood as polynomial cointegration
or multicointegration (Yoo, 1987; Granger and Lee, 1989; Engsted and Johansen,
1999; Kheifets and Phillips, 2021) in our setting; a more extensive discussion and
development of this topic can be found in the recent paper by Kheifets and Phillips
(2022), and a detailed treatment for the case B = H is given by Franchi and Paruolo
(2020, Sect. 4.2).

3.5. Representation in a Hilbert Space Setting

We here focus on the case B = H and see how our representation results can be
simplified in this setting. It is then clarified how such results are related to the
existing ones developed in a Hilbert space setting.

3.5.1. I(1) Case. If B = H, Proposition 3.4 implies that the AR(p) law of
motion (3.1) admits I(1) solutions if and only if

A (Vg, Wp) : ker @y +— Vg is invertible for Vg = [ran @]+ and W = [ker @+
3.42)

Beare and Seo (2020, Thm. 3.2) and Franchi and Paruolo (2020, Prop. 4.6) earlier
showed that (3.42) is necessary and sufficient for the AR(p) law of motion (3.1)
to admit I(1) solutions if the Fredholm property (3.7) holds. In this case, any
solution to (3.1) allows the Johansen I(1) representation (3.3) with Y_; of finite
rank. (Note that (3.21) implies ran Y_; = ker ®( and ker @ is finite dimensional if
®(z) is Fredholm.) This implies that the random walk component in (3.3) reduces
to a finite dimensional unit root process. On the other hand, if ®(z) satisfies
Assumption 3.1 and ® is compact, then @ turns out to be a finite rank operator
(Chang et al., 2016a, Lem. 1). In this case, (3.42) reduces to the condition given
by Chang et al. (2016a, Thm. 2) as a sufficient condition for the existence of
I(1) solutions, and ker ®(, where the random walk component takes values, is
infinite dimensional unless 7 is finite dimensional. In our results for the case
B ="H,ranY_; = ker @ is not required to be either finite or infinite dimensional;
we see this from Remark 3.6. Thus, our I(1) representation result given by
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Proposition 3.4 complements the earlier results developed in a Hilbert space
setting.

Noting that f € Ann(V) is given by the map (-,v) for some v € V+,> we find
that our characterization of the cointegrating behavior (3.22) given in Remark 3.8
reduces to the following: for any v € H \ {0},

{(X;,v)}s>0 1s I(0)if and only if v € [ker Dot

The above characterization was earlier found by Beare and Seo (2020) and Franchi
and Paruolo (2020) for the case where @ (z) is a Fredholm operator satisfying (3.7).

Remark 3.16. Suppose, in addition to (3.42), that B = R” or C". In this
setting, Y_; may be understood as an n x n matrix. Using the notation introduced
for (3.5), the results given by (3.21) can be written as B(BTB)~'BTY_| =
Y_ ja(@Ta) 'aT = 0 and B] Y iy = (a], ®Bu)"". Thus, Y_; can be
written as

Y1 =8u (QL®lﬂL)7laL,

which is equivalent to the expression of Y_; given by Johansen (1995, Thm. 4.2).

3.5.2. I(2) Case. Suppose that 5 = H and the complementary subspaces, V¢,
We, Rg, and K¢, are set to the relevant orthogonal complements without loss of
generality. In this case, ®f is equal to the Moore—Penrose inverse CD(g (Remark
3.10). Proposition 3.7 implies that the AR(p) law of motion (3.1) admits I(2)
solutions if and only if

A>(Rg,Kg) : Ki— Rg is invertible for Rg = [ran o @ R]* and
Kg = [[ker ®o]* & K]*. (3.43)

In the case where ®(z) satisfies the Fredholm assumption (3.7), Beare and Seo
(2020, Thm. 4.2) showed that (3.43) is a necessary and sufficient condition for
the existence of I(2) solutions (see also Section 4 of Franchi and Paruolo, 2020).
In this case, any solution to the AR(p) law of motion satisfies the Johansen 1(2)
representation (3.4) for Y_, and Y_; of finite rank; that is, the random walk
component of 1(2) solutions is intrinsically a finite dimensional unit root process.
However, in our results for the case B = #, the random walk component is not
required to have such a property; we see this by noting that ranY_, = K and K can
be infinite dimensional as in Example 3.5. Thus, Proposition 3.7 complements the
earlier I(2) representation results developed in a Hilbert space setting.

Moreover, in this case, our characterization of the cointegrating behavior given
in Remarks 3.14 and 3.15 can be reformulated as follows: for any v € H \ {0} and
for some r € {0, 1},

{(X;,v)};=0 is I(r) if and only if v € K*,

5To see why, observe that (i) any f € H’ is identified as the map (-,v) for a unique element v € H and (ii) (x,v) =0
for all x € V if and only if v € V.
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{(X,,v) }i=0 is 1(0) if and only if v € [ker ®o]* N[Df D, K],
and for any v € KL,
{(X—®) @ AX,,v)}i=1 is 1(0) if and only if v € [ker do]*.

These results reduce to the cointegration properties of I(2) solutions provided by
Beare and Seo (2020, Rems. 4.5 and 4.6) and Franchi and Paruolo (2020, Rem.
4.10) for the case where ®(z) is Fredholm.

Remark 3.17. Suppose further that B = R” or C". Using the notation introduced
for (3.35), (3.39) can be recast as 0(0To) 10T Y_, = Y o (@wTw) ‘T =0and

oL Y ooy = (o] <d)2 — <I>1<I)(T)<I>1) 0.)~!, from which we find that

-1
Y ,=ou [w}l (q>2 — @, c1>g<1>1) QL] ol (3.44)

Let oy =y, Bi = Buo, @ = ai(afe)!, and B, = B1 (B} B1)~". Then the
operator M; can be written as M| = oy w7 ,BL, and its Moore—Penrose inverse
M}L is given by MT = EIEIT. By replacing Y_, and M{ with (3.44) and M1,
respectively, in our characterization of Y_; given in Proposition 3.7, we can obtain
Y_; characterized as an n x n matrix. These expressions for T_, and Y_; are
equivalent to those in Johansen’s representation of I(2) AR processes (see, e.g.,
Johansen, 2008, Thm. 5). The case where B = R" or C" was discussed in detail as
a special case of a Hilbert space in the recent literature, so the results given in this
remark were already noted in the earlier works; see, e.g., Beare and Seo (2020,
Rem. 4.4).

4. CONCLUDING REMARKS

This paper introduces a concept and formulation of cointegration in Banach
spaces and studies theoretical properties of the cointegrating space. We also
extend the Granger—Johansen representation theorem to a potentially infinite
dimensional Banach space setting. Compared to existing results, our representation
theorems are derived under a weaker geometry of a Banach space and weaker
regularity conditions on the AR polynomial. As a consequence, our representation
theory not only can accommodate more general AR(p) laws of motion, but
also does not place potentially strong restrictions on solutions to such a law of
motion, for example, such as finite or infinite dimensionality of the random walk
component.

To develop our representation theorems under weaker assumptions, this paper
only focuses on the I(1) and I(2) cases. On the other hand, Franchi and Paruolo
(2020) recently studied the general I(d) case for d > 1 and provided a complete
characterization of the cointegrating behavior in a convenient form based on the
geometry of a Hilbert space and the spectral properties of Fredholm operator
pencils; moreover, their representation results can also be extended to the AR(c0)
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case without any further theoretical difficulties, whereas such an extension is not
straightforward in the present paper resorting to the companion form represen-
tation. Therefore, extending their results directly to our Banach space setting,
where non-Fredholm AR polynomials are allowed, seems to be nontrivial. This
can certainly be further explored in future study.

It may also be of interest in the near future to develop statistical procedures for
analyzing Banach-valued cointegrated time series to complement existing results
on estimation, testing, and forecasting with stationary Banach-valued time series
(see, e.g., Pumo, 1998; Bosq, 2002; Labbas and Mourid, 2002; Dehling and
Sharipov, 2005; Ruiz-Medina and Alvarez-Liébana, 2019; Dette et al., 2020). We
believe that the present paper, with a more recent article by Albrecht et al. (2021)
containing a novel contribution to the theory of cointegration and the Granger—
Johansen representation in a Banach space setting, can serve as a building block
for studies in this direction.

APPENDIX

A. Preliminaries

A.l. Quotient Spaces. Let V be a subspace of an arbitrary separable complex
Banach space B equipped with norm || - || 3. The cosets of V are defined as the collection of
the following sets: x+V = {x+v:v € V}, x € B. The quotient space of V, denoted by B/V,
is the vector space whose elements are equivalence classes of the cosets of V: two cosets
x4V and y+ V are in the same equivalence class if and only if x —y € V. In the present
paper, any quotient space 13/V is mostly associated with a closed subspace V. For such V,
the quotient map 713y is defined by the map 73,y (x) = x+ V for x € B, and the quotient
norm || - ||,y is defined as ||x+ V|| g,y = infyey lx—yllg forx+V € B/V.B/V equipped
with the quotient norm | - || 3,y is a Banach space (Megginson, 2012, Thm. 1.7.7).

A.2. Random Elements in 3. We briefly introduce Banach-valued random ele-
ments, called B-random variables. The reader is referred to Bosq (2000, Chap. 1) for a
more detailed discussion on this subject.

Let (2,FF,IP) be an underlying probability triple. A B-random variable is a measurable
map X : Q — B, where B is understood to be equipped with the Borel o -field. We say that X
is integrable if E||X|| g < o0o. If X is integrable, it turns out that there exists a unique element
EX € B such that, for all f € B/, E[f(X)] =f(EX). Let £2(B) be the space of B-random
variables X with EX = 0 and E|| X \|2 < 00. The covariance operator Cy of X € £2(B)isa
map from B’ to B3, defined by Cx (f) = E[f(X)X] for f € B'. For X,Y € £2(B), the cross-
covariance operator Cy y is defined by Cx, y () = E[f(X)Y].

A.3. Generalized Inverse Operators.  Suppose that BB and B are separable complex
Banach spaces, and B=ranA@V and B = kerA @ W hold for some A € L(B, g). We then
may define the projection Py (resp. Py) onto V (resp. W) along ranA (resp. kerA). Since
AR =A: Wi ranA is invertible, AEI :ranA — W is well defined. The generalized inverse

A8 of A is obtained by extending the domain (resp. codomain) of A;l to B (resp. g); that
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is, A8 is the map given by
Bax  AR'U-Pyxeb.

It can be shown that A8 satisfies the following properties: AASA = A, ASAAS = A8, AAS =
(I —Py), and ASA = Py. Note that V and W satisfying B=ranA®V and B=kerA® W
are not uniquely determined in general, hence the above definition of A8 depends on the
choice of V and W; however, for any given choice of V and W, A$ is uniquely defined.
In the case where B and B are Hilbert spaces, V (resp. W) can be set to [ranA]J- (resp.
[kerA]1), which makes A8 become equivalent to the Moore—Penrose inverse of A. For a
more detailed discussion on generalized inverses, see Engl and Nashed (1981).

A.4. Operator Pencils. Let U be some open and connected subset of the complex
plane C. An operator pencil is an operator-valued map A : U — L(BB). An operator pencil
A is said to be holomorphic on an open and connected set Uy C U if, for each zg € Uy, the
limit A(D (zp) = lim;— 7, (A(z) —A(z0))/(z — zp) exists in the norm of L£(B). It turns out
that if an operator pencil A is holomorphic, for every z( € Uy, we may represent A on Uy in
terms of a power series A(z) = ZfﬁoAj(z —z0)/ for z € Uy, where Ag,Aq, ... isa sequence
in £(B). If there exists k such that A; = 0, for all j > k, then A is called a polynomial operator
pencil. If Aj = 0, for all j > 2, then A is called a linear operator pencil. The collection of
z € U at which the operator A(z) is not invertible is called the spectrum of A, and denoted
by o (A). It turns out that the spectrum is always a closed set, and if A is holomorphic on
U, then A(z)_1 is holomorphic on U \ o (A) (Markus, 2012, p. 56). U\ ¢ (A) is called the
resolvent set of A, and denoted p (A). If A is holomorphic and z is an isolated point of o (A),
then A(z)~! allows the following Laurent series in a punctured neighborhood of z = zq:

o0
A@ 7 =Y Ajc—z2). deNU{oo}, 4;eL®B). (A1)
j=—d
-1 ~
By Cauchy’s residue theorem, we have Aj = —%[F %dz, where I' C p(®) is a

clockwise-oriented contour around zq such that the only element of o (A) included inside
the contour is zg.

B. Mathematical Appendix

We provide mathematical proofs of the results given in Sections 2 and 3. It is sometimes
convenient to consider A € L(I5) whose domain is restricted to V C B, which is denoted by
Aly;thatis,Aly =A: V> B.

B.1. Proofs of the Results Given in Sections 2 and 3.2

Proof of Proposition 2.1. To show (i), we take 0 # f € B’ to both sides of (2.8) and obtain
f(Ad_le) =f(19) —I—f@(l)(zt:1 &s) +f(vy), t > 0. Then {f(vy)};>0 is stationary since f
is Borel measurable and {v;};>( is stationary. Because E[(f@(l)s,)z] =fO(1)Ce fO(1),
the second moment of f®(1)(2§~=18s) is given by #f©(1)Cef©(1), which increases
without bound as # grows unless f® (1) = 0. Therefore, for { f( X &) >0 to be stationary,
fO(1) = 0 is required. In this case, a suitable initial condition on 7 can be obtained by
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letting f(7g) = 0. Moreover, one can show without difficulty that f® (1) = 0 if and only if
f € Ann(ran®(1)), so €(X) = Ann((X)).

To show (ii), suppose that g € €(X). Note that x € B allows the following unique
decomposition, x = xcj9((x) + Xy, where xcjo(x) € cl2(X) and xy € V. From (i) and
continuity of bounded linear functionals, we find that €(X) = Ann(2((X)) = Ann(cl2A(X)).
Therefore, g € €(X) implies that g(x) = g(xy) = g o Py (x). Now, suppose that g = f o
Py. Then, clearly, g(X;) = g(7g) + g(vs), t > 0. This can be made stationary by letting
8(mo) =0. U

Proof of Corollary 2.1. Under the simplifications discussed in Section 2.4 for the case
B = H, Proposition 2.1(ii) implies that f € €(X) is given by the map (-,Pyy) for y € H.
Then the stated result follows. |

Proof of Proposition 3.1. Note that d(2) may be viewed as the following block operator

matrix,
B i S ~2p
i 1 0 0 _ _
- 0 -z I 0 _ (Pun@  Puxu@
*@= Lo ) ) : o <<I>[21](Z) Q221(2) )’ (B.1
Do .
0o ' o 0 -z I

where 5[22] (2 : BP~1 — BP~1 is invertible for all z € C. Define the Schur complement
of ®[221(2) as qﬂll(z) 1= ®[117(2) — P[12) (D) P(22)(2) "' ®[21)(2). From a little algebra,

we find that 5; 11 = ®(). When ®(22)(2) is invertible, (z) is invertible if and only if

%E’il](z) is invertible (Bart et al., 2007, Sect. 2.2), so 0(5) = 0 (®). Furthermore, from the
Schur formula in Bart et al. (2007, p. 29), we have

)t :( ~ o)~ ~ @7 ' Puy@dp@ " )
=307 1P @@ B @ + B2 @7 B @@ T Bl P27
(B.2)
which shows ®(2)~! = IT,®(2)~'IT¥. (iii) is deduced from (B.2) and invertibility of
®22)(2). O

B.2. Proofs of the Results Given in Section 3.3 (I(1) Representation)

B.2.1. Preliminary Results. We provide important preliminary results for the subse-
quent discussions. Hereafter, it should be noted that P and N; may be alternatively expressed
as the following contour integrals:

—1 ~ 1 -1 ~ =1 —i—1 .
=— | U,— Ni=— | (- -7 Z B.
2m.fr(p @) $1dz, N szr(p @) e a, jezZ, (B3
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where I' C ,0(5) is a clockwise-oriented contour around one such that the only element
of O’(&S) included inside the contour is one. From ‘5(2)_15@) =1Ip= CT)(z)dND(z)_l, the
identity map may be understood as the power series defined in a punctured neighborhood
of one as follows:

(e.¢] oo
> (Nis1d1 =Ny =) c= D =l = > (G1Njo1 — Up—)N;) c— D).
j=—oc j==00
B.4)
The above identity expansions give us the following relationships:
N_11 —NoUp —1) =1Ip = gi1N_1 —Up~¢1)No. (B.5)
Nj—lal —N;Up —¢1) =0 = $1Nj—1 —Up —¢DN;, j#0. (B.6)

The following lemma collects some essential spectral properties of ®(2).

LEMMA B.1. Suppose that Assumption 3.1 holds. Then the following hold.

@) 1]‘5(1)451 has a pole at z =1 of order £, then N_mCT)o =0forallm=>¢.
(i) Nj¢~)1Nk = (1 = nj — m)Njyx+1, where nj = 1{j > 0}. Moreover, N_1d~)1 and N_;
are projections.
(iii) Njgy = ¢1N; for all j € L.
(iv) ®(2)~! has a pole of order at most £ at z = 1 if and only if (a) n~! ||Ge_l(lp—
G op — 0 for some £ € N and (b) ran(G™) is closed for some m € N satisfying
m > £, where G = O(P.

Proof. To show (i), we note that I, = (I, —z¢1) "' (I —¢1) — (z— 1) (I, —z$1) "' ¢y ina
punctured neighborhood of z = 1. Itis then clear that (7, —z$ 1 )_1 (p —(?;1 ) must have a pole
of order £ — 1 if (Ip —z&'l)—l&;l has a pole of order ¢ > 1. We therefore have N_mCTDO =0
for all m > ¢£.

Our proof of (ii) is similar to those in Kato (1995, p. 38) and Amouch et al. (2015, p.
119). Let I', T C p(®) be contours enclosing z = 1, and assume that I'’ is outside I'. Using
the generalized resolvent equation (Gohberg et al., 2013, p. 50), it can be shown that

(1N Up =2~ = Up—z61) "
N’(”lNk_(%) /r F a1 G- i ®D

From Kato (1995, p. 38), we may deduce that

1 (—2)!
2mi Jpr (h = DkH]

1 r—z)!
% Fﬁ d)\z(l_ﬂk)(z—l)ikiy

(B.8)

dz=ni( -1

Since we may evaluate the integral in any order, the right-hand side of (B.7) can be written
as
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1) (Ip =2 ~!
(m) //r (A—z)(z—l)f'“(x—1)k+1dzd)\l

Uy —zp) "}
<2m) //r =9GP
@)

From (B.8) and Cauchy’s residue theorem, we deduce that O = —njNjjx41 and Q=
(7 — DNjy k41, from which we find that Nj¢p | Ng = (1 =17 — ) Njy k41 By puttingj = —1

and k = —1, we obtain N_ 1¢1N 1 =N_q, Wthh implies that N_ 14)1 is a projection.
We now let U(z) =zl — ¢1, and define Py = m /I“ U(z)~'dz. Then Py is a projection
(Gohberg et al., 2013, Lem. 2.1 in Chap. I) and Py = N_1 holds (Beare and Seo, 2020,
Rem. 3.11).

To show (iii), note that $1 and I, —z% commute. This implies (I, —z(fﬁl)*lal =
é1(Ip—2z¢1) ! (Kato, 1995, Thm. 6.5), and we thus have N;¢; = ¢;N;, for all j € Z.

To show (iv), we will first verify that the following holds for some n > 0:

o0
—Up—2p) 1= G- DTN 11— DT Ny (R). €D\ {1}
j=1
(B.9)

where N (2) is the holomorphic part ¢ of the above Laurent series. We deduce that ¢> IN_p =
<I>0N 1 from (B. 6), and <I>0N 1= dDON 1¢1N 1= <I>0P G from (ii) and (iii). We thus
find that G=N_ 2(1)1 ¢1N 5. Itis also deduced from (ii) and (iii) that N_ k¢1 GF1and
Gk-1= 51316_ P for k > 2, from which we find that (B.9) holds. In order for (B.9) to converge

forz € Dy g\ {1}, img s o0 [|GK 44" = 0 must hold (Kato, 1995, pp. 180-181). In this case,
(a) and (b) are necessary and sufficient for G* to be zero (Laursen and Mbekhta, 1995, Lem.

3 and Cor. 7). If Gl =0, we know from (B.9) and (i), that —(Ip Z¢1) 1¢1 has a pole of
order at most £ at z =1 and N_ k<I>0 =0, for all k > £. Combining these results with (B.0),

we have N_j_ 1¢1 k'fb() =0, for all k > £. Since N_j_1 =N_4_ 1@0—|—N k— 1¢1,
we find that N_;_; =0, forall k > £, so (I ng]) L hasa pole of order at most £ at z = 1.
Conversely, if (Ip —151 Yyl hasa pole of order at most £ atz =1, we have N_j_{ 51 =Gk=
0, fork > £. For Gt tobe nilpotent, (a) and (b) must hold; see Laursen and Mbekhta (1995,
Lem. 3 and Cor. 7). O

B.2.2. Proofs of the Main Results.

Proof of Proposition 3.2. Since (ii) = (iii) is trivial, we will show that (i) = (ii) and (iii)
=> (i). This completes our proof of the equivalence of (i)—(iii). Then we will verify (3.14).
We will show (i) = (ii). Since C’IVD(z)*] has a simple pole at z = 1, we may deduce from
(B.6) that 50N_1 = 0. This implies thatranN_j C ker 50. We then find that ran P C ker 50
since P=N_ 151. Furthermore, ker 50 C ranP holds. To see this, note that if x; € ker 50,

1 ~ ~ 1
Pr = ——— / (Up—2d) ™ Bropdz = —— / (= 1)~z = . (B.10)
2mi r 2mi r
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We thus find that ranP = ker 50. Moreover, N,lao = 0 is deduced from (B.6) and
Iy —P=1I)— $1N_1 is deduced from Lemma B. l(iii) Since N_{ran 50 = {0}, we have
(Ip —P)ran <I>0 =ran d>0, which implies that ran d>0 C ran(/p —P). On the other hand, for
any x € ran(l, —P), we have x=(lp d)] N_j)xsince I, —Pisa prOJectlon and P = ¢1 N_j.
We know from (B.5) that ¢1N 1= <I>0N0 +1Ip. Therefore, x = (I ¢1N_1)x = —d)oNox
which implies that x € ran <I>() Hence, ran(lp —P) C ran fDO holds, from which we conclude
that ’Ean(lp —P) =ran d>0 smceN ran d>() C ran(Ip —P) was already shown. To sum up, ranP =
ker ®¢ and ran(l, —P) = ran ®¢, which means that P is the projection onto ker ®( along
ran .

To prove (iii) = (i), we first show that a;(z)_1 has a pole of order at most 2 at z = 1.
Due to Lemma B.1(iv), it suffices to show that n! Gy —G)"|lop — 0 and ran(Gz) is
closed for G = 50P. Since 51 and P commute, G = ﬁ%P = PC’E% Moreover, it can be
shown that ran(PEIVD%) =ranPNran 5% To see this, note that for x € ran(PEIVD%), there exists
y € BP such that x = Pa%y = a%Py, where the second equality results from commutativity
of P and 52 This shows that x € ranP Nran <I>2 hence ran(PdD ) C ranP Nran <I>2 The
reverse 1nclu510n is trivial, so we omit its proof Since ran(PdDz) =ranP ﬂran(dD ) and
ranP is closed, ran(PdDz) is closed if ran(dbz) is closed. Under the I(1) condition, d>08p =
50[ran 50 EBkerC’I;()] <1>0ran d>0 holds; that is, ran(<1> ) =ran @0, which is closed. It
remains to show that n~ Gy —G)"|lop — 0. Note that (I, —G)"* = (I, —P) +¢”P Since
q~51 and P commute,

n NG =6 lop < 1™ 1P lop < 7 18 1140 3, lop I P lop- (B.11)

Under Assumption 3.1, we may deduce, from nearly identical arguments used in Beare
et al. (2017) to prove a similar statement, that there exists £ € N such that, for all n > k,
||¢>i’|ran 3, || < a" for some a € (0, 1). Hence, the upper bound in (B.11) vanishes to zero,

and we conclude that EIVD(z)71 has a pole of at most 2 at z = 1 under the direct sum B =
ran & @ ker . From (B.5) and (B.6), we have N_>®g = 0 and N_r¢; = N_{P(. The
former (resp. the latter) shows that N_2|mna>0 = 0 (resp. N—2|ker3>0 = 0). Since B =

ran 50 @ ker 5150, we conclude that N_» = 0. Hence, 5(z)_1 has a simple pole at z = 1.

It remains only for us to show that (3.14) holds. Let H(z) denote the holomorphic part
of the Laurent series given in (3.11). Note that if Assumption 3.1 holds and 5(1)_1 has a
simple pole, the Maclaurin series of (1 —2)d@ =P+ -2H (z) is convergenton Dy .
Then, from Lemma 4.1 of Johansen (1995) (or its obvious extension allowing power series
with operator coefficients), it may be deduced that the Maclaurin series of H(z) is convergent
on Dy ;. Now, we will show P =N_j to complete our proof. One can deduce from our
proof of (i) = (iii) that ranP = ranN_{. Moreover, Lemma B.1(ii) implies that N_1 is a
projection. Therefore, N_ is clearly a projection whose range is equal to ranP = ker 50
Then we find that P = N_ 14)1 ¢1N 1 = N_, where the second equality is from the
fact that d)] and N_{ commute, and the last equality is from that q)] ler & = =1Ip lier 3, and

ranN_| = ker dDO. ]

Proof of Proposition 3.3. From Propositions 3.1 and 3.2, we have (1 — Db~ =
l'IpN_ll'[;,‘< + (1 — z)l'IpH(z)l'I;]“. Applying the linear filter induced by (1 — z)fb(z)71
to (3.1), we obtain AX; = HpN_ll'I;s, + Avy, where vy = HpH(L)l'I;s, and H(z) =

Zj’ionzj with H; = HD /it is convergent on Dj,. Clearly, the process given by
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MpN_4 l'[; Zi:] &s + V¢ is a solution, which is completed by adding a time invariant
component T given as the solution to the homogeneous equation AX; = 0.
We then verify the claimed expression of vy in (3.15). Once we show that

Ho=1,-P, Hj=¢Hi_y, j=>1, (B.12)

then the claimed expression given in (3.15) may be easily verified. First, it can be shown that

H(z) = H(z)(Ip —P) holds. To see this, note that H(z) = — 1920 Nj(z— 1Y . Since Lemma

B.1(ii) implies that N;(Z, —P) = N; —N;¢N_ = N;, forj > 0, we find that H(z) (I, —P) =
j’io N;(Ip —P)(z — 1y = —Z;io Nj(z — 1Y. This also shows that 5(z)_1(l,, —P) =

H(z), and

I,~P=3@)d() (1, —P) = PQH (). (B.13)

We then easily deduce that Hy = I, —P from (B.13) evaluated at z = 0. Furthermore, (B.13)
can be rewritten as (I ¢1)H(z) —(z— 1)¢)1H(z) = I, —P, from which we have

HD @) —jp HIV(2) — 201 HD () =0, j> L. (B.14)

Evaluating (B.14) at z = 0, we obtain H) (0) = j¢; HU=1 (0) = j! ¢ H;_, which verifies
(B.12).

It remains to show that if the I(1) condition is not satisfied, then the AR(p) law of
motion (3.1) does not allow I(1) solutions. This immediately follows from Propositions 3.1
and 3.2. O

Proof of Proposition 3.4. Throughout this proof, we write the Laurent series of @(z)!
near z = 1 as follows: for d € NU {oc0}, d>(z)71 =— Zfi—d Nj(z— 1)J. Since it is obvious
that (iii) = (ii), we will only show that (i) = (iii) and (i1) = (i). The whole proof is divided
into several parts.

1. (i) = (ii): Let Vg € C(ran®g) and Wg € C(ker ®() be arbitrarily chosen. We know
that d = 1, N_ 1= H,,Pl'[ and ranP = kerCDO under the I(1) condition (Propositions
3.1 and 3.2). Since (xq,...,xp) € kerfbo implies that x; = --- = xp € ker @, ranN_l =
ran H,,Pl'[; c I, ker & = ker ®( holds. From the coefficients of (z—1)~1 and (z —1)°
i'I'l the iden't_ity expansion <I>(z)_1 ®(z) = 1, we know that N,l sa}isﬁes N,l ®g =0 and
N_1®; +NopPg = —1. From these equations, we observe that —N_1Py @1 —Pyp) =
I — Py, hence ker @) C ranN_1. We thus find that ranN_; = ker @, so A1(Vg, Wp) :
ker @y — Vg is an injection. Moreover, from the coefficients of (z — 1)71 and (z — l)0
in the expansion ®(z)®(z)™ L — 1, we find that <1>0N 1 =0and ®;N_; + dgNy = —
which implies that PV[: <I>1N 1= PV Since ranN_ 1 = ker & was already shown, it is
concluded that A1 (Vg, Wp) : ker @ > Vg is also a surjection, i.e., it is a bijection. The
above arguments do not depend on the choice of V¢ and W. Thus, (i) = (iii).

2. (ii) =(i): For given Vg € C(ran ®¢) and We e C(ker @g), we define Qp: B — B as
follows:

0 |
x=| .| , A (B.15)
S S
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Then Qg is a projection on B” and Qg 50 = 0. The latter may be verified by noting that
& — (®0 Sl~3[12](1)) (N I 0 ) <¢0 fl~3[12](1)) _
®o = ( 0 B \ Py 1B () Loy ) o D) T 0,

where @(12)(-), ®[21](), and P[p2)() are defined in (B.1). We thus find that ker Qg >
ran®q. It can also be shown that kerQp C ran®g. To see why, note that Py (x1 +

25;2 ¢ixz + Zj.?:3 ¢jx3 + -+ + ¢pxp) = 0 holds for any x = (xq,...,xp) € ker Qg, and

50(0,)@,..., Z;;zxj) = (— Z§7=2¢jx2 — Zf:S Bixz — -+ — PpXp, X2, ..., Xp). Let y| =
- 5.7:2 Gjxp — 25.;3 ¢jx3 — - - — Ppxp. With some algebra, we obtain the following results:
(x,0,...,0) eran 50, for x € ran @), (B.16)
y1=Pyey1 + U =Pypy1, Pypyi =Pypxi. (B.17)

Using (B.16) and (B.17), we find that (Py,x1,xp,...,xp) € ran ®g. Combining this result
with (B.16), we conclude that x = (x1, . .’;,xp) € ran 50, so ker QC C ran <T>0.

We have shown that ker Qp = ran®g, hence Qg is a projection onto some Vg €
C(ran®g). Let x;, = (X1,k> - - - s Xp, k) € ker Py, then it may be easily shown that x| y = --- =
Xp,k and x| i € ker ®¢. With a little algebra and from the fact that x| ; = (I — PW[3 )X1, k> WE
obtain

Qpx = (—PVE 1 (I~ Pyyg)x 1.0 .. ,o) . (B.18)

Moreover, from the definition of Qp, we find that ran Qg C {(x1,0,...,0) € B” : x; € Vp}.
Combining this result with (B.18) and invertibility of A (Vg, Wp) : ker @ — Vp, we find
that Qg p = Qg : ker @9 — Vg is invertible. This implies that B = ran ®( @ ker @g, which
is deduced from Fact 4.3 of Fabian et al. (2010) and the fact that the map D : ran CT)O eVp

~ ~ I, O
ran &g @ ker O, given by D = (g o7l ), is invertible.
C.R
3. Formula for Y_j: For Vg € C(ran®p) and Wp € C(ker®g), we found that

—N—IPVE o - PWE) =/— PW[: and A1 (Vg, Wp) :ker @ Vp is invertible, from which
(3.21) follows immediately. O

B.3. Proofs the Results Given in Section 3.4 (I(2) Representation)
B.3.1. Preliminary Results. We first collect some preliminary results that are useful
for the subsequent discussion.
LEMMA B.2. Let everything be as in Section 3.4.

(i) Under Assumption 3.1, ran 50 and ker 50 can be complemented in IBP.
(ii) Under Assumption 3.2, IC # {0} is necessary for 6(2)—1 to have a pole of order 2.
(iii) Under Assumption 3.2, the I(2) condition is equivalent to the following: K # {0}
and BP = (ran 50 + ker 50) @ CT>51C holds for any arbitrary Vg € C(ran 50) and
We € C(kerao).

LetVp € C(ran 50) and W € C(ker 50) be arbitrarily chosen and let R = PVG ker 50.
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(iv) Under Assumption 3.2, the following direct sums hold for some R C BP and Ky C
BP,

B =rtandy @ RO Ry =W & Kg @ K. (B.19)

(v) Under Assumption 3.2, the operator Q = Pyg (p —Pwyg) allows the generalized
inverse Q% satisfying ran Q% = K and ker Q% = ran o @ R, where Rg and K
satisfy (B.19).

Proof. Under Assumption 3.1, we may define the projection Qg given in (B.15).
Since ker Qp = ran®, ran®( is complemented by ran Qp. Moreover, ker®g is also
complemented. To see this, we note that x = (x1,...,xp) € ker ®( implies that x; = x; =

-~ =xp and x| € ker®q. Let 7p be the (p x p) operator matrix whose entries of the first
column are all equal to I — Py, and all the other entries are equal to zero. Then it can be
easily shown that this is a projection defined on ? and its range is equal to ker 50; hence,
ker 50 is complemented by the kernel of this projection. This completes our proof of (i).

To show (ii), , suppose that <D(z)_ has a pole of order 2 at z =1 and IC = {0}. It can be
shown that ker d>() CranP C ker(dD ) holds under Assumption 3.1, where the first inclusion
follows from (B.10). To see why the second inclusion holds, we note that N_, = <I>0P
(Lemma B.1(iv)), and then deduce from (B.6) that 50N_2 = 0. From these results, we find
that 50N 2= 52P 0, which proves the second inclusion. Since C = {0} implies that
ker <D0 = ker(<I> ), we find that ranP = ker d)o andsoN_, = GDOP 0. This contradicts our

assumption that () ! hasa pole of order 2 at z =1, so K # {0}.

To show (iii), we let 561 and 552 be the generalized inverses depending on two
different choices of VE e C(ran®() and Wy € C(ker ). Let S = ran By + ker ¢, S| =
<I>O 1K, and § = <I>0 ,K. We know from Megginson (2012, Thm. 1.7.14 and Cor. 3.2.16)
that two complementary subspaces of S are isomorphic, implying that AS| = 8, and
S1=A" 1S2 for some invertible map A € £(S1,S7) and its inverse A~ € L£(S3,S1). Let

D:S®&S1—S5S85 bethemapglvenbyD—(Og

inverse D! : S®S, — SP S is given by D! <I(’)’ A(zl ) Note that D(S) =S, D(S1) = 52,
D! 8) =S, and D! (S2) = 8. It then follows from Fact 4.3 of Fabian et al. (2010) that
BP =S @S holds if and only if B” = S @ S holds. This completes the proof.
To show (iv), note that ran ®( + ker & = ran®y & R. We define Sp : B/ — BP as
the block operator matrix obtained by replacing Py, with Pg; in (B.15). Then it can

) which is obviously invertible and its

be shown that Sg is a projection and SC?ISO =0.Ifxe ker?ls(), then x = (xg,...,x;) for
some x; € ker®( and Spx = —PRy P11k = 0 since kerPRG =ran®y ® R = randg +
@1 ker @(). We thus find that ker Sg D ran 50 +ker 50. Moreover, ker Sg C ran 2130 +ker 50
also holds. To see why, let x = (x1,...,xp) € kerSG. Then x must satisfy PRB (x1 +
25;2 ¢jxo + Zj-’:3 @jx3+---+¢pxp) = 0. As in our proof of Proposition 3.4, if we let y| =
— 25;2 $jxy — 25;3 Gjx3 — - —Ppxp, then PRch = PRgxl and ©(0,x7, ..., Zj?:ij) =
(¥1,%2,...,Xp) hold. Note that (x,0,...,0) € ranao +ker3>0 iff € ran®g + P ker Oy,
which is because, for any arbitrary u € B and w € ker @, we have ®o(v —w,v—2w,...,v—
pw) + w,w,...,w) = (Pgv + ®w,0,...,0). Combining all these results with the fact
that kerPr;, = ran®( + @1 ker @, we find that x € rancT)o + kerao. To sum up, S is
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a projection and kerSg = ran d>() + ker d>() = ran d>0 @ R, meaning that ran <I>0 AR is
complemented by ran Sp. The latter direct sum of (B.19) clearly holds for Kg = ker N e
To show (v), we note that B = ran <I>0 @ranQ & RC under the former direct sum of
(B.19). Moreover, from the latter direct sum of (B.19), we have BP = kerQ & Kg, where
kerQ = Wp ® KC. Therefore, the generalized inverse Qf exists, and ranQf = K and
ker Q8 =ran d>() @ Rp; see Appendix A.3. a

LEMMA B.3. Let Assumption 3.2 hold. For any arbitrary choice of R and K, the
operator M| = PVL' o (- PWC) allows the generalized inverse M}i’ satisfying (i) MlMély =
(I—PRy)Pyy, (ii) M{M; = Py, (iii) M{ =Kg, and (iv) kerM{ = ran & ® R, where P,
is the projection onto Kg along W @ K.

Proof. Under the direct sums given in (3.36), B = ran @ @ ranM; @ Rg holds. Note also
that kerM| = W ©K, hence we have B = kerM; @ Kp. We then know from Appendix A.3
that M allows the generalized inverse M‘%’ whose range is K and kernel is ran ¢ @ Rg,
from which the desired result follows. |

B.3.2. Proofs of the Main Results.

Proof of Proposition 3.5. Under the direct sums (B.19) given in Lemma B.2(iv), we let
PRB denote the projection onto R along ran @ & R, which is well defined. The whole
proof is divided into several parts.

1. Necessity of the I(2) condition: If the I(2) condition is not satisfied, then it must be the
case either

(ran ®¢ + ker $¢) N 5‘8/C #1{0} or BP #ran®g+ker dg+ <T>§IC. (B.20)

It will be shown that (B.20) is false if <T>(z)71 has a pole of order 2 atz = 1. From (B.5) and
(B.6), we have

N,23>0 =0= 2130N,2, (B.21)
N_p¢ —N_; g =0=§N_ — gN_j, (B.22)
N_j¢; —No®g =1, = ¢;N_j — DNy (B.23)

From (B.21), we observe that

N_» =¢1N_» =N_24, (B.24)
N_y =N_Py;. (B.25)
Restricting both sides of (B.22) to ker 50, we find that

Noolerd, =0 & N_gkerdg={0}. (B.26)
‘We note that 55 exists, and then deduce from (B.22) and (B.24) that

N_1Up—Pyy) = N_, &, Py N_| = PEN_s. (B.27)
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(B.25) implies that postcomposing both sides of the latter equation in (B.27) with PV[:
changes nothing, so

N_ Py, = BEN_ + (I —Pyy)N_ Py (B.28)
From the former equation in (B.27) and (B.28), we find that

N_| =N_2 &8 + ®EN_; + (I, —Pyy)N_ Py (B.29)

Restricting both sides of (B.29) to I, we obtain N_1 [jc =N_ 2<I> |1, which is due to (B.26).
Furthermore, N_1 [xc = Ip lic is deduced by restricting both 51des of (B.23) to I, so we
find that N_1[c =N_ 2<1> lic = Ip |xc. Given PRLL the former dlrect sum~g1ven in (B.19),
equations (B.25) and (B.26), and the fact that ran &g @ R = ran ®¢ + ker &, we conclude
that N_, = N—ZPRD- Therefore,

8
N,zPRC Dyl =1Ip - (B.30)
This proves injectivity of PRB 65 : K = Rg, hence the former condition in (B.20) is
impossible.
Precomposing both sides of the latter equation in (B.22) with PRC d>§ and using (B.24),
we have
PR, PIN_p = PR Py N_1 =Pr N_1, (B.31)

where the last equality is established from the fact that the kernel of PRE isran 50 +ker 50
and thus PR[} (p _PW[:) = 0. Similarly, precomposing both sides of the latter equation of
(B.23) with P,

PR#IN_1 = PRy +Pry ®oNo = Py (B.32)

Note that PRCN—l = PRC CT)ON_l + PRE%N—I’ where the first term is 0. We there-
fore deduce from (B.32) that PRCN— 1= PRE. Combining this with (B.31), we obtain
Pre E)gN_z =Pr; which implies surjectivity of PRe d~>g : K — Rg. Hence, the latter
condition in (B.20) cannot hold.

2. Sufficiency of the 1(2) condltlon : Suppose that D) ! has a pole of order m > 3 at
z = 1. We deduce that N_,;, = m¢>1 ¢1N_m from (B.6), and also N_,, = G~ 1 -

<I>m 'P from Lemma B. 1(iv). If the I(2) condition holds, any x € 37 can be written as x =
Xran +xker + CDOx;C, where xran € ran CDO, Xker € ker @0, and xjc € K. From the definitions

of ran d>0 and /C, we also know that there exist y; € BP and y, € BP satisfying xran = d>0y1,
xxc = ®gyz, and (Doyz = 0. We thus find that

3 Px = P& (xran + xer + Pixic) = POLY| +PEL ! (aer +y2) =0, (B.33)

where the first equality comes from commutativity of P and 50. It is then deduced from
(B.33) that &' 'PB= {0}, 50 &'~ 'P = 0. That is, N, = 0 iss concluded, which, however,
contradicts our assumgion that§>(z)_1 has a pole of order m > 3. In addition, I # {0}
implies that B # ran ®( @ ker &, which excludes the existence of a simple pole (see
Proposition 3.2).
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3. Fozmula f0r~N_1: Note that N_| = 50N,] —|—d~>1 N_;. We also know from (B.24) that
N_zcb% = N_s¢1 = N_,. Combining this with (B.22), it is deduced that N_| = doN_; +
¢IN_1 =N_,+P.

4.ranN_j = KC: The result immediately follows from (B.30) and invertibility of PRG 50
K— Rg.

5. Holomorphicity of (1 —z)2?15‘(z)_1 and H(z) on Dy4,: We know that the Maclaurin
series of (1 — z)2 o (2) —lis convergenton D1 ,. Then, from an obvious extension of Lemma
4.1 of Johansen (1995), it may be deduced that the Maulaurin series of H(z) is convergent
onDyyy. O

Proof of Proposition 3.6. From Propositions 3.1 and 3.5, we have (1 — z)2d>(z) -
—l'[pN_zl'Ip +TII,(N_p + P)l'[;(l —2)+ pH@)H(1 — 2)2. Applying the linear ﬁlter
induced by (1 —2)?®(2)~! to (3.1), we obtain A%X; = —IT,N_Tse, + [T,(N_5 +
P)H;(Et —&—1) + (Av — Av,_1). We then may deduce that solutions to (3.1) satisfy
(3.4) for some tg and t1. The claimed expression of v; can be verified from nearly
identical arguments used in our proof of Proposition 3.3. Moreover, we may deduce from
Propositions 3.1 and 3.5 that (3.1) does not allow 1(2) solutions if the I(2) condition is not
satisfied. O

Proof of Proposition 3.7. We write the Laurent series of ®(z) ~!around z = 1 as follows:
ford e NU{oo}, ®(x)~! = =32 Nj(z—1)/. Since it is obvious that (iii) = (ii), we
will only show that (i) = (iii) and (ii) = (i). The whole proof is divided into several parts.
1. (i) = (iii): Let Rp € C(R) and K € C(K) be arbitrarily chosen. If (x,...,xp) € K, we
know from (4.40) of Beare et al. (2017) that x| = --- = xp, and there exists y; € B such that
®(y; = —P1x. This implies that x; € K. Since ranN_, = K, ranN_, =ran MpN_ 21'[ C

K holds. Under the I(2) condition, we know that ® (7)™ Lhasa pole of order 2 at z =1 and
deduce the following from the identity expansion d)(z)_1 () =1= CD(z)CI)(z)_l:

N_zq)() =0= qDoN_z, (B.34)
N_,®|+N_;®g=0= > N_p+PgN_, (B.35)
N_; @5 +N_j®; +Ngdg = —1 = ®;N_, + ®1N_; 4+ DoNp. (B.36)

From some algebra similar to that in the proof of Theorem 4.2 of Beare and Seo (2020),
we find that N_,(/ — Pgp) = 0 and —N_ZPRCszK = Pk. This implies that K C ranN_,
(hence ranN_, = K has been established) and thus A2(Rp, Kg) =PryMaPk : K= Rg is
an injection.

Now, from the latter equation in (B.35) and the properties of (Dg, we may deduce that

O N_| =@ 0§D N_p+ &y (I — Py )N_. (B.37)
From the latter equation in (B.36) and (B.37), we have PRCMZN 2+ PRy @1 (I —

PWB)N 1= _PRC Because PRECI>1ker<I>0 = {0}, PRC<D1(I— PWG)N 1 = 0 and thus
PR MzN 2 = —Pgg hold. Given that ranN_, = K, this implies that A»(Rg,Kp) =
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PryM3Pk : K= R is also a surjection, i.e., it is a bijection. The above arguments do
not depend on a specific choice of Rg € C(R) and Kg € C(K), and thus (i) = (iii).

2. (ii) = (i): It suffices to show that the I(2) condition holds for some choice of 3)5 (Lemma
B.2(iii)). Let

~ o8 — 8P 157(1) Dy (1)1
[ . o N %0 %12 (D P2y (1) o B.38
0 (—dnzzl(l)*‘dnzu(l)d% B ()7 + oo (D T B (D OF P12y (DB (D! ) (B.38)

where 5[12] ), 5[21] (-), and 5[22] (-) are defined in (B.1). From the factorization formula
(2.3) of Bart et al. (2007), it may be easily shown that &SO &g =1 _QC for QC, the
projection whose kernel is equal to ran 50, given in (B.15). Moreover, 5550 =1,—Tg
for 7p, the projection whose range is equal to ker &, given in our proof of Lemma B.2(i).
Therefore, 5‘8 given in (B.38) is the generalized inverse of &50 for some Vg € C(ran 50)
and W € C(ker 50). For given Rp and Kg, we let Sp : B” — BP denote the block operator
matrix obtained by replacing Py, with PR, in the definition of Qg given by (B.15), and let
Se. 2] BP~! > Bdenote the upper-right block of Sg. We already showed that S is a pro-
jection onto a complementary subspace of ran @ + ker @ in our proof of Lemma B.2(iv).

Then, using the formula (2.3) of Bart et al. (2007), we find that Sg Ef>g = (COI %2), where

C1 = PRy ®§ — g 12)P221(D 1 @21 (DO and €y = Py @F D12y (D Paoy(H ™! +
Sg. 1121 (@221 (D™ + 2oy (D~ D (D PG D12 (D P22 (DT I xp = (x1 ko -2 X 1) €

K, then x1 = --- = xp ¢ and x1 ; € K. For such x;, we obtain the following after a tedious
algebra:
e 5§xk = (_PRC MjPgx1 1,0, ... ,0) . (B.39)

From the definition of Sp, it may be deduced that ranSg C {(x1,0,...,0) € B” : x| € Rp}.
Combining this result with (B.39) and invertibility of the map A, (Rg,Kg) = PRy M2Py :
K — Rg, we find that Sp : DK Rg is invertible. This implies that EI%IC is a
complementary subspace of ran ®(y + ker ® by a similar argument that we used in our
proof of Proposition 3.4. From the above proof, we know that IC = {0} is impossible since
it implies K = {0}.

3. Formula for YT_5: We know —N_2PRE M; Py = P holds under the I(2) condition. Since
the map A (Rg,Kp) : Ki— Rg is invertible and Y_p = —N_, the desired results given by
(3.39) are easily obtained.

4. Formula for Y_: We first establish some preliminary results. According to the direct
sums given in Assumption 3.2 and for any arbitrary choice of the complementary subspaces
therein, we have

I=(I—Py)+ (I —Prg)Py; +Prg. (B.40)

Based on the identity (B.40), we will obtain explicit expressions of N_l - PVG)’ N_l -
PRB)PVC’ and N,lPRG. In the sequel, we need (B.35), (B.36), and the following obtained
from the coefficient of (z — 1)1 in the identity expansion d>(z)71 O =1= d>(z)<l>(z)71 :

N_,®3+N_ d;4+Ngd| =0= d3N_5 +DN_;| +dNp. (B.41)
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From (B.35), we find that
N_{(I—Pyp) = —N_, @, &, (B.42)

From (B.36) and the identity N_;®; = N_; (I — Py,)®| + N_ Py, @1, it follows that
[N_,®y +N_ (I — Pyp) @) + N,IPVC @11 —Pyy) = —(I — Pyy). Substituting (B.42)
into this equation, we have

N_ My = —(I +N_oMp) (I —Pyy). (B.43)

Postcomposing both sides of (B.43) with Mg and using the fact that My Mg - PRC )PV[:
(Lemma B.3), we obtain that

N_; (I —Prg)Py, = —(I +N_,Mp)M;. (B.44)

Now, from (B.41), we have [N_» D3 +N_; Dy +N()d>] 1Pk = 0. We note from the definition
of Kthat Ng®1Px =No(/ — PVC)d>1PK, and deduce from (B.36) that No(/ — PV[:) = —d>g -
N_,®, d)é —N_; & CDg. Combining these results, we obtain

N_iMpPy = —[N_yM3 —N_, My ®§ | — dFd;]Pk. (B.45)

Since N_jPryMaPg = [N_ My — N_; (I — Py, )My — N_; (I — Pry)Py;M2]Pg, and
N_{ (I —Py,) and N_ (I — Pry )Py, are given in (B.42) and (B.44), we have

N_ PRy MaPy = —[N_,M3 — N_oMy ®f 01 — df P Pk +N_r 1 DFM,Pg
+ (I +N_,M)M; M, Py. (B.46)

By postcomposing both sides of (B.46) with N_,, a formula for N_lPRC is obtained.

Combining this with (B.42), (B.44), and the fact that Y_» = —N_, and Y_; = N_, we
obtain

T =—M (cbf)q)l +M<‘;’M2) Y H4+7, <®1¢§+M2M§)

£Y (M3 —My®fd) — &) OEM, — M2M§M2) T ,. (B.47)

Using the fact that ranM‘%} =Kgand T_ = PxY_,Pg;, the desired results are obtained
from (B.47). O

B.3.3. Supplementary Results t0 Proposition 3.5. We here characterize the prin-
cipal part of the Laurent series ®(z)~! in more detail. Let Py Py, and d>g be defined
as in Section 3.4.1. Given the direct sum conditions in (B.19), we let PRE (resp Pyc) be

the projection onto R (resp. K) along ran 50 @R (resp. Wg @ Kp). Let A be the map
given by P, aDg K+ Rg, and let Q = Py, (Ip —Pyy). The generalized inverse 08 is
well defined and satisfies that ran Q% = Kg and ker Q8 = ran CDO ® Rg (Lemma B.2(v)).
We will show that A : K > Rg is invertible and N_» satisfies

(Ip—PIN_y =N_p(I,—PR,) =0, N_p:Rp—>K=A"", (B.48)
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and, Illoreover, P=(l,-T')Q8,—Ty)+T¢Up,—T;)+T, where Iy = 5§N,2 and I =
N_, ®§.
1. Formula for N_3: Under the I(2) condition, we know from our proof of Proposition 3.5

that (B.30) holds, N_p = N_ 2PRE, and A = PRG <I>g K — R is bijective. From these
results, (B.48) follows.

2. Formula for P: From the former direct sum in (B.19), we have
Iy =Up _PVB) +Up _PRU )PVB + PR[}' (B.49)

Thus, P = P(Ip _PVE) + P, _PRE)PVC + PPRC, and we will obtain an expression for
each summand.

Precomposing both sides of the former equation in (B.22) with ¢, we obtain | N_»r¢| =
¢1N_1Pg. We then deduce the following from (B.24) and the fact that p{N_; =P,

P(l, —Pyy,) = N_, &%, (B.50)
Using the identity I, = (Ip _PVG) +PV[; and postcomposing both sides of the former
equation in (B.23) with I, _PWB’ we find that PQ = (I, —P(Ip _PVU))(IP _PWU)' Then,

from (B.50), we obtain PQ = (I, —N_ 255)(11, PW ). Moreover, it may be deduced from
Lemma B.2(v) that Q08 = (I, PRU )PVG’ hence we find that

P(l, ~PRy)Py, = (1,, —N_25§) 08. (B.51)

We obtain P&D‘(g)PK - NoUp _PVC )P = 5§P;C by postcomposing both sides of the
former equation in (B.23) with dN)gP,C. Note that (I, _PVC )Py =Pyc. We also deduce from

(B.6) that N0$1~= N; 50, which implies that NgPxc = 0. Combining these results, we find
that POSPx- = ®FPyc. Then, from (B.49), we have

PP ®FPc =BfPx — P(I, —Pyy,) DfPx — Py PRy )Py, PPk (B.52)

We then substitute (B.50) and (B.51) into (B.52), and then postcompose both sides with
N_», noting that Px-N_, = N_, due to (B.48). This gives us an explicit formula for PPRE.
Combining this with (B.50) and (B.51), the claimed formula for P can be obtained.

B.4. Supplement to Examples and Remarks

Remark 2.3: Note that (i) x(1) = x(1) holds for u € [0, 1] if x € ran¢q, (i) { —¢p1)x =0
for any constant function x € C[0, 1], and (iii) C is closed; from these results, we find that
clA(X) =ran¢; =

Example 3.1: Assumption 3.1(a) is satisfied since 5(1)_1)6(14) = x(u) + zx(1)/(1 —2),
which is well defined for any z # 1 and u € [0, 1]. Moreover, since 50 =1— ¢, we know
from Section 2.1 and Remark 2.3 that ker EISO = Cgp and ran 350 C Cy.ran 2150 D Cj follows
from that x = 50x holds for any x € C;.

Example 3.3: We show that Assumption 3.1(a) is satisfied in this example. Note that
%(z)a =((1—-2ay,(1 —2)ap —zay, (1 —z))az, (1 —zkz)a4, ...)fora=(ay,as,...) €y,
from which it can be easily shown that ®(2) is injective on ¢g for any z € Dy, \ {1}.
Furthermore, for any sequence b = (b,bs,b3,...) € ¢y, we can find a sequence a =
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(ay, az,a3,. .) € ¢ satisfying (1>(z)a =bby setting a1 =b1/(1 —2), aa =by/(1 —2) +
zb1/(1 —z) and a; = b;/(1 —) 2) for j > 3. This shows that CD(Z) is also a surjection
for z € D1y \ {1}. Therefore, CD(z) is invertible on Dy, \ {1}.

Example 3.5: IC # {0} is obvious. With some algebra, it can be shown that (i) $(z)
is invertible for z # 1, (ii) ran 50 and ker ':’130 can be complemented, and (iii) W =
{(b1,0,b2,b3,0, b4,b5,0 be,...): b e C, lim/_)oobj = 0} is a complementary subspace
of kerao. Note that — d>0(b] 0, bz,b3 0,b4,b5,...) = (0,b1,b1,0,b3,b3, ...) holds. Since
(b1,0,b7,b3,0,b4, ...) € Wp and o8 <I>0 = PWC’ we find that

—(b1,0,b2,b3,0,b4, b5, ...) = B (0,b1,b1,0,b3,b3, ....). (B.53)

Equations (3.32), (3.33), and (B.53) imply that ran ¢ +ker ®( = ker o and FK = Wy,
so (3.27) holds as desired.

Remark 3.8: We here verify (3.22). From (3.21), we find that ran Y_| = ker ®. Therefore
for anonzero f € Ann(ker @), f(X;) =f(zg) +f(v;) holds fort = 0. Let 7q satisfy f(9) =

We know from Proposition 3.2 that fD(z)fl =-N_ 1(z— 1)7 Z ON (z— 1)/ H(z) is
convergent on Dy, for n > 0 (and thus the coefficients of the Maclaurrn series of H(z)
decay exponentially in norm) and Np = ZOOO [, H; H* We thus only need to show

thatho 7& 0 to establish I(0)-ness of {f(vt)},>0 Under the I(1) condition, we know that
N_ 191 —|—N()d>0 = —I, which implies that ranN_ 1 —I—ranNo = B. In this case, for any
f eker d>0,fN0 = 0 implies that f = 0, which contradicts our assumption that f 7 0.

Remark 3.14: We here prove (3.40) and (3.41). Since ranY_ = K, f € Ann(K) is a
cointegrating functional. For any nonzero f € Ann(Y_5), we may deduce from the formula
of Y_1 given in Proposition 3.7 that fY_ is equal to

—fM{U =My Y _5) +f D50 Y. (B.54)
Using the expression of fY_| given by (B.54), we will show that the following holds:
fY_1=0 & feAnn(®§d;K)NAnn(ker dp). (B.55)

Since ran Y_ = K, the second term in (B.54) is zero if and only if f € Ann(<I>gd>1 K). It
thus only remains to show that f € Ann(Kp) because ker &y = K@ Kp and f € Ann(K). To
see this, we first show that ran(M{ (I — M»Y_5)) = Kg. Since ranM{ = K¢, ran(M{ (I —
M,Y_5)) C Kg. Note that for any V C B, M{(I =My T_2)V C M{(I =My Y_)B C Kg
holds. Thus, if there is a subset V such that M‘%}(l —MpY_»)V = K¢, then ran(M‘f(l —
MY _5)) = Kg holds. Let V = (I — PR[;)VC- We then know from (3.39) that Mp Y_,V =
{0}. Moreover, ran Mf = M‘%V holds since kerM‘f = ran ® & Rp. From these results, we
find that M (1 =M Y_2)V =M$V = K¢, soran(M} (I —M» Y_5)) = K. We thus conclude
that f € Ann(Kp) if and only if the first term in (B.54) is zero.

We have shown that (B.55) holds for f € Ann(K). We know from Proposition 3.7 that
(ignoring 7(y and 71 without loss of generality) a nonzero element f € Ann(K) satisfies either
of the following: (i) fY_ # 0 and f(X;) =fY_1 (35 _, &5) +£(vp) or (iD) f(Xp) =f(vp). In
case (i), {f(X¢)}s>0 is I(1) obviously. In case (ii), f(X;) is I(0) under our I(2) condition. To
see this, note that we know from Proposition 3.5 that & (z)fl = —N_z (z— 1)72 — N_l (z—
1)_1 — j’io Nj(z — D/, H(@) is convergent on Dy, for n > 0 (and thus the coefficients

https://doi.org/10.1017/50266466622000172 Published online by Cambridge University Press


https://doi.org/10.1017/S0266466622000172

786 WON-KI SEO

of the Maclaurin series of H(z) decay exponentially in norm), and Ng = — fio l'IijH;.
As in Appendix B.4, it suffices to show that fNg # 0 to establish the desired I(0)-ness.
Under the 1(2) condition, we know from (B.36) that ranN_, +ranN_ 4+ ranNg = I. Since
fN 2= fN 1 = 0 in case (ii), fNO = 0 implies f = 0, which contradicts our assumption
that f # 0. We thus find that fNo # 0, so the cointegrating behavior of I(2) solutions is
characterized as stated.

Remark 3.15: For a nonzero f € Ann(K), we deduce from (B.54) that f (X;) —f(d>§d>1 AXy)
is given by

1
—f [ M{=MaY_2) ) o5 | +70), (B.56)
s=1

where v;’( = v — QDgCDISZ + Av;. As shown above, ran(M‘]g(I —MyY ) =Kg. Since
ker®y = K@K and f € Ann(K), f ¢ Ann(ker ®() implies that f ¢ Ann(Kp). Thus, the
sequence given in (B.56) cannot be stationary for f ¢ Ann(ker (). On the other hand,
if f € Ann(ker @), then the first term in (B.56) is zero. Therefore, the desired result
is established if {f (vl*)}tzo is 1(0). The summability condition for the I(0) property is
satisfied, which can be easily shown. We rewrite v} as v} = ZJOOO Wjes—j, and find that

Zf.io W = —Np — <I>(g)<I>1N_1. IffZOO W; is nonzero, then {f(v;)};>0 is I(0). Suppose
by contradiction that fNg = —f' @gdﬁN,l. Precomposing (B.36) with f' @g and using the
fact that (D‘g by = PWE’ we obtain

ffbgq)zN_z +f<Dg<D1N_1 +fPWC NO =fq)gq)2N_2 —fNO +fPWB NO = —f‘bg.

In the above,fPWc No =fN0 since f(I — PWG) =0 for any f € Ann(ker (). We thus find
thatffbg<l>2N_2 = —fcbg. From our expression of N_z = —Y"_ given in (3.39), we know
that N_z Py =0, so

0=f0f®,N_rx=—f08x, forallx € randy. (B.57)

From the properties of Cbg, we have <I>§ ran®y = W, so (B.57) holds if and only if f €
Ann(Wp). Since f € Ann(ker ®() and B = ker @ @ W, this means f = 0, which contradicts
the assumption that f # 0.
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