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Preface

Throughout the period of preparing this monograph I have had the pleasure of collaborating with Katarina Juselius,
who introduced me to the topic of cointegration by asking me to give some lectures on the basic paper by Clive
Granger (1983). Since then we have worked on developing the theory in close contact with the applications, and the
results we have obtained have been driven by the need to understand the variation of economic data. Thus the theory
has been forced upon us by the applications, and the theory has suggested new questions that could be asked in
practice. I feel fortunate in having had the opportunity for this type of collaboration, and would like to use this
opportunity to thank Katarina for being so inspiring;

The monograph is on the mathematical statistical analysis of models that have turned out to be helpful in the analysis
of economic data. I have used two economic examples that have been analysed in the literature, so that the statistical
concepts can be illustrated by some economic concepts, but the main emphasis is on the statistical analysis. If the
reader is more interested in the applications of the techniques, I must refer to the many publications on the modelling
of economic data using cointegration that have been published.

It is my hope that there is still room for a thorough exposition of the details of this theory even if the method has
already found its way into textbooks in econometrics, see for instance Reinsel (1991), Banerjee ¢ a/. (1993), Hamilton
(1994), and Litkepohl (1991). There are a number of collections of papers that deal almost exclusively with
cointegration, see Engle and Granger (1991), and special issues of Oxford Bulletin of Economics and Statisties (1990, 1992)
and Journal of Policy Modelling (1993).

The monograph does not cover all aspects of cointegration but it is my hope that by studying some topics in detail one
can understand the further developments. Thus I have left out the important work by Phillips (1991), Park (1992),
Stock (1987) Stock and Watson (1988, 1993) to mention a few. These papers deal with cointegration from a different
perspective which one can summarize as cointegrating regressions, that is, they study how the usual regression
estimator can be improved in view of the underlying stochastic model. Phillips (1991) also gives a statistical theory for
a semi-parametric model for cointegration, but the approach taken here is entirely parametric.

In 1989 we were invited by Domenico Sartore to present the theory and application of cointegration at a summer
school in Bagni di Lucca organized by Centro Interuniversitario di Econometria.



vi Preface

I would like to thank Domenico Sartore for inviting us, thereby creating the need for the preparation of lecture notes,
Johansen (1989). Since then the theory has expanded and the notes have been used for teaching in Copenhagen at an
advanced course in mathematical statistics in the Institute of Mathematical Statistics, as well as an advanced course on
econometrics at the Economics Institute. We usually managed to go through Part I, that is, Chapters 1-9 in a course of
two to four lectures plus two hours of exercises per week for fifteen weeks. The rest of the material, that is, the
asymptotic theory would require a similar amount of time. A good background in statistics is recommended, although
strictly speaking what is being used in the first part of the monograph is only the idea of analysing the likelithood
function and a few mathematical techniques, which are explained in some detail. The second part requires some
familiarity with probability theory and the theory of weak convergence. The program CATS in RATS was developed
by Henrik Hansen in collaboration with Katarina Juselius and myself at the same time as the book was in preparation
and the program is a great help in analysing economic data. The calculations in this book are performed using this
package.

Many have helped me with the notes at various stages. They were originally written in T3 and later translated into
Scientific Word, and I would like to thank Vivi Arp for helping me with this task, and Jurgen Doornik for an excellent
file TATEXTEX, which saves a lot of work in the translation.

I would also like to thank my many students for reading the various versions of the notes and listening and
commenting carefully.

In particular I would like to thank Henrik Hansen, Bent Nielsen, Lene Pedersen, Anders Rahbek, Peter Reinhard
Hansen, and Dennis Nilsson. Bent Nielsen performed the simulations, Henrik Hansen helped with the layout of the
tables in Chapter 14, and Peter Reinhard Hansen helped me with the graphs. Dennis Nilsson read the entire
manuscript very carefully and found numerous unfortunate formulations and many misprints.

Peter Boswijk and David Hendry have given me many very useful comments that have led to improvements in the
presentation.

During the period of time in which the notes have been prepared I have enjoyed continual support from the Danish
Social Science Research Foundation, which has made it possible for me to travel and discuss the ideas with many
econometricians.

S.J.
Copenhagen
June 1995



Preface to Second Printing

Many misprints have been found and I would like to thank Peter Boswijk, Peter Reinhard Hansen, Katarina Juselius,
Hans Christian Kongsted, Paolo Paruolo, Anders Rahbek and my students in Copenhagen for carefully reading the
book and communicating the misprints and some improvements to the formulations.

S. J.
Copenhagen
June 1996



viii Preface

Models are, for the most part, caricatures of reality, but if they are good, then, like good caricatures, they portray,
though perhaps in a distorted manner, some of the features of the real world. The main role of models is not so much
to explain and to predict— though ultimately these are the main functions of science— as to polarize thinking and to
pose sharp questions.

Mark Kac, Some mathematical models in science.
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1 Introduction

THIS monograph is concerned with the statistical analysis of multivariate systems of a special class of non-stationary
time series using the concepts of cointegration and common trends in the framework of the autoregressive model with
Gaussian errors. The methodology is to formulate economic hypotheses as parametric restrictions on the Gaussian
vector autoregressive model and analyse these submodels using the likelihood function.

A statistical model is a parametrized family of probability measures. The main emphasis will be put on the analysis of
the statistical model. The reason for this is that by carefully constructing a statistical model where the economic
concepts can be defined precisely, and the hypotheses of interest can be tested, one would hope that the analysis of the
model would lead to relevant methods that have better properties than methods that are suggested on more intuitive
grounds. Although some authors emphasize models and others emphasize methods, the two concepts complement
one another, in the sense that a prime goal of the analysis of a model is to produce a method, and the properties of a
method can only be discussed with some sort of model in the background.

Once the method has been derived by an analysis of a statistical model one can of course use it under all sorts of
different circumstances, provided one can prove that it has reasonable properties under these other circumstances, that
is, under some other probability model. Thus one can think of the statistical model as a method-generating tool, but
my conviction is that it is much more than that, and I hope to demonstrate this claim in the following,

From my experience with economic data I find that formulating the interrelations between economic variables as a
system is a useful activity. Certainly the ideal is to have a serious economic theory for the variables actually observed.
Since opinions on what a serious economic theory is seem to diverge, it would be good to have some way of checking
which of two rival economic theories is better. Statistics offers such a possibility using the ideas of hypothesis testing,
and in econometrics this is developed as the concept of encompassing, see Mizon and Richard (1986). Unfortunately
all tests rest on precise assumptions on the underlying statistical model and it is therefore important to have methods
that can check if such assumptions are satisfied.
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Thus the methodology is to build a statistical model that describes the fluctuations of the data, and express the
economic theory in terms of the parameters of the statistical model as hypotheses on these parameters or submodels.
Once this has been done an analysis of the models will reveal how the interesting economic parameters can be
estimated, and how the hypotheses of economic interest can be tested.

1.1 The Vector Autoregressive Model

The basic model considered here is a vector autoregressive model (VAR) possibly including constant and linear terms
or seasonal dummies, and with independent Gaussian errors. We formulate the hypothesis of reduced rank, or the
hypothesis of the existence of cointegration vectors, in a simple parametric form which allows the application of the
method of maximum likelihood and likelihood ratio tests. In this way we can derive estimators and test statistics for
the hypothesis of a given number of cointegration vectors, as well as estimators and tests for a number of hypotheses
about the cointegration vectors and their adjustment coefficients.

The VAR model formulation has been applied in econometrics in the last decade, and many of the estimation
problems in the unrestricted VAR have been solved by Sims ez a/. (1990). The reduced rank regression technique,
which originally was proposed by an analysis of the likelihood function for regression analysis by Anderson (1951) was
applied by Velu and Reinsel (1987) for stationary processes, and by Johansen (19884) for non-stationary processes. The
corresponding asymptotic theory was given in Johansen (19884) and was also developed by Ahn and Reinsel (1990)
and Reinsel and Ahn (1992), and the results are generalized by Phillips (1991).

In my opinion the flexibility of the autoregressive formulation allows not only the statistical description of a large
number of real data sets, but it also allows the embedding of interesting economic hypotheses in a general statistical
framework, in which one can define the concepts of interest and actually prove results about them. In particular we can
define the notions of integration, cointegration and common trends, see Chapter 3.

Such models do not represent the truth about economic phenomena, but should be considered a useful tool in
describing the statistical variation of the data, such that insight can be gained on the interrelations between economic
variables.

Our experience with analysing macro economic data is that the models quite often provide an adequate fit of the data,
especially after we have been thinking hard about which variables we should include in the analysis. It is an empirical
finding that we have usually been able to do so with two lags for seasonally unadjusted data.
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1.2 Building Statistical Models

First of all it must be emphasized that the purpose of constructing a statistical model is not to replace serious
economic models with arbitrary statistical descriptions, but rather to provide a framework in which one can compare
the economic theories with reality, as measured by the data series. It seems that a proper statistical treatment of systems
of economic variables should include the formulation of a statistical model where one can

* describe the stochastic variation of the data, such that inferences concerning the various economic questions are
valid;

e define the economic concepts in terms of the statistical concepts, like long-run relations which become
cointegrating relations;

e formulate the interesting economic theories and questions in terms of the parameters of the model;

* derive estimators and test statistics as well as their (asymptotic) distribution such that useful inferences can be
drawn.

If we have such a statistical model describing a relevant set of economic variables, the first task is to check for model
specification, to make sure that the first point is satisfied, or at least not completely false. If it turns out that the model
is a valid description from a statistical point of view, one can proceed to test that the formulated economic theory is
consistent with the data. The reason that this point is important is that often the economic theory is developed for
rather abstract concepts, whereas when it comes to the observations, one has to put up with actual data series that are
not observations of the abstract concepts, but carefully selected proxies. Thus although one's economic theory may be
fine, the data chosen may not illustrate this. Hence a careful statistical analysis helps to support the economic
conclusions.

In the case of cointegration and common trends there are a number of questions that need a statistical formulation and
treatment. First of all, the number of the cointegrating relations or common trends has to be determined and
compared with the number prescribed by the theory. Next, economic hypotheses about the cointegrating relations or
common trends have to be formulated and tested, and here the interpretation of the concepts becomes very
important.

An economic theory is often formulated as a set of behavioural relations or structural equations between the levels of
the variables, possibly allowing for lags as well. If the variables are I(1), that is, non-stationary with stationary
differences, it is convenient to reformulate them in terms of levels and differences, such that if a structural relation is
modelled by a stationary relation then we are led to considering stationary relations between levels, that is, cointegrating
relations.
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It is well known that structural results are difficult to extract from the reduced form equations, but the property of
stationarity and non-stationarity can be deduced from the reduced form since they are basically statistical concepts,
rather than economic notions, see section 5.5.

Thus the reason that cointegration is interesting is that the cointegrating relation captures the economic notion of a
long-run economic relation. And the reason that a statistical theory for the estimation and testing of cointegrating
relations can be constructed rests on the fact that the reduced form suffices for the determination of the basic
cointegrating relations. On the other hand a mindless attempt at finding cointegrating relations without knowing what
they mean is not going to be fruitful, so I believe that the econometrician has to carefully choose the variables that
should enter the study, and carefully discuss the economic theory that motivates this.

The reason for this discussion of the statistical model is that one often finds the opinion expressed that the purpose of
a statistical analysis is to find the estimates of the parameters that one knows are the interesting ones. What I want to
point out is that the statistical model offers a much richer basis for discussion of the relation between economic theory
and economic reality.

In the above discussion we have focused entirely on statistical models that describe full systems, that is, the joint
stochastic behaviour of all the processes observed. In situations where one has twenty-five, or even 100, variables, this
may not be feasible, since the interrelations between so many variables are extremely difficult to understand. It is
customary to fix certain variables, which it is felt influence the main variables without being influenced by the variables
of main concern. Thus assuming some sort of exogeneity one can construct a partial model. It is obvious that if we do
not specify the stochastic properties of the exogenous variables it is impossible to make statistical inference for the
parameters that we have been estimating. A compromise is to model some variables carefully and some variables less
carefully, that is, one can try to develop methods for the parameters of interest that are valid under a wide range of
assumptions on the exogenous variables.

A main point of view in the development of the likelihood-based theory of cointegration has been to find models that
can be handled analytically.

A very general procedure for the analysis of statistical data is to formulate a family of densities {f{x, 0), 0 € @} for the
data X = x;, and then postulate the existence of the maximum likelihood estimator &, which is then calculated by some
general optimizing algorithm. The theory of weak convergence of probability measures gives the possibility to make
asymptotic inference.

This general scheme can always be followed but it is worthwhile to pay special attention to situations where models
exist, like the general linear regression model with Gaussian errors, where & can be proved to exist, and
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conditions are known for it to be unique. The algorithms for solving linear equations are well understood, and we even
have the possibility to make exact inference.

In the autoregressive model with Gaussian errors one is immediately led to ordinary regression as the maximum
likelihood estimator of the unrestricted VAR and, as will be shown below, to reduced rank regression for the
cointegrated VAR. We then describe a number of models by parametric restrictions and for each model analyse the
likelihood function to see how the maximum likelihood estimator has to be modified in view of the imposed
restrictions. The models chosen have the property that reduced rank regression, or some simple modification of it, can
be used for the analysis since these models are also models where the existence and uniqueness of the maximum
likelihood estimator can be checked.

One can of course impose all sorts of restrictions on the parameters, for instance different lag lengths in different
equations, non-linear restrictions on the long-run parameters, identities between long-run and short-run parameters,
but it is hard to obtain any exact results for such models.

The models we have chosen to discuss in this book have the property that one can discuss existence and uniqueness of
maximum likelihood estimators and describe algorithms for their calculation. This is not possible for general
hypotheses, but of course general optimization algorithms can be used if the model formulated is very complex. Thus
the models we are discussing are relatively simple, not because all models are but because those are the models for
which we have results. It is my basic conviction that in order to analyse statistical data one has to understand simple
models well.

1.3 lllustrative Examples

As illustrative examples to serve as motivation for the analysis given here we have chosen two sets of data, which
illustrate different types of economic questions. The first example is chosen with the purpose of finding a money
relation expressing a relation between real money, real income, and the cost of holding money as proxied by the
difference between the long and short interest rate. Since multiplicative effects are assumed we use logs of money and
income. Thus the data consist of observations from 1974: 1 to 1987: 3 of log real money (#2), log real income (y) the
bank deposit rate 7 for interest-bearing deposits, and the bond rate 7 which plays an important role in the Danish
economy.

The data are analysed in detail in Johansen and Juselius (1990) and Juselius (1994).

The other example is an investigation of the purchasing power parity and uncovered interest parity between Australia
and the United States. The data were supplied by Tony Hall and analysed in Johansen (1992¢) and consist of quarterly
observations for the period 1972: 1 to 1991: 1.



8 Introduction

The variables measured are the consumer price index in logarithms for Australia, p*, the United States, p*, the
exchange rate, exch, measured as the log of the price of US dollars in Australian dollars, and the five-year treasury bond
rate in both countries 7 and 7.

The reason for choosing these examples is that we can illustrate the procedures for finding cointegrating relations and
formulate simple economic hypotheses in terms of the parameters.

It must be emphasized that a cointegration analysis cannot be the final aim of an econometric investigation, but it is
our impression that as an intermediate step a cointegration analysis is a useful tool in the process of gaining
understanding of the relation between data and theory, which should help in building a relevant econometric model.

1.4 An Outline of the Contents

I have chosen to split the book into two parts and two appendices.

Part I consists of the first nine chapters, and gives the basic results around Granger's theorem, the model formulation,
and the derivation of estimators and test statistics. We briefly indicate the asymptotic theory for the test statistics and
the estimators.

In Part II, which consists of Chapters 10 to 15, I then give the theory for the asymptotic analysis using the weak
convergence of probability measures. Whereas Part I mainly assumes the Gaussian error distribution in order to work
with the likelihood methods, I relax this assumption in Part II, since the asymptotic analysis is valid under more
general circumstances. One can prove very general results, but I have chosen to assume independent identically
distributed errors with finite second moments. Then the solution of the autoregressive model is a linear process, and
the theory for such processes is quite simple. I have collected some algebraic and analytic results in Appendix A, and in
Appendix B a brief introduction to weak convergence on C[0, 1] is given. This is by no means a crash course in weak
convergence, but a gentle reminder of some of the basic concepts.

The contents of the chapters are as follows.

In Chapter 2 the statistical analysis of the unrestricted vector autoregressive model is discussed in some detail. These
results are of course classical and can be found in Anderson (1971). For completeness and to establish the notation
they are given here. Chapter 3 gives the definitions of integrated variables, cointegration and common trends.
Examples are given and it is shown that moving average models in terms of common trends and the autoregressive
error correction model give rise to integrated and cointegrated variables.

In Chapter 4 the representation theorems for integrated variables are given. The basic idea throughout is to give
necessary and sufficient conditions for a process to be I(0), I(1), and I(2) respectively. These conditions,
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see Theorems 2.3, 4.2, and 4.4, are rather complicated but are necessary for a full understanding of the statistical
models as well as the probability results that follow in later chapters.

In Chapter 5 we spend most of the space on a discussion of what the /(1) model for cointegration can be used for, that
is, which economic hypotheses can be convenientdy investigated in the framework described. The question of
identification is discussed, and various models described by restrictions on the deterministic terms are considered.

Chapter 6 contains the statistical analysis of the I(1) model, where it is shown that estimation of the unrestricted
cointegrating space can be performed using reduced rank regression, and that the same analysis can be used for
models with restrictions on the deterministic terms. Estimators and likelihood ratio tests are derived and the
asymptotic distribution is given. Finally it is shown how the asymptotic distributions can be applied to determine the
rank of the cointegrating space.

In Chapter 7 hypotheses on 3 are discussed, and it is shown how to estimate § under various linear restrictions. The
theory is illustrated by some examples. The partial models and hypothesis testing on the adjustment parameters o are
discussed and analysed in Chapter 8. Finally Chapter 9 contains a brief analysis of the I(2) model with the purpose of
deriving a misspecification test for the I(1) model.

In Chapter 10 the properties of the process and the sample moments are given and the asymptotic properties of the
test statistic for cointegration rank are given in Chapter 11. Chapter 12 then applies these results to test hypotheses on
the cointegrating rank and to estimate it in case it is not known a priori. In Chapter 13 the asymptotic distribution of
the estimator for the cointegrating vector is shown to be mixed Gaussian. Only the estimator in the unrestricted model
is discussed in detail, but results are also given for the case of identified vectors. The asymptotic properties of the
estimators for the other parameters are also given and the asymptotic distributions of test statistics for hypotheses on 3
are given. In Chapter 14 we derive some results for the power function of the test for cointegrating rank for local
alternatives and in Chapter 15 tables are given of the asymptotic distributions derived in previous chapters. In
Appendix A, I have collected some useful results about eigenvalues and eigenvectors and some general results from
multivariate statistics and regression that are needed in the analysis of the statistical models.

The main emphasis in this monograph is on the derivation of test statistics and estimators, but for the derivation of the
asymptotic properties, knowledge of the Brownian motion is necessary, and Appendix B contains a brief reminder of
the theory of weak convergence and the construction of Brownian motion as given in Billingsley (1968).
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1.5 Some Further Problems

The theory presented in the monograph is the beginning of a systematic investigation of the structure of autoregressive
models for non-stationary processes. Many problems remain open, even in this simple framework.

In my opinion the most important is the development of improved finite sample approximations to the distributions of
the test statistics, which can supplement the asymptotic results presented here. It is important to develop Bartlett
corrections or Edgeworth expansions, as is known from the theory of stationary processes.

The analysis of models for I(2) processes is mentioned in Chapter 9, but much needs to be worked out in detail, and
the methods need the constant input from applications to make sure that the theory is kept on the right track.

There is one topic that is not mentioned in this monograph, and that is seasonal cointegration. Seasonal cointegration
seems to be a useful concept for the analysis of some time series, and the mathematical and statistical analysis has been
worked out, see Hylleberg, ez al. (1990), Lee (1992), and Johansen and Schaumburg (1996). Since seasonal cointegration
can occur at different frequencies and with different ranks and cointegrating vectors, the theory becomes somewhat
more complicated, and I have chosen only to give the basic version of the representation theorem as exercise 4.8.



2 The Vector Autoregressive Model

THIS chapter deals with the statistical analysis of the unrestricted vector autoregressive model (VAR) but first a result is
given which is a necessary and sufficient condition that the autoregressive process defined by the equations is
stationary. This condition is an important diagnostic tool in the applications of the models and should routinely be
checked in the applications. We first formulate a general expression for the solution of the equation defining the
process and then give conditions on the parameters such that the initial values can be chosen such that the process
becomes stationary. In section 2.2 we derive the ordinary least squares estimators as the maximum likelihood
estimators and deal briefly with the asymptotic properties of the estimators in case the process is stationary. This is of
course standard knowledge, see Anderson (1971), but the results are given here in order to contrast them with the
results that are valid for non-stationary processes. Finally in section 2.3 we give a brief description of some
misspecification tests for the VAR.

2.1 The Vector Autoregressive Process

Consider the p-dimensional autoregressive process X, defined by the equations
Xe=ThXe g+ T Xe p+ PO+ e pt=1,....7,
2.1)
for fixed values of X ., ..., X|, and independent identically distributed errors €, that are IN,(0, €).

The deterministic terms D, can contain a constant, a linear term, seasonal dummies, intervention dummies, or other
regressors that we consider fixed and non-stochastic. The results and conditions are conveniently expressed in terms
of the characteristic polynomial:

k .
A(z)=1- E Nz,
=1

with determinant | A(g)|.

The first result gives the solution X, of equation (2.1) as a function of the initial values and the € and hence determines
the properties of X, given
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its initial values. Note that the result does not impose any conditions on the parameters.

THEOREM 2.1 The solution of equation (2.1) as a function of initial values and € is given by

k £-1
Xi= ) Cr (Moo + X ) + > Ci(€ o+ D)),

5=1 j=0
(2.2)
where C, = I and Cis defined recursively by
min(k,n)
C, = Z Cp M n=12,...
=1
2.3)

The generating functionC(zy = .7y 2"Cyis convergent for || <& for some & > 0. For these values of 3 it satisfies C()A(R) = 1 such
that C(g) = ARR)™.

PROOF There is no loss of generality in setting @ = 0, since the result is a purely algebraic result which does not
depend on the nature of the €. Consider first the case £ = 2, where the equations defining C, give

Co=1,C1=M1,C2 = C1My + 12,83 = Colly + Cily, .
The equations defining X, can be written as

X =X g+ T X p+ €4
Xig =X+ T X 3+ €4,

Xy =ThiX; +Th X+ e,
X1 =ThXg +MX_; + €.

If these equations are multiplied by C,, C,, . . ., C_, respectively, and then summed it is seen that the recursive definition
of C, implies that X, , X,,, . .., X are eliminated and that what remains is
F—1
X¢= ZCJE -3t (Cealla + Cr g M) X + Cr 4 Th X .
i=0

This is a special case (£ = 2) of the general result (2.2).
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The general case is proved as follows. We multiply by C, in (2.1) with # replaced by # — 7 and sum from 0 to # — 1

t—1 t—1 K t—1
ZCnXt—n = chz M Xy + ch € t-n-
n=0 n=0 i=1 n=0

Introducing 7 = n + i we get

S [,
Zﬁk_ I:Zj =m—t+1Cm—jT] ']Xz—m"‘z::oCnef_n_

The recursive definition of C, shows that X, , =1, ..., #— 1 has the same coefficient on both sides such that X, ,

cancels. What is left is

t+k-1 i =1
X¢= Z [ . Cm—.z'rls':er—m + ch € tn-
m=f i=m—i+l =

Introducing s = » ¢ we find

Xt Z[ZCSHsH]X +Zcetm

=0 i=s+1

which proves the representation (2.2).

If we define I'l, = —I, then we can write the recursion for C, as

min(k,n)

Y Cuy= = 8u, n=01,. ..,

and I for » = 0. This implies a relation for the generating functions

where 8, is zero for n = 1,2, . . .,
oo IOINQEH)

-I= Z( Bn0)z" =Y D 2"TIC, 2N, = CG) (- A()).

n=0 ;=0

Note that the determinant |A(g)| is a polynomial such that it has only finitely many roots g, . . ., g, say. Let = min,
| 2| then since A(0) = I it is seen that 6 > 0 and .A(3)™' is convergent for |g| < 3.

O
As a simple special case consider £ = 1, where the representation (2.2) reduces to

g=|_|r1X0+€g+|—|1€t_1+ +|—|31—1€1.

In this case A(R) =1 — 11, and ¢c(z) = X7, "N = (4 - zMy)



14 The Vector Autoregressive Model

The solution given in Theorem 2.1 is valid for any set of parameters. In the following we show how the parameters
must be restricted in order for equation (2.1) to define a stationary process. By a stationary process we mean a process
for which the distribution of X, ..., X3, is the same as the distribution of Xeen .oy Xeen forany h =1, 2, ...

The only stationary processes that we need here are the linear processes generated by 1.i.d. errors, as discussed in
Appendix B.

The basic assumption which will be used throughout is
ASSUMPTION 1 The characteristic polynomial satisfies the condition that if | A(R)| = O, then either |z| > 1 or 3 = 1.

The assumption excludes explosive roots with || <1, and seasonal roots, with |g| = 1, other thang=1.Ify=11isa
root we say that the process has a unit root. The following result is well known, see Anderson (1971).

THEOREM 2.2 Under Assumption 1 and if Dis bounded by a polynomial in 1, a necessary and sufficient condition that the initial values
of Xgan be given a distribution such that the process X, — E(X)) becomes stationary, is that | A1) | # 0. In this case the process has the
representation

X = ch( €t nt®D ),
n=0
24
whereCo(z) = X0, Cp2" = A(z) Vis convergent for || <1+ & for some 5 > 0.

iy =

PROOF We will give the proof for £ = 1 first and then apply the usual trick of writing the process in companion form,
that is, consider the process X, ..., X, as an AR(1) process. In case £ = 1, where A(g) = I — 11, the roots of | A(3)|
are just the reciprocal of the non-zero eigenvalues of I1. In this case the solution of equation (2.1) is given by

-1
Xe=TXo+ Y Mi(e;+PD, ).
=0

(2.5)

Since the roots of | A(R)| = |I — zI1,| are assumed to be outside the unit disk, the eigenvalues of I, are all inside the
unit disk, which means that the coefficients M tend to zero exponentially fast, and hence that the linear process

[
* _ : : i
Xf - I-I]. = f—f
=0

is well defined as a stationary and ergodic process. In order to see this we use Kolmogorov's three series criterion or
Breiman (1992, Corollary 3.22).
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It follows from these results that since the variance

Var(X; )= > Mon
=0

is finite, see (A.4), the series defining x," is convergent almost surely.

Similarly it is seen that

> meb,
=0

is convergent for all # by the assumption on D, If in (2.5) we choose the initial values as fixed quantities, that is,
condition on the initial values, then clearly the process X, — E(X) is not stationary, although in some sense it is
asymptotically stationary. In order to make the process stationary we need to choose the initial values to have the
invariant distribution which in this case is Gaussian with mean zero and variance given by var(x,). We can also obtain
a representation of the process as expressed by the infinite past, by choosing the initial values to have the
representation given by x, . Thus the condition on the eigenvalues is not enough to make the process stationary but
enough to make the process stationary for a suitable choice of the initial values. We therefore choose the initial value X
to have the invariant distribution given by x; = X2, M, € , + %2, M, ® 0, and find the representation

o i—1 v
K= TS e 400+ S e v on = So(e s on,
i=0 i=0 1=0

such that X, — E(X) is a stationary process. Note that ¢4(z) = 32, Nz is related to the polynomial A(3) = I — zI1, by
the relation A(R)C,(3) = L

Next consider the general case, £ > 1, and define the companion form

Xy =(X'e X' g, X 1),

c; = (D@ +e'40,...,0),
M My ... My M

q,o=|1 0 .. 0 ol
0 0 I 0

such that

-1

Xr=|_|1Xf_1+ €f=|_|1X0+ <t |_|1€f_1+"'+|_|1 € 1.

We can recover X, as a function of the initial values X, and €, . . . , € by multiplying by the matrix (1, 0, . . ., 0).
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The process y,_ gcy,) is an AR(1) process with a singular variance matrix for the errors ¢, which by the above result
for £ = 1 is stationary if the roots of p, are inside the unit disk.

We now want to show that the conditions on the roots of the matrix polynomial A() can be converted to a condition
on the non-zero eigenvalues of f, .

Consider therefore an eigenvector » = (/, . . ., #)' for p, which satisfies the equation ,,-p,, for A # 0, or
Avy =yvy + = + Ty
Avigy =g i=1,... k-1
2.6)
Thus », has the form
vi= A" hi= 1.k
Inserting this into (2.6) we find that (A, »,) satisfies
Avy = My + o+ A My,
or
(F—AIMy = = — A7) = 0
which shows that A" is a root of | A(3)| = |I — 11, — =~ — ¢I1,| = 0. This gives a convenient way to calculate the

roots of a matrix polynomial A(3) as the eigenvalues of a square but non-symmetric matrix n,

The condition that the roots of A(3) are greater than 1 in modulus implies that the reciprocal values, which are the
eigenvalues of r , are all less than 1 in absolute value, hence inside the unit circle. Thus under Assumption 1 and
| A(1)] # 0 we can define the process

iﬁ;m
n=0

as above and we find that Xe— E(XD becomes stationary if we choose the initial values x,= (x'ox' . x' ,,) to have
the distribution of ; x , and then X = i‘- .

Bt

The representation for X, is found by premultiplying by (1, 0, . . ., 0) and we find

X = ch(e t-n + ®D;_y).
n=0

This proves that the condition that A(1) has full rank is sufficient.

To prove that it is necessary assume that ~4(1) has reduced rank. Since all entries of A(3) — A(1) have a root at g =1
they can each be factorized into (1 — g) times a polynomial. Hence we can define a polynomial
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A" () = —A(z)l__‘:(l) ZF ],

such that
A=A +A (2 (1-2).

See Lemma 4.1 for a general formulation of this result. We define the lag operator L by the property that L.X, = X, |,
and the difference operator A =1 — Lor A X =X — X . In this notation we write equation (2.1) as

ADX=ADNXe+ A (D1 - D Xs=PDe+ € 5= 1,....T,

(2.7)

Now the reduced rank of A(1) implies that there exists a vector § € R’ such that §' A(1) = 0 and § # 0. Multiplying in
(2.7) by &' and summing over s from 1 to # we find that

4
+
FAT(L)(X;—X0)= &) (PDs+ ).
=1
We shall now argue that X, — E(X) is non-stationary. This follows since if it were stationary, then clearly the left-hand

side would be stationary, which contradicts that there is a non-stationary random walk on the right-hand side. This
proves the necessity.

That C(3) is convergent for |g| <1 + 8 for some & > 0 follows from the fact that if the roots of |.A(R)|, 3, - - - » 3 52y,
satisfy the condition that min, || =1 + 8 > 1, then the power series for .4(3)™" will be convergent for || <1 + 8.

O
2.2 The Statistical Analysis of the VAR
The unrestricted autoregressive model (VAR) with Gaussian errors and deterministic terms D, is defined by
Xe=ThXe g+ +TpXe o+ @D+ e pf=1,. ... 7T,
2.8)
where the errors €, are independent Gaussian with mean zero and variance L. The initial values X ., . .., X are fixed

and the parameters are
(M, .. NP0,

which are unrestricted.

We introduce the notation Z', = (X', . . ., X, D'), for the stacked vector and B' = (I, . . ., I1,, ®) for the
corresponding parameters. Thus
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Z, is a vector of dimension pk + m and B' is a matrix of dimension p X (pk + m).

The model expressed in these variables becomes

Xi=BZi+ ept=1 7.

The Gaussian errors allow us to analyse the log likelihood function

T

logL(BQ) = — %Tfog(Z;‘r) - %TfogIQl - % (X B'Z) QN X - B 7)),

t=1

which leads to the equations for estimating B

T T
ZXr ’r=§’ZZrZ’r,
=1 =1

and the usual regression estimators

T T
B=(> zzZ')7 (D ZiX') =SS,
t=1 t=1

-~ T — -
Q=T (X~ B'Z) (X~ B'Z:)' = Spz = S — 552 S

t=1

The maximal value is apart from a constant given by
=2/T _ é
Lmax = 1QI.
Here we use for any two processes X, and Z, the notation

T
Sy = T_IZZfX’ N
=1

2.9)

(2.10)

2.11)

The next result describes the asymptotic properties of the estimators in the VAR model under the assumption of
stationarity for the case where D, = 1. The asymptotic distributions are formulated by means of the Kronecker

product.

If U and 1" are independent multivariate Gaussian with variances X, and X respectively we let M = Ul and use the

notation
Var(M) = Var(UV") = 5,(X) =,

such that for any two vectors § and 7 we have
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Var(§'Mn) = § 2,80 2,0

This formula allows us to calculate the variances and covatiances of the elements of M by choosing § and 7 as suitable
combinations of unit vectors. Then

Var(sz:MM) = zu.ikzv._,r'm-

One can think of X, ® X, as a matrix of a large dimension, but that requires that the matrix M is vectorized first. This
will not be done here. I prefer the notation as above rather than the notation 2, @ X, as is usually applied, but this
should cause no confusion.

THEOREM 2.3 Under the assumptions that the € are independent and identically distributed with mean Zero and variance L, that Xis
stationary, and that © D, = . it holds that the asymptotic distribution of the maxinum likelihood estimators of the parameters B' = (I1,,
IT,

2y o .

., 1L, w) s Gaussian and given by

1 . W
T2(B-B) - N(0,27 (X)),

where
- T P . P
=77 22> SandQ - Q.
=1
Here 7, = (X', . .., X'\, V). Thus for any vectors & and v it holds that

TIE(B-B)n v

JT — N(0,1).
¢z ¢nQn

PROOF From the expressions for the estimators (2.10) and (2.11) we find

. gl I
B—-B = (T 123:1232,3) I(T lzr=lzte ;f),
é—Q =T—IZET=IE£E JQ_Q_(E_B)’T_IZ;;]ZfE’f
i, T - i E T .
—TY L €T HB-B)+ (B=BYT'Y _ 77'(B-B).

We first prove that all quantities on the right-hand side tend to zero. Under the assumption that the errors are
independent identically distributed with mean zero and finite vatiance, the processes €., € Z', and Z 7', are ergodic with
finite mean, such that

— T £
Tlé _t=1€g€’f—> Q,
— T F
Ty edZ— 0,

— T P
Ty 2 — EZZ'=%.
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This shows the consistency of 3 and hence . To find the asymptotic distribution we normalize as follows:

1. a 1 PR
T2(B-B)=(I7') ZZ') (I 2) Zie') =5 (T'2) Zie's) +op(1).

=1 =1 =1

Thus we only have to find the asymptotic distribution of i s/, ze,. But this is given in Theorem B.13 as
Gaussian with mean zero and variance 2 @ Q.

We have here used the familiar concepts of weak convergence of probability measures and convergence in probability
of random variables. These concepts are discussed in more detail in Appendix B. The notation ¢,(1) denotes a term
that tends to zero in probability.

O

The above is the analysis of the unrestricted vector autoregressive model, where the statistical calculations are given by
ordinary least squares. Before we finish this section we just note that the same type of analysis can be made of a
number of different models given by restrictions on the parameters. Thus for instance we can leave out certain lags: if
we have quarterly data, we may want to fit only lags 1, 2, 4, and 5. The maximum likelihood estimation of such a
model is again ordinary least squares. The same holds for any model where the variation of the coefficients is restricted
as I, = §H', since then the vatiable Z, in the above analysis should contain the transformed variables H' X, . Still more
complicated models are possible, like the model defined by (IT,, . . ., IT) = § H' It is also easily seen how the analysis
can be modified if other variables are included as regressors. Thus the statistical calculations are easily modified if for
instance time or the world oil price is included as a regressor. The simplicity gained by leaving the parameters
unrestricted should be clear, but one can of course estimate the parameters under any restriction one wishes, at the
price of a more complicated numerical technique, but then the existence and uniqueness of the likelihood estimators
are no longer easy to discuss. In fact the remaining part of this monograph deals with a very special non-linear
restriction where many results can be obtained.

2.3 Misspecification Tests

Fitting the unrestricted VAR model with £ lags can easily be accomplished by usual regression programs, but it is of
course important to check that the assumptions underlying the model are satisfied, since otherwise the procedures
derived may not be valid. In particular we have to determine the lag length £ and check that the estimated residuals ¢,
have no serial correlation, no conditional heteroscedasticity, and do not deviate too much from Gaussian white noise.
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We give here a brief discussion of a few of the many misspecification tests that are being applied in practice. We do not
give proofs of these results but refer to Doornik and Hendry (1994) for a discussion of how these test are
implemented in PcFiml, and to the manual for CATS in RATS by Hansen and Juselius (1995). References and a more
thorough discussion can be found in these texts, see also Godfrey (1988). There are two types of results that one can
prove. One can find asymptotic distributions of the test statistics and in some cases give improved approximations to
these.

Many of the asymptotic distributions are derived only for stationary processes even if the results are probably valid also
for the non-stationary processes that we are interested in. The small sample approximations are most often given by
analogy with the i.i.d. case and are therefore less satisfactory.

2.3.1 Lag Length Determination

The lag length can be determined by some of the many information criteria procedures, see Liitkepohl (1991) for an
excellent comparison of the criteria. It is important to avoid too many lags, since the number of parameters grows very
fast with the lag length and the information criteria strike a compromise between lag length and number of parameters
by minimizing a linear combination of the residual sum of squares and the number of parameters.

It is our experience that if a long lag length is required to get white noise residuals then it often pays to reconsider the
choice of variables, and look around for another important explanatory variable to include in the information set. That
is, rather than automatically increase the lag length, it is more fruitful in a multivariate context to increase the
information set.

The methods that will be derived in the subsequent chapters are based upon the time independence of the residuals,
hence an important criterion for the choice of lag length is that the residuals are uncorrelated. The first thing to do is to
plot the autocorrelation and cross-correlation functions for the individual residual series to see if there is any obvious
autocorrelation left in the residuals. This graphical inspection can then be followed by summary test statistics.

Another strategy for determining the lag length is to start with a sufficiently large lag length and test successively that
the coefficient to the largest lag is zero. It is a good idea to use a rather small size of these tests since the type one error
cumulates, see Terdsvirta and Mellin (1986) for a comparison of procedures based on information criteria and
sequences of tests. As a test statistic one can apply the likelihood ratio test in model (2.1) for the hypothesis I'l, = 0,
which is asymptotically distributed as y* with p* degrees of freedom.

A summary test statistic that measures the magnitude of the residual autocorrelations is given by the Portmanteau test
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1

A T |
T—; 1 {Co;Co0 €' 0,C00 J »

g
LB(s)=T(T+2))
J=1
where
Csz i Z € ;€ ’f—j'
t=j+1
Under the assumptions of the model the asymptotic distribution of this test statistic can be approximated for large T'

and large s by a * distribution with /' = p*(s — £) where £ is the lag length of the model.

A test that gives the proper weighting to the residual autocorrelations is a Lagrange multiplier test for residual
autocorrelation. This is calculated by regressing the estimated residuals from (2.1) on the residual lagged s as well as the
regressors in model (2.1). The corresponding test statistic

Lo
LM (s) = (T—pk—m—p—ijiogT
Q‘

is asymptotically distributed as y* with degrees of freedom given by /' = p*. Here q is the variance estimate from (2.1)
and @5 1is the estimate from the auxiliary regression.

2.3.2 Autoregressive Conditional Heteroscedasticity

For each of the individual series a test for ARCH effects can be calculated by regressing the squared residuals ¢ lona

i

constant and lagged values of the squared residuals. The asymptotic distribution of such a test is also y* with fequal to
the number of lags in the auxiliary regression.

2.3.3 Test for Gaussian Distribution

The marginal distribution of the residuals should be checked by histograms, and by calculating skewness and kurtosis.
A test can be based on the central moments

P ;
ng = T_lz ( €t € )Ib’; = 23334:
t=1

through skewness and kurtosis

1

2_ I — 1y
bi= b=

2 1
;
The test statistic is
2
(b2 —3)
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which is asymptotically y*(2) if the underlying distribution of the errors is Gaussian. This test is known as the
Jarque—Bera test, but is given by Shenton and Bowman (1977) in a version that has better small sample properties for
1.1.d. variables. We have chosen here a simple correction for degrees of freedom. A multivariate version of this test is
developed in Doornik and Hansen (1994).

Autoregressive models do not necessarily always describe the data, but they provide a flexible statistical tool. It often
happens that if a VAR model does not fit the data, it is because of the information set, that is, the choice of variables
should be reconsidered. Thus it is important to extend the information set to contain the right explanatory variables
for the relation that one is really interested in. Another technique for constructing a modified VAR model is to
consider a partial or conditional model. This will be discussed in Chapter 8. The choice of the correct economic
variables to investigate is an art which requires economic insight, and no final answers can be given on how to do it.

2.4 The lllustrative Examples

2.4.1 The Danish Data

As a first example of an analysis of a data set consider the Danish data discussed in section 1.3 consisting of
(mes o iy if), t = 19741, ..., 1987: 3. We use two lags and let £ = 2 and keep the first two observations from 1974: 1
and 1974: 2 for initial values. This leaves T" = 53 observations, and p = 4 dimensions fitted with 2 lags (# = 2) and
seasonal dummies (77 = 4). The seasonal dummies are orthogonalized to the constant term. The data are plotted in
levels and differences in Fig. 2.1. All four variables appear non-stationary with stationary differences. We write the
model in the error correction form as

AX; = |_|Xr_1 + rlﬁXf_l + CDDLF + € ;.

Thus we have 4 X 53 observations and condition on the initial values corresponding to the data for 1974: 1 and 1974:
2. Each equation is fitted with &p + 7 = 12 parameters, leaving 41 = 53 — 12 degrees of freedom for the variance. The
estimated coefficient matrices are given in Tables 2.1, 2.2, and 2.3, and the correlation matrix and standard deviations
of the errors are given in Table 2.4.

In Fig. 2.2 the standardized residuals and their histograms are given for each of the four series.

We first investigate the residual autocorrelations in order to check that we have found a description of the data
consistent with the assumption of white noise errors. The residual correlations and cross-correlations are given in
Fig. 2.3. The large correlations (=27 2y are indicated with vertical bars.
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Table 2.1 The Estimates of IT For the Danish Data

The Vector Autoregressive Model

m y 7 7
A m —0.181 0.110 —1.042 0.638
Ay 0.186 —0.309 0.658 —0.648
A7 0.014 —0.018 0.082 —0.167
A7 —0.004 0.020 0.143 —0.314
Table 2.2 The Estimates of I', for the Danish Data
A m Ay A7 A7
A m 0.195 —0.096 —0.138 —0.462
Ay 0.504 —0.045 —0.377 0.060
A7 0.051 0.136 0.301 0.253
A7 0.069 —0.022 0.227 0.265
Table 2.3 The Estimates of the Constant and Seasonal Dummies for the Danish Data
season(1) season(2) season(3) constant
A m —0.023 0.016 —0.039 1.583
Ay —0.019 —0.007 —0.032 —0.390
A7 —0.003 —0.007 —0.007 —0.064
A7 —0.002 0.001 —0.003 —0.071
Table 2.4 Standard Deviations (o,) and Correlations (p,) for the Danish Data
10%, 1.90 1.95 0.76 0.48
0, 1.00
0.53 1.00
—0.45 —0.08 1.00
—0.31 —0.24 0.25 1.00

We calculated LM(1) = 18.62, which is distributed as y* with 16 degrees of freedom (p—value = 0.29), and LM(4) =
17.55 which gives a p-value of 0.35. An overall evaluation of correlations up to thirteenth order is given by the
multivariate Ljung—Box test LB(13) = 197.63 with p°(s — £) = 16 X (13 — 2) = 176 degtrees of freedom corresponding
to a p-value of 0.13. Finally we test the hypothesis £ = 2 in the model with £ = 3 lags and find the likelihood ratio test
LR = (T - kp — m) log (‘flz|f|fl3|) = 1642, This is again asymptotically distributed as y* with 16 degrees of freedom
and does



Table 2.5 The Univariate Diagnostic Statistics for the Danish Data

The Vector Autoregressive Model

ARCH(2) Skewness Kurtosis B
7 0.655 0.552 —0.075 2.09
y 0.875 0.524 —0.087 1.89
7 0.148 —0.297 0.576 1.17
7 1.292 0.415 0.562 1.72

not give any hint of misspecification. Next we investigate the individual series by the ARCH test for residual
conditional heteroscedasticity (of order 2). We calculate the Jarque—Bera test which is asymptotically y* with 2 degrees
of freedom. The results are given in Table 2.5. None of these tests seems to indicate that there are serious deviations
from the assumptions underlying the model. For an AR(2) model the properties are given by the roots of the
characteristic polynomial, or equivalently the eigenvalues of the coefficient matrix in companion form, which we next
calculate, and the results are given in Table 2.6. It is seen that the eigenvalues are all inside the unit circle but that some
are very close to the unit root ¢ = 1. Note also that there is no indication that the roots are close to any other value on
the unit circle indicating that the type of non-stationarity is the one that can be removed by differencing. That is, an
inspection of the roots indicates that we can focus on integrated variables and the subsequent chapters deal with how
to handle this issue in the framework that has been established, that is, the vector autoregressive model.

Table 2.6 The Eigenvalues (p) of the Companion Matrix for the Danish Data

Root Real Complex Modulus
o, 0.9725 0.0000 0.9725
0. 0.7552 —0.1571 0.7713
0, 0.7552 0.1571 0.7713
0, 0.6051 —0.0000 0.6051
0. 0.5955 —0.3143 0.6734
05 0.5955 0.3143 0.6734
o, —0.1425 0.2312 0.2716
0, —0.1425 0.2312 0.2716
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Fig. 2.1. The Danish data in levels and differences
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Fig. 2.2. Standardized residuals and histograms for the Danish data
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Fig. 2.3. Autocorrelation and cross-correlation functions for the residuals of a VAR(2) for the Danish data
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2.4.2 The Australian Data

As the other example consider the Australian data. We have here chosen the five-variable system discussed in Section
1.3 consisting of log prices in Australia and United States, the exchange rate, and a bond rate from each country. This
time we have data from 1972: 1 to 1991: 1 giving a total of T'= 75 observations, if we fix the first two for initial values.
Subtracting 2 X 5 + 4 = 14 we get 61 effective observations for the variance.

The data are plotted in Fig. 2.4 in levels and differences. It is seen that the prices are clearly non-stationary due to the
trend, but that the differences look more stationary. One notices that the interest rates move in much the same way for
the first part of the period, but then the US interest rate decreases while the Australian interest rate stays up. Notice
also the sudden fluctuation in the US interest rate around 1980. This fluctuation will show up in the test statistic for the
individual series below, see Table 2.11.

The estimates of the autoregressive model with two lags written in error correction form are given in Tables 2.7-2.10.
The graphs of the standardized residuals and their histograms are given in Fig. 2.5, and Fig. 2.6 gives the
autocorrelation function and cross-correlation functions.
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Table 2.7 Estimated Coefficient Matrix I1 For the Australian Data

29

P P excch " 2
A p —0.056 0.061 —0.008 0.308 —0.280
A pe 0.004 0.011 —0.022 —0.142 —0.016
A exch —0.020 0.093 -0.210 0.814 —0.257
A —0.036 0.084 —0.016 —0.462 0.073
A —0.069 0.137 —0.052 —0.080 —0.388

Table 2.8 Estimated Coefficient Matrix I', for the Australian Data

A p Ape A exch A A
A p —0.007 0.418 0.017 0.030 0.040
A pr 0.113 0.307 0.005 0.126 0.241
A exch 0.896 —1.457 0.038 —0.256 —0.181
A 0.294 —0.318 —0.014 0.250 0.031
A —0.110 —0.210 —0.011 0.050 —0.017

The test for residual autocorrelation of order 1 is LM(1) = 29.26 and for order 4 LM(4) = 16.86, each with p* = 25
degrees of freedom. These correspond to the p-values 0.25 and 0.89 respectively. The Ljung—Box statistic becomes
LB(18) = 442.197 with f = 25 X (18 — 2) = 400 degtrees of freedom corresponding to a p-value of 0.07. The univariate
diagnostic statistics are given in Table 2.11.

It is seen that the US interest rate has a very strong ARCH effect probably due to the very large residual around 1980,
see Baba ez a/. (1992). The normality tests and the histograms indicate that there are some very large observations
especially in the Australian prices and the US interest rate, whereas the exchange rate has a slightly skew distribution.
The methods derived are based upon the Gaussian likelihood but the asymptotic properties of the methods only
depend on the 1.i.d. assumption of the errors. Thus the normality assumption is not so serious for the conclusion, but
the ARCH effect may be. Fortunately it turns out the US interest is weakly

Table 2.9 The Estimates of the Constant and Seasonal Dummies for the Australian Data

season(1) season(2) season(3) constant
A p —0.001 0.006 —0.003 0.001
A pe —0.000 —0.001 0.002 —0.041
A exch 0.004 —0.007 0.009 —0.329
A7 —0.002 —0.003 —0.003 —0.154
A7 0.003 —0.003 0.003 —0.221
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Table 2.10 Standard Deviations (o,) and Correlations (p,) for the Australian Data

10%, 0.73 0.57 4.44 0.66 0.88
0, 1.00

—0.14 1.00

0.33 0.01 1.00

0.26 0.26 0.21 1.00

-0.41 0.50 -0.14 0.17 1.00

Table 2.11 Univariate Diagnostic Statistics for the Australian Data
ARCH(2) Skewness Kurtosis JB

P 1.134 0.214 1.470 5.96
" 0.850 0.322 0.499 1.69
excch 0.528 0.755 0.969 8.18
" 5.279 0.359 0.351 1.62
2 18.357 0.200 1.439 5.67

exogenous for the cointegrating relations and in Chapter 7 we analyse the conditional model, where we have
conditioned on the US interest rate as well as the past of all the variables. Obviously for a serious modelling of the data
we need to find out what happens to the US interest rate around the period with the large deviation. This will not be
attempted here.

We proceed to calculate the eigenvalues in Table 2.12, and see that there are roots very close to 1, but that none of
them is close to other points on the unit circle. Thus we conclude that we can continue with the analysis of the VAR
with two lags, as the starting-point of a cointegration analysis.

Table 2.12 The Eigenvalues (p) of the Companion Matrix for the Australian Data

Root Real Complex Modulus
o, 0.9894 —0.0000 0.9894
0. 0.9128 0.1192 0.9205
0, 0.9128 —0.1192 0.9205
0, 0.7303 0.0529 0.7322
0. 0.7303 —0.0529 0.7322
0, 0.1975 0.0000 0.1975
o, 0.1295 0.0000 0.1295
0, 0.0600 0.3718 0.3767
0, 0.0600 —0.3718 0.3767
[ —0.2561 0.0000 0.2561
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Fig. 2.4. The Australian data in levels and differences
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Fig. 2.5. Standardized residuals and histograms for the Australian data
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Fig. 2.6. Autocorrelation and cross-correlation functions for the residuals of a VAR(2) for the Australian data

intereat Fiate AL Eschangs Raln CorguimarPrize US  Consumer Pries AU

Imimresl Flats UG

Intarest Aate LIS

The Vector Autoregressive Model

Intarasl Rats ALl

Exchange Fals

Consumar Price US

Consumer Price AU

e

e

".-—r‘-_"\--

ey

'i'-"i""r"rr

-
P

Saie o
""._"11'"“

33



3 Basic Definitions and Concepts

IN this chapter we give the basic definitions of integration, cointegration and common trends, which will be applied in
the following, The definitions are essentially those given in Engle and Granger (1987) but have been modified slightly
to accommodate the simpler framework that we are working in. It is important that we allow the components of a
vector process to be integrated of different orders. The reason for this is that when analysing economic data the
variables are chosen for their economic importance and not for their statistical properties. Hence we should be able to
analyse for instance stationary as well as non-stationary variables in the same model, in order to be able to describe the
long-run relations as well as the short-term adjustments.

3.1 Cointegration and Common Trends

Many economic variables are not stationary, and we consider the type of non-stationarity that can be removed by
differencing. When modelling this phenomenon one can focus on two aspects of the economy, either the ‘stable’
economic relations between variables that show less variability than the original variables, or the cumulated
disturbances, which create the non-stationarity. The purpose of this section is to give these concepts a precise statistical
definition in order to be able to discuss them in detail in a statistical model.

It turns out that it is difficult to give a general definition of the concept of an integrated process without including
processes with unwanted properties, and we therefore give a definition that is not so general but which covers exactly
the processes that we want. Let in the following €, be a sequence of independent identically distributed p-dimensional
random variables with mean zero and variance matrix €.

DEFINITION 3.1 A /linear process is defined by, = 3.72,Ci € 1=0.1,. .. whereC(z) = 3.72,Cz' 25 convergent for | 3| =1+ 8 for some &
> 0.

Note that the coefficients decrease exponentially fast. In Appendix B some results are given for linear processes, which
we need for the probability analysis in Part II.
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DEFINITION 3.2 A stochastic process Y which satisfies thaty,— E(Y:) = Y.72,C e, i called 1(0) jjc=372,C,#0.

Note that the matrix C can be singular, and in fact it is this property that gives rise to cointegration in the following, As
a simple example of a univariate linear process consider the AR(1) process for |p| < 1,

(e

Xy = ZPI € 11

=0
The sum of the coefficients is X;2,0'= l‘—p, such that the process is 1(0). The process
Xot= €2 —0€ 9y,

is stationary for all 0, but for 0 # 1 itis an I(0) process. The process X, = (X,
since the C-matrix is

»X,)'is called an I(0) process even if 6 = 1

0
l-p #0, forall 8
0 1-6

The process X, given in the representation (2.4) has the property that X, — E(X) is an I(0) process, since C(1) =_A(1)™
is non-zero and in fact has full rank.

DEFINITION 3.3 A stochastic process Xis called integrated of order d, I(d), d = 0, 1, 2, . . . if A(X, — E(X)) s 1(0).

We only deal with integrated processes that are I(0), I(1), and I(2) in the following. Note that the property of being
integrated is related to the stochastic part of the process since we have subtracted the expectation in the definition. The
concept of 1(0) is defined without regard to deterministic terms like a mean or a trend. Note also that there are no
restrictions on the levels of an integrated process, only the differences.

Another aspect of the definition is that we want to describe the two-dimensional process consisting of a random walk
and a stationary sequence as an I(1) process thus allowing the component processes to be integrated of different
orders. Definition 3.3 has the property that it is invariant to non-singular linear transformations of the process. That is,
if X is I(1) and A is a p X p matrix of full rank then AX is also I(1).

A consequence of the definition is that the stochastic part of an I(1) process X, is non-stationary, since if

4
Xi=Xo+ ) ¥,
i=1
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for some I(0) process ¥,= ¥'2,C, ¢, ;, we can show that %72,
define the function C*(3) by the expression

ot o) = C(z) ccl) ZC”C 3¢

J=i+l

¢, # 0 implies that X is non-stationary. Let C(z) = 32 c.z'. We

It is shown in Lemma 4.1 that the power series for C*(g) is convergent for |g| < 1 + 8. Thus we have the
representation

C(z) = icf +C T (2)(1-2)=C+C (2)(1-2),

=0

with ¢=c(1)=%72,¢. Next we define the stationary process ¥, = %2,¢; €, , and interpret the relation as a relation for
the lag operator L. and replace ¢ by I and find

Y= Zc €., =Ce+Y, —Y, ¥ ZC £,,=C (L)e.

=0 i=0

Hence
¢ t . .
Xi=Xo+» Vi=Xg+C» &, +¥ —T.
=1 =1

This process is non-stationary since Y, = A X, is an I(0) process, such that C # 0. We next discuss stationary linear
combinations of the process X, Let therefore 3 be any vector in R/, then we have

i

* *

BXi=BXg+PCY €,+BY, -,
=1

which shows that if we want ' X to be stationary we must have ' C = 0, and then

BX=BY, +BXo-BY,.

This is stationary only if we choose the initial values of the process B' X, propetly, that is, if we take g xy=pgv,,
which case we get

ﬁXt ﬁYf

The definition of I(1) gives no condition on the initial values or the levels of the process, thus if we want to consider
the stationarity of linear combinations of levels we need the extra condition that the initial values can be chosen as
indicated.

We apply this idea in the definition of cointegration.
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DEFINITION 3.4 Let Xbe integrated of order 1. We call X cointegrated with cointegrating vector 3 # 0 #f B' Xcan be made stationary
by a suitable choice of its initial distribution. The cointegrating rank is the number of linearly independent cointegrating relations, and the
space spanned by the cointegrating relations is the cointegrating space.

Note that §' X need not be 1(0), but for AR processes the cointegrating relations we find are in fact 1(0), as we shall see
in Theorem 4.2. We give some elementary examples which illustrate the notion of integration and cointegration.

EXAMPLE 3.1 We define the two-dimensional process X, #=1,..., T by

t

Xy = E = F1 €2,
B t

Xzz—aE ;=1 €L T Eat,

Clearly X, X,, and also X, are I(1) processes. They cointegrate with cointegrating vector ' = (4, —1) since the linear

combination B' X, = aX|, — X, = e, — &, is stationary. If further
Xt = €4,

then cleatly X, is 1(0) but the vector process X, = (X, X,, X)) is an I(1) process now with two cointegrating vectors
given by (o, —1, 0) and (0, 0, 1). Thus we allow, with a slight abuse of language, for unit vectors as cointegrating
vectors, and see that by including a stationary variable in the process we increase the dimension of the cointegrating
space by one.

EXAMPLE 3.2 Let us define the three-dimensional process

t i t
= _ + .
X1y E z'=1§ Jr—lslj E z'=1£2‘t’
Xy = Et E‘f E-+b§ts-+s
n=d i=1 J=1 1; i=1 2i 3t

¢
X3x=c E = E2rt Ear

In this case X, and X, are I(2) processes, whereas X, is an I(1) process. Hence the process X' = (X, X,, X)) is I(2), and
cointegrates since

t
aXy—Xu=(a—b)> ex—tx
=1
is 1(1), and

acXyt—cXy—(@a—b) X3 = —cex—(a—b)ey
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is I(0). Thus (4, —1, 0) is a cointegrating vector that changes the order of the process from two to one, whereas
[ac, —¢, —(a — b)] changes the order from two to zero. Another possibility is to define the process as follows

t {
Xx=c E E €25+ €4

=1 j=1

In this case a different phenomenon appears since while «X, — X, is still I(1), stationarity can be achieved by
calculating

claXy—Xp) —(@—0)AX3= —cex— (a—b)Aey.

Thus differences of X, are needed to remove the non-stationarity from the process X, — X,. This phenomenon is
called polynomial cointegration and will be discussed briefly below.

Consider the following general process that illustrates the various possibilities in p dimensions for d = 2:

it & t
X = CZZZE‘{-FCIZE‘{-F Tp+ i+ %T2f2+Yg,f= 1,2,. ..
=1

=1 i=1
(3.1)

Here ¢, are as above and Y, is a linear process. Cleatly X, is I(2) if C, # 0, since it is non-stationary and differencing it
twice makes it 1(0). Note, however, that if C, = 0, then the presence of the quadratic trend implies that we still need to
difference it twice to make it I(0). We prefer to call such a process an I(1) process with a quadratic trend, since the
stochastic trend needs only one differencing,

The moving average representation (3.1) is a useful way of modelling the variation of the economic data through the
matrices C, and C, as the results of the influence of its unobserved common trends given by the cumulated sums of .
It is furthermore very convenient for describing the properties of the process, the mean and covariance functions can
be calculated and the cointegration properties are easily illustrated, as will now be discussed. The asymptotic properties
too are simple consequences of (3.1).

Granger (1981) used this representation to note that if we take linear combinations 3, such that §' C, = 0, then the
order of integration of the process is reduced from 2 to 1. He coined the phrase cointegration and denoted it CI(2, 1)
in this case. The idea is to describe the ‘stable’ relations in the economy by linear relations that are more stationary than
the original variables.

DEFINITION 3.5 The 1(d) process X is called cointegrated CI (d, b) with cointegrating vector 3 # 0 if B' Xas I (d — b), b=1, ..., d,
d=1,...
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Thus the class CI(1, 1) are the integrated processes that are (1) and which cointegrate to I(0). In general we can have
cointegration to stationarity but we mainly meet processes that are CI(1, 1) when working with auto-regressive
processes. If in (3.1) we can find B such that ' C, = ' C, = 0, then clearly §8' X is stationary apart from its quadratic
trend. Thus the stochastic variation has been reduced to stationarity. We call 8' X, trend stationary (with a quadratic
trend). Thus cointegration is a consequence of reduced rank of the matrices C, and C,. If we find two vectors {3, and {3,
such that B'C, = 0, and such that §',C, + B'.C, = 0, then, disregarding the deterministic terms,

BoX:+ B1AX;

i 5 t
=B0C2Y D i+ (BoCi+ Pl g+ BoYs+ B1C1E + B1AY,

=1 i=1 =1

which is stationary by the choice of B, and §,. Thus the levels X, are reduced to I(1) by the coefficients 3, and these
linear combinations then cointegrate with the differences through the linear combinations ', A X, which also form an
I(1) process. This phenomenon is called polynomial cointegration, see Engle and Yoo (1991), Granger and Lee (1989),
Gregoir and Laroque (1993), and Johansen (19884, 19924). This will be exemplified for I(2) processes in Chapter 4.

DEFINITION 3.6 The 1(2) process X is called polynomially cointegrated if there exist 3, # 0, and B, # 0, such that 3'.X, + B', A Xis

Stationary.

The representation (3.1) models the variables by common trends, and the reduced rank of the coefficient matrices C,
and C, ensures that the variables cointegrate, since by suitable linear combinations the common trends can be
eliminated, thereby creating the ‘stable’ economic relations. Another way of modelling cointegrating variables is
through the error correction models.

An example of a reduced form error correction model is given by the equations
AXi=af' X, +u+et=1,....7T,

(3.2)

with initial value X, where o and § are p X r matrices. One motivation for this model is to consider the relation B'X, =
EB' X) = ¢as defining the underlying economic relations, and assume that the agents react to the disequilibrium error
B' X., — ¢ through the adjustment coefficient o, to bring back the variables on the right track, that is, such that they
satisfy the economic relations.

Together with a matrix a of dimension p X rand full rank we consider another matrix «, of full rank and dimension
P X (p — 1) such that «' o, = 0. Then rank(x, a,) = p. The matrix «, is not uniquely defined, but
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whenever we use it the conclusions do not depend on which version we choose. Note the beautiful relation

Bl 1B ) o +aBa)y =1,

which expresses that if ' o has full rank then any vector » in R’ can be decomposed into a vector in 7, € sp(3)) and a
vector in 2, € sp(a):

v=vi+vy= By (o BT A vra(fa)Tpy.

It is not difficult to show, see also Theorem 4.2, that if o', has full rank then one can solve (3.2) and find a
representation of the form (3.1):

{
X3=CZE;+ To+ i+t
i=1
where
— r _1 r —
C=p,(a" 1 p) o and 1 =Cp,
(3.3)

whereas the value of 1, depends on initial conditions. To see this multiply equation (3.2) by 8' and let U, = 8' X, Then
we get the equation

U=+ a)Us 1+ u+fpe,

such that the ~dimensional process U, is stationary if the matrix (I + ' o) has its eigenvalues inside the unit circle. In
this case we find the stationary representation from Theorem 2.2

BX=d U+Fo)f e+,

=0

Multiplying (3.2) by o', we get the equation
a AN =d g+al

which has solution o' | x;=o | Xg+ ¥, o (g +p) . Combining these results we find

Xe=(Bu(a 1By +a(Ba) B)X;

=CXo+CY _(B+m+aBa Y T (+ B (6 + ).

This is an instance of the celebrated representation theorem by Granger, see Engle and Granger (1987), which is just a
way of finding the moving average representation from the autoregressive representation, and vice versa, when there
are I(1) variables in the system.
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Fig. 3.1. The process X, is pushed along the attractor set by the common trends and pulled towards it by the
adjustment coefficients

X

\a sp(B1)

/ Ct'l z:=l €

- X,

It is seen from this representation that the non-stationarity in the process X, is created by the cumulative sum of the e,
but from the expression for C it is seen that only the combinations o', £_ ¢ enter the processes. This gives rise to the
following definition:

DEFINITION 3.7 The common trends in (3.2) are the variablesa' | £'_ ¢,

The error correction model (3.2), which is constructed around the disequilibrium errors as error correction terms, and
the moving average model (3.1) that is constructed in terms of unobserved common trends, are of course
complementary, in the sense that the two approaches are mathematically equivalent, but they may appeal to different
types of intuition.

The picture that one should have in mind is that the cumulated disturbances, a' | £/_ ¢, push the economic variables
around in the space spanned by 3, the attractor set. The agents react to these forces and create economic variables that
move around the common trends following the economic ‘laws’ or structural relations ' X, = E(B' X) in the sense that
the variables react to the disequilibrium errors ' X, — E(B' X) through the adjustment coefficients « and are forced
back towards the attractor set.

Thus the long-run relations B' X, = E(B' X) are not relations that are satisfied in the limit as # — %, or relations
between levels of variables in equilibrium, but they are relations between the variables in the economy, as described by
the statistical model, which show themselves in the adjustment behaviour of the agents in the sense that the agents try
to force the variables back towards the attractor set defined by the relations.

There are many ways of interpreting the attractor set. It is a consequence of the equations, that the system, if left to
itself by letting e, =0,/ =1,2, ...,
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will converge to a point on the attractor set. Another way of thinking about the attractor set is that again if the noise is
shot off and we place X in the attractor set, then X, stays there, hence there is no inherent tendency to move away
once the attractor is reached.

It must be emphasized that the picture above is only valid for model (3.2) where the short-term dynamics have been
left out. See Example 4.3 for an example where none of the variables reacts with a coefficient with a reasonable sign,
despite the fact that the process is actually cointegrating, and exercise 4.3 for an example where o' X is stationary,
which shows that we cannot replace the common trends o', 2. by o' X, We return to the problem of how to choose
linear combinations of the levels to represent common trends after the representation given in Theorem 4.2.

The notion of common trend and cointegrating relation appear side by side and are of course two sides of the same
coin. This will be apparent in the following, where 3 and «, can always be treated in a similar manner. There is,
however, one aspect in which the two concepts are radically different. The cointegrating relations enjoy the property
that if the information set is increased by adding new variables, then the cointegrating relations that we found for the
smaller information set correspond naturally to cointegrating relations in the larger set where the new variables have a
zero coefficient. An unanticipated shock in a small system which forms the basis of the common trend need not be
unanticipated in a larger system, since the unobserved shock in the small system could depend on the added variable,
in which case it would not be an unanticipated shock anymore, and hence the definition of the common trend has
changed, see Hendry (1995).

3.2 Exercises

3.1

Let

Show that (1, =2, 0) and (0, 0, 1) are cointegrating vectors for the I(1) process X.
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3.2

Let

¢ i ¢
X1 = g 1'=1§ =iyt E ;=q 52+ &3
. t i t
Xy = E ;‘=1E =181 E =162t €3
X = £ £+ : £y + E
3t E ;=1 EUi E ;=152 ¥ E3t.

Show that X is I(2) and that X, — X, is I(1), X, — X, — 2X is (1) while X, — X, — 2X, + 2A X, is stationary.

3.3

Consider the simple process X, = e,

1. Show that X is I(0).
Define Y, = A X.
2. Show that Y, is stationary but that it is not I(0).
3. Show now in general that if X, is 1(0), then A X is not [(0), and neither is AX, /=1, 2, . ..

One could in this case call A’X| an I(—d) process.

Note that we have shown that if X is I()) and I(4) then d, = d,, and further that I(0) does not include all the stationary
processes. The processes in the union of I(—=d), d = 1, 2, . . . are also stationary.

3.4

Let Zli= Ef:]gl.f) and Zzz = €

1. Show that Z, is 1(0), and that Z,and Z, = Z, + Z, are I(1).
2. Show now in general that if X is I(4) and Y is I(d), whete d, = 0,1,...,4,=0,1,...,and d # d, then X, + Y,
is I(d) where

d = max (dl,dgj.

3.5

Consider the autoregressive process X, defined by

1
AXy= — §(X15—1 — Xy 1) + €1
AXy = €y

Find an expression for X, as a function of X, ¢, . .., . Show that X, — X, can be given an initial distribution such that
it becomes stationary.
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3.6

Consider the equations
1
AXy= — E(Xlr—l — Xy 1) + €1
1
AXy = Z(Xlr—l — X 1) + €2

Solve the equations for X, and X,, and show by direct calculation that X, — X, is stationary, while the processes X,
and X, are non-stationary. (Hint: find an equation for X, — X, and another for X, + 2X,))

What happens if you replace ;1 by 47

3.7

Under the assumption that 8' « has full rank show that

1. (x, B) and (B, a,) has full rank.
o, B, has full rank.
Let x = o x, + B.x,.

3. Show that
x=(fa)yp,
= (o B x,
and hence
I=a(fo)y'p +B(a B o).
3.8

Consider the model
AXy=af' X, +tpu+e=1,....T
(34
Show that if |eig(l + B' o) | < 1, then X has the representation
¢
Xi= (I-a(fa)y ' B)(Xo+ Y e+pun+7,
=1

where Y, is a stationary process. [Hint: multiply (3.4) by §' and solve for §' X, then insert it into (3.4) and sum over ]



4 Cointegration and Representation of Integrated
Variables

THIS chapter contains the mathematical and algebraic results needed to understand the properties of I(1) and I(2)
processes generated by autoregressive and moving average models. The basic result which is applied throughout is
Theorem 4.2, which solves the problem of giving necessary and sufficient conditions on the coefficients of the
autoregressive model for the process to be integrated of order 1. For this purpose we reparametrize the VAR model as
an error correction model and introduce the matrices (I, I', C) which will be important for the subsequent discussion
of the models. In section 4.1 we give the conditions for the solution of the autoregressive equations to be an I(1)
process and derive its moving average representation. In section 4.2 we show the opposite result that a process defined
by its moving average representation as an I(1) process with cointegration can be represented as the solution of an
(infinite order) autoregressive set of equations. In section 4.3 we give the representation theorem for I(2) variables.

4.1 From AR to MA Representation for /(1) Variables

We consider again the p-dimensional autoregressive process X, defined by the equations (2.1) but written in error
correction form

k-1
AXi =X, + Y TAX, +PD+gt=1, T,
i=1
(4.1)

for fixed values of X ., . .., X|, and independent identically distributed errors e. Here n=¥* -7 and I = Zf;.'=,+ My
and for later use we define r=7-3"]r,.

This way of reparametrizing the model is convenient for the following, For a process with two lags the explicit
calculation is

Xe—Xe 1 = (M — DX + T Xy 5+ PDs + &
=M+ —NX; ) —Ma( Xy — X p) + PDs + €
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This is a special case of the general form (4.1). From now on only the form (4.1) will be applied for the analysis of I(1)
processes.

Before formulating the main result we consider two examples.

EXAMPLE 4.1 Let the process X, # =1, ..., T, be defined by the error correction model
AXyp= (X — Xy q) + 61s,
AX 2 = Eas.

Subtracting these equations we find
Xy—Xpp=(1+0)(Xypoy — K1) + €1 — €z,
and hence by Theorem 2.1 it follows that

t-1 |
Xyp= X = (1+01) (Eypy — £30-) + (1 +01) (X190 — X20),
=0

and

¢
X=X+ E €25
=1

If -2 < o, < 0 we can choose X, — X, to be stationary by choosing the initial values X, — X, to have their invariant
distribution. If this is expressed as

Xio—Xp= Y (1+0y)' (61— &21)
i=0

we find

Xyp— Xy = Z (1+a)) (e — €x)
i=0

Thus X, and X, and hence X are I(1) with cointegrating vector (1, —1) if and only if =2 < «, < 0. If o, = 0 we get an
I(1) process consisting of two random walks that do not cointegrate, and if |1 + a,| > 1 then the process becomes
explosive. If a, = —2 we get a non-stationary process which is not I(1). Thus the properties of the process depend on
the choice of parameter values.

EXAMPLE 4.2 Let X, =1, ..., T, be defined by

AXy:= €1,
AXy=Xqp g + €2t
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These equations can be solved for

¢
X = E €1; + X0,
i=1

and

t t ¢ i-1
Xy=Xpo+ > (Xy_1+e)=Xao+ Y e+ Y Y €;+tXn0
i=1 =1

=1 j=1

Thus this simple autoregressive model with only one lag can generate an I(2) process. Note that the initial value X,
generates a linear trend in the process.

The conclusion that can be drawn from these examples is that some conditions are needed on the coefficients to
determine what are the properties of a process generated by an autoregressive model.

In the following we apply an expansion of a power series at the point 1 given in
LEMMA 4.1 Letcizy=3r2zCbe convergent for |z| < 1 + & for some & > 0, and defin-
€C) = =N mCpi =0 anaC” (z) = 2 2'C" . Then CF () is convergent for || < 1+ 8 and

C(z)=C(1) +(1-2)C " (2).

4.2)

Further it holds thar¢™ (1) = = “52

c=1= = X iCy L If C(R) is a polynomial, then so is CX(3).

PROOF Since the coefficients C, are exponentially decreasing the same holds for ¢, such that C*(g) has (at least) the
same radius of convergence. Identifying coefficients in (4.2) we find

Co=C(1) +C;,

ci=c'-c

i = L2,

which has solution ¢;" = -%7.,,,¢,. It follows from (4.2) that

#* dC(z = i = *
cr() = —%lﬁﬁ -y =)y ¢
0 i=0

i=

Note that if C(3) is a polynomial then the entries in the matrix polynomial C(3) — C(1) are polynomials too, with the
property that they have a zero at ¢ = 1. Hence each can be factorized as (1 — g) times a polynomial. Thus if C(3) is a
polynomial then so is C*(3), see (2.7).

O
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Below we formulate the main result in this chapter, but first we need some notation. The characteristic polynomial for
the process X, given in (4.1) is

k-1
Az)= (1-2I-Mz- Y T(1-2)7"

i=1
Note that A(1) = —II and that

. k-1
A(1) = %A(Z)E:l =-N-7+Y r=-N-T.
=1

Expanding the polynomial around g = 1, we apply Lemma 4.1 twice and find that we can define

cr A2 — A1) —A(D)(z—1)
4 (z)= (1—2)2

such that
A = N+ (+M(l-2)+4 " (2)(1-2)%

where A**(3) is a polynomial. If in this expression we replace ¥ by '’ and 1 — by A = 1 — L we can write the
equation for X, as

A Xe= —NXe+ (T+MAX, + 4" (DAY, = 6+ D,

(4.3)

The conditions of Theorem 4.2 below (known as Granget's representation theorem), are expressed in terms of the
parameters I1 and I, that is, the value of .4A(") at ¢ = 1 and the derivative of A(*) at gz = 1.

If A(z) has no roots with modulus = 1 the process X, becomes stationary, and since we here want to describe I(1)
processes, we allow roots at the point ¢ = 1, see Assumption 1, p. 14.

If we allow for unit roots, then IT = — _A(1) has to be singular. A singular matrix of rank 7, say, has the representation
IT = o B' for some p X r matrices « and B. To see this let §' denote rlinearly independent rows of I'T and let o denote the
coefficients that are needed to write the rows of IT as linear combinations of the rows ', then IT = a $'. Recall that if 3
is any p X r matrix of full rank, we define B, as a p X (p — ) matrix of full rank, such that §' 3, = 0. An explicit
construction of 3, can be given as follows: let ¢ be the p X r matrix ¢ = (I, 0)', where I is an » X ridentity matrix, and
choose ¢, = (0, 1, ). Then one can take

BL=Up—c(Bc) " Be,.

This definition works for any matrix ¢ for which ' ¢ has full rank. For mathematical convenience we define 8, = 0 if
has full rank p, and define
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B. = 1 if B has rank 0. Further we define E =B (B'B)", such that the projection on the space spanned by the columns of
Bis P,=B@'B) "' B' =B p =pR,and B'B = @' B = I. These normalizations will be discussed in more detail in section
13.2.

THEOREM 4.2 If | AR) | = 0 implies that || > 1 or 2 =1, and rank(I1) = r < p, then there exist p X r matrices & and B of rank
r such that

MN=af.
(4.4

A necessary and sufficient condition that A X, — E(A X)) and 3' X, — EB' X)) can be given initial distributions such that they become
I0) is that

—o A=A TEL1£0.
(4.5)
In this case the solution of (4.1), X, has the representation
t
Xp=CY (6 +DD) + Cr(L) (6 + DDy + 4,
i=1
(4.6)

where A depends on initial values, such that 3' A = 0, and where C = B, (o', I B) " o'\. I follows that Xis a cointegrated I(1) process
with cointegrating vectors B. The function C\(3) satisfies

4tz =co L i@, 241,

-z
4.7)
where the power series for C,(3) is convergent for || <1 + & for some & > 0.

The solution of equation (4.1) contains contributions from the ¢ and from the initial values. Since some linear
combinations of the X as well as A X, can be made stationary by suitable choices of the initial distribution the
representation (4.6) only contains part of the initial values. Thus for instance if the process has one random walk
component and one stationary component, then the representation (4.6) only contains the initial value of the random
walk. Instead of all the initial values X ,,, ..., X only X| is present because A X has been represented as a stationary
process. Thus it is not a representation of the process given the initial value X, but a representation that includes as
little as possible of the initial values.

It is an immediate consequence of the representation (4.6) that ' X, — E(8' X) is stationary, since §' C = 0, and in fact
B'C, () (e, + @ D) is a representation of the disequilibrium error §' X, The matrix C plays an important role for the
understanding of the (1) models. For large 7 the random walk dominates the stochastic component of X and the
variance is given by the so-called long-run variance CQ C'. This matrix is singular,
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and in fact the null space is the directions determined by {3, the stationary components. One can interpret the matrix C
as indicating how the common trends o', Z_,¢ contribute to the various variables through the matrix 3,. Another
interpretation is that a random shock to the first equation, say, at time # = 1 gives rise to short-run random effects as
represented by the coefficients of C (L) which die out over time, and a long-run effect given by Ce,. This permanent
effect is orthogonal to B such that the process is shifted to another position on the attractor. Thus the coefficients of
the cointegrating relation cannot usually be interpreted as elasticities, even if the variables are in logs, since a shock to
one variable implies a shock to all variables in the long run, and hence the coefficients do not in general allow a cezeris
paribus interpretation, see Liitkepohl (1994).

PROOF There is no loss of generality in setting @ = 0. The idea of the proof is to apply Theorem 2.2 for stationary
processes to Z, = ' X and U, = B', A X, which, if the theorem is correct, will be stationary. We find the expressions

Xi=(Pg, +PR)AX; = Ui+ BAZ,
Summing from 7 =1, ..., 7 we get
- ¢ _ _ _ 4 —
X;=PLY Ui+ PZi+ Xo—PBZo=P1 Y Ui+ PZi+ Pg Xo
=1 i=1
4.8)

This shows that if the process y, =z, is stationary the results will follow. Note that Z, is 7~dimensional and U, is
(p — r)-dimensional, and that

X' = (X' AX ).

We want to show that y, is an autoregressive _process and therefore want to show how (4.1) or (4.3) can be rewritten in
terms of y,. We multiply equation (4.3) by o' and o', and get

—ﬁ’Xf+0t (r+af )/_\.Xf+0t A" (L)/_\. X¢= o &,

4.9)
J_FAX;"‘G’J_A (L)A Xi= G’J_Eg
(4.10)
These equations define the process X, # =1, ..., T} as function of the initial values and ¢, . . . , . Note that

multiplication by o', cancels the term involving the levels.

Next inserting the expression for §' X, and A X, in terms of Z, and U, we obtain equations for the new variables

—Zf'l‘a(r'l‘o.'ﬁ )ﬁﬂZg'FG rﬁJ_Ug'FGA (I,)& X = GE},

(4.11)

irﬁAZr"’G’irﬁiUﬁ‘G’ifl (DA%X, = G’ier

(4.12)
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Since A’X is a function of 5y, and a2y,, equations (4.11) and (4.12) can be written

oy |z o
8 E;]+A**(L)5X:=(G=GL)’53-
t

AL X; =

0 a’irﬁgl

Here A**(L) is a polynomial in the lag operator I. which collects the remaining terms. Thus the process ¥, is an
autoregressive process with a lag polynomial A(3) that satisfies the relation

(0,0,)'4(z) = (0,0, ) A (BB (1—2) (BB (1-2))

=A@ (BL(1-2)) 27 1.
It follows that 4.13)

A(z)| = |00, ) A (BB L (1-2) |21

has the same roots as |.A(3)| except for ¢ = 1. Note also that

. I oTp
A = B
0 o J_rﬁj_
has full rank if and only if assumption (4.5) holds since 4.14)
AL = [’ T8 |#0.

(4.15)

Thus A(3) has no unit roots and all other roots are outside the unit circle by Assumption 1. Hence the processes Z, and
U, are given by the autoregressive equations

- ~ - Z _
A(L)X; = AL) [Uj = (a,a.)' &,

(4.16)

which are invertible if and only if condition (4.5) holds, as we have removed the unit roots from the process by the
transformation from X, to the process y,.

Thus U, and Z, can, by Theorem 2.2, be given initial distributions such that they become stationary and in fact I(0).

This proves the main results of Theorem 4.2, but we want to get an explicit expression for the leading term in the
representation of X in terms of the ¢, that is, the matrix C. From (4.16) we find

X=C(L)(a.a] ) €&,
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where Cz) = Az)™ = 4(1)™ + (1 _:)C“;‘(E), see (4.2), since (1) = 4¢1)t, such that

Xe= AN (aa ) 6+ C* (D) (a0, ) Aty

which implies that

(0.0, ) X:= U= (00, )AL (a0 ) & + ATy,
Where Y= {OJP _}-:)E‘XCL)(U,C( [ )rce. Summlng we ﬁnd
_ t _ - _ t _
BLY U= (0804 aa )y &+ By (¥i—To).
i=1 i=1

The coefficient to the random walk is found to be:

C =(0,8.)4(1) (aa,)’
-1

_ /] o'lB _
=gl T TP @y

0 o TB,
- a _f n _l_f —_— r _1 !
=g (e M) ay =6, IB) o,
Next insert these results into (4.8) and we get
t _ _
X;=CY &+f) (Y- Yo) + B+ Pg, Xo.
=1

We let 4= g y,+ Pg, Xo> which shows that §' .4 = 0. Finally we define C,(I) by

C1(L)€r= PLY:+ PZ:
The representation (4.6) implies, for @ = 0, that
AX:=Ce+ Ci(L)Ag,
or equivalently
(1-2)47(z) = C+ C1(2)(1 ~2),
which shows (4.7).

O

COROLLARY 4.3 Under the assumption that | AR) | = O implies | 3| > 1 or 3 =1, the number of unit roots is greater than or equal
to p — r where r = rank(I1). Equality holds if and only if Xis 1(0), (r = p), or I(1), (r < p).
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PROOF The first statement follows from the representation (4.13) which shows that the number of unit roots is at least
p — rsince the matrix (3, B, (1 — 3)) has p — runit roots. Equality holds if and only if A(L)) has no unit roots, that is, if
and only if the process y, is I(0). If this is the case then X is also [(0) if » = p, otherwise X, is I(1).

O

The corollary shows that the number of unit roots of a system cannot be decided by inspection of the matrix IT alone,
that is, the value of the polynomial at ¢ = 1. Just like for univariate polynomials a condition on the derivative is needed,

see (4.5). The result is a special case of a general result for higher order integrated systems, see Johansen (19884) or
Boswijk (1993).

This result gives a useful diagnostic tool to see if a fitted I(1) model contains processes that are I(2), since if the
processes are (2) then the unit roots of the polynomial A(g) cannot be removed by changing the rank of I, that is, by
changing the cointegrating rank.

COROLLARY 4.4 The process B' Xis not cointegrating, and the same holds for o' I Xand they can both be used as common trends.

PROOF It follows from the expression for the matrix C = 3, (o' I' 8))'o', that if 3, has full rank p — r then so does ',
and hence @',C has full rank p — r which shows that ' X, does not cointegrate. Next note that

o  TC=a'  Bi(a B =o' |,

such that
O TXr=a | Y (& +PD) +a \TCo(L)(6:+PDy) +a' | TPg, Xo.

Thus the linear combinations o', I' X, almost capture the common trends as defined in Definition 3.7.
]

The representation in Theorem 4.2 is known as Granger's representation theorem, see Engle and Granger (1987), even
though they state a slightly different version, see Theorem 4.5. Thus they arrive at cointegration from an assumption
that X, is at most I(1), and an assumption that the moving average representation is of reduced rank. We have chosen
in Theorem 4.2 to go the other way and start with the autoregressive model since that is what is usually fitted to the
data, and then express in terms of conditions on the parameters when we get I(1) variables and cointegration. The
importance of this result is first of all that it shows the equivalence between the notion of error correction models and
cointegration. Thus the process that satisfies an error correction model must exhibit cointegration and a cointegrated
process can be considered a solution of an error correction model. Another important aspect of the representation
(4.6) is that it immediately gives
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the asymptotic properties of the process X, defined by the error correction model.

Perhaps the most important consequence of condition (4.5) is that it allows to formulate a corresponding result for
I(2) processes, see Theorem 4.6.

EXAMPLE 4.1 continued. For this case we find

[z )
0 0 01

such that B = (1, —1), « = («, 0)", B, = (1, 1)", o, = (0, 1)' and finally condition (4.5) becomes

aurﬁf(o,l)[é ‘1)][1]1

which has full rank consistent with the solution being I(1).

o[ - ]

giving | A(z)| = (1 — g)*, such that Assumption 1 is satisfied. We also find that« = (0, 1)', 8 = (1, 0)", o, = (1, 0)' B, = (0,
1)'and o' I" B, = 0. Thus in this situation condition (4.5) is not satisfied, corresponding to the process being I(2). Note
that I" has full rank despite the property that o', I" 8, = 0.

EXAMPLE 4.2 continued. We find

EXAMPLE 4.3 We define the process X, by the equations
AXy= i(Xlt—l — X 1) + VAN 1 e
AXy= — %(Xlt—l —Xot1) t €2t

If y = 0 these equations are easily solved to give
X=X = %(Xlt—l —Xp-1) + €1t — €,

which shows that X, — X, and hence also X, and X, are explosive, simply because the error correction coefficients
have the wrong sign, such that X is pushed away from the relation X, — X, = 0. We now want to show that if we
choose y = 9/4 then the process becomes I(1). For y = 9/4 we find

M = 1/4 —1;’43r= | —9;’4.
-1/4 1/4 0 1

This gives
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o | 15274 —8z/4+9z%/4
z/4 1—5z/4

(z)| =d

923/ 16+3322/16-10z/4+1

(1-2)(3z/4—-1)%,

which has roots 1 and 4/3 which are outside the unit disk or at 1. Further

1 ' — ' — ' — !t — |
a= Z(]-:_]-) 36_ (13_1) sdJ_ - (131) sﬁJ_ - (131) Ko J_rﬁl - _Z'

This shows that the process is I(1) since condition (4.5) holds with (1, —1)" as a cointegrating vector despite the fact
that the adjustment coefficients have the wrong sign. Thus the effect of the adjustment coefficients is not so easy to
assess without taking into account all the parameters of the model.

4.2 From MA to AR Representation for /(1) Variables

In this section we want to find out when an I(1) process given by its moving average representation can be shown to
satisfy an autoregressive equation.

Thus let ¢(z) = ¥'2,C2' be convergent for || <1+ 8, C(1) # 0, and assume that Assumption 1 is satisfied for C(3). We
further assume that the I(1) process X, satisfies

AXy=C(L)(&+ DDy,
4.17)

such that A X is an [(0) process. We let C = (1) and introduce C* = —dC(3)/dz| .,

THEOREM 4.5 If rank (C) = p—r < p, then C =& for§ andn (p X (p — 1) of full rank. If furthermore § .C*n,has full rank then
. (X, — E(X)) can be given an initial distribution such that it is stationary, and X satisfies an (infinite order) error correction model of
the form

then the following result holds

ADX;=n, (8 .0 n ) X+ AT (DAX, = g+ D,

(4.18)

PROOF We assume again without loss of generality that @ = 0. The proof runs roughly as that for Theorem 4.2. We
write (4.17) as

AX,=Ce+C (DAe=Ene+C (DAey,
and multiply by E’ and E’L and introduce the variables # = 7' ¢, and », = 7, ¢, such thate, = Hﬂ, + RV/- Then
EAX, =g+ &C (DA

=u+ &CT (DA + 1 ve),

(4.19)
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and

& AX;= & | CT(D)As:.

Summing (4.20) we find (4.20)

E'lf‘fr— E'¢ (p= E'LC’((L)(-‘-}— €p).

This shows that if we choose E'LX, to have initial distribution E’iC* (L) &, then E'lX, has the representation (421)

EJ 14X = E' 10T (L)E = E' 1CN(L) (_;}Mr*‘ -"_M"’t),
4.22)

such that E'LX, is stationary. We then find from (4.19) and (4.22), since C*(1) = C*, that in terms of the errors # and ,
we find

%’axi _ E;(L)[ff] - [E';?*r} E*l:j*r}l][t:j] + c“(z)a[*jj],

for suitable functions ¢¢;) and C**. The matrix ¢() given by

~ ! 0
can=| L
&en &0,

has full rank by the assumptions made. Thus 5 = 1 is nota root in ¢(;). Just as before we can check that the remaining
roots of C{(g) are outside the unit disk, such that ¢¢;) can be inverted. Let j(z) = ¢¢zy-t- Then (4.23) can be solved for #,
and »;

(4.23)

[:ﬁ]zﬁ(z) el Tes ‘_SJAX“ + A% (DA f'ﬂX’i .

& X §' Xy §'LX

. 0
A(l)
& Xy

all remaining terms involve only A X and can be collected in a term A**(I)A X, Thus

uy ~ 0 ~ -
[W]=A(1J +A* * (L)DX,

The only term that involves the levels is

& Xy

Hence

- I 0 oo .
&= (MmN - - - - - [t lnoa * (LAX,
§iC*n &iC*ni| [§LX:
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which can be written

Ni(E 1C*n ) E X+ (M)A * (DAX =&,

which is the required result if we define A%(3) = (1, 1) A**(3).

O
4.3 The MA Representation of /(2) Variables
We consider again the equation
AX=T1X, + irg-ﬂXf_i- +PD;+et=1,...T.
=1
(4.24)

The result of Theorem 4.2 shows that in order to find solutions of (4.24) that are I(1) we need condition (4.5) that o' I"
B, has full rank. If this matrix has reduced rank we get the possibility of finding processes that are integrated of order
higher than one. We here focus on I(2) since it seems that higher orders of integration than two are not so important
for the type of macro economic data that we have in mind. The result is taken from Johansen (19924).

We have seen that for I(2) processes we can have vectors that reduce the order of integration of the process from two
to one, and linear combinations that cointegrate with the differences of the process. These linear combinations can be
expressed in terms of the parameters o, 3, and I', but in order to do so we need some notation. If o', I' 8, has reduced
rank s it holds that

o' B, =3¢

for some § and 7 of dimension (p — 7) X s, and rank s, with s < p — n We then decompose o, and B, as follows

G =a,&u=a;¢,,

Br1=Binfr=p.n..

Thus (o, a,, a,) is of full rank p and o, a,, and «, are mutually orthogonal. The same holds for (B, B,, 8,). The directions
given by (B, B, B,) express the different types of cointegration that are possible for I(2) variables. The following

relations can easily be verified since o' o, = (o', o)
oMy = (e ja) o TRIn =& 1a) ' énn, =0,
a2l Be=¢ 0 TG n, =8 ,énn,L =0,
aalB=¢ 1o TRI(B B N=¢1En(B 1B n=0.
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We also find

a1 Br= (& (e 1a ) O 1a) (B LB TN (B BT T =L
We need a special notation for the matrix
__ k-1
o=TpaT+ > il
=1

since it will appear in the conditions below. With this notation we then formulate a representation theorem for 1(2)
variables which is an analogue of Theorem 4.2 for I(1) variables.

THEOREM 4.6 Assume that | AR)| = 0 implies that |z| > 1 or 3 =1, and that

M=af.0B(pxry of full rank r< p,

(4.25)

a' MR =8¢n.en((p—r)xs) of full rank s<p-—r.
(4.26)

Then a necessary and sufficient condition that the processes N°X, B') A Xand ' X, — o T Ezﬁ'zA Xorrected for their means can be
made 1(0) s that

__ k=1
268, = o2 {TRa'T+ > i} B

i=1

(4.27)
has full rank. In this case the process Xhas the representation
4 5 t
X:=Cr) D (6+OD)+C1Y _ (6+PD) + Co(L)(6:+ DDy + A+ B,
§=1 (=1 i=1
(4.28)

where
C2= (0 2662) o'z,
BC1 = aTBy(0r266y) o'y = o[ Ca,
B1C1 =01 — o' 168200 2662) Loy = o' 1 (7 - 6Cy).

The coefficients A and B depend on the initial conditions and satisfies (3, 8,)' B = 0 and 8' A — o T BZS'ZB = 0.

Thus Xis an I(2) process and the vectors (3, B,) are cointegrating vectors that reduce the order from 2 to 1. Finally Xallows polynomial
cointegration since 3' X, — o' I B,B', A Xyorrected for its mean can be made 1(0). The function C,(3) satisfies
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Al =0 1 +(p . - + Ca(z),

(1-* 1
(4.29)
and has a convergent power series for |z| <1 + 8 for some 5 > 0.
PROOF We set @ = 0 without loss of generality. The idea is to apply Theorem 4.2 to the variables
Zi= B X V= BrXnUs= B2AXs
(4.30)

which, if the theorem is cotrect, will be I(1). Thus we want to show that the process y =z, v, is an I(1) process
under the conditions stated, and we therefore want to derive the autoregressive representation for this process from
(4.24). Just as for the proof of Theorem 4.2 we expand the polynomial A(3) around the point ¢ = 1 and find the
derivatives

dA(z) | de)my = ~1-N+ > 'r= —ap T,

k-1,
=1 = Z‘_=11rj = LIJ

d*A(z) | dz*

Then
Azy= —af + (T+af)(1-2) + W(1 -2 + 4" (D) (1 -2)°,
where A*(3) is a suitable polynomial. From (4.30) we find
AXx = BAZ, + A, + BATL,
AX, =PAZ +BAV, + UL,

T S '
Xy =BZi+ BVt ﬁzZFlU, +Pg, Xy,

Equation (4.24) can be expressed as
ADXi= —af X+ (T+aB)AX: + WATX, + AT (DA X, = e 4.

If we multiply by (&, ;1, ;2)' and insert the expressions for A X, and A’X, in terms of Z, 17, and U, we find

- 1z |@T+as) amh aws,

I o aoflB, Az
— r’ - - - - J’
oo o ||Vt e I o, || AV
00 0 Ut _ _ _ |l A
ngrﬁ 0 G’gw,eg
D%,
+A* (D) A%, | = e
AU,

(4.31)
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Here A**(L) is a polynomial which collects the remaining terms. In a different notation this is written

A X;= —NX, + (T+MAX, +A* * (DAY, = e 4

Notice that the coefficient «'I" 8, now appears as a coefficient to levels, and a"¥ §, is a coefficient to differences since U,
is defined in terms of differences of X, In order to discuss y, as an I(1) system we note that the levels matrix, p , is of
reduced rank and hence can be written as f - &5, , where

I — —

1. o |- [00]. o ars
a=|(0 346= B B A = I 0 aﬁJ_= T 0
0 _B,ra 0 7 o 7

Next we want to check the conditions for the application of Theorem 4.2. The transformation from X to y, involves
a matrix of the form (B, B,, (1 — L)B,), which has only unit roots. Thus y, has the same roots outside the unit circle as
the process X, What remains is to see that condition (4.5) is satisfied for y,. We find

~’ e I G’lrﬁd’rﬁz+d’1wﬁ2 I q'leﬁz
a J_rﬁ L= . o . . = . G
0 a'lBa’TB; +a',%¥E, 0 0’286,
This has full rank if and only if the matrix o’,0 8, = o,l’ BT B, + oW B, has full rank. Thus condition (4.27) is a
necessary and sufficient condition for ¥, to be I(1) and hence X, to be I(2). Note that a consequence of applying

Theorem 4.2 is that y, cointegrates in the sense that Z, — o'T' B,U, = §'X, — o'T" §,8"A X is stationary. That is, what is
polynomial cointegration for X, is usual cointegration for y,. The process y, has a representation of the form (4.6)

N VUV
X:=CY ei+C(L)e +4,
=1

with

0 0 a'TBa(a'266,)

o
)
1l
o

~_~ ,.__,, e _1"“', _ — — — —
C=P@ B0 1 =10 5 —a,16B8,(a,68,) "

00 (&’29,52)_1

Thus we find the representations
Ze=aTBy(0026B) ) | _ O'pe +Col)e s+ A,
t - - P . — t - ~
Ve=Yy L 01€—018B2(0286) 1Y | dhe +Cy(L) et Ay,

_ - - -
U= (002682) 'Y 0'2e +Cu(l) € 1+ Ay,
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where A, A, and A, depend on the initial conditions, such that B =4, —a [ B,a,=o0- Notice that the expression for X in
terms of (Z, 17, U) involves the cumulated values of U, This means that the initial value A is multiplied by 7 and we
find B = B,A, and 4- A, + P14, + Pg.Xg such that (3, 8,)' B = 0 and

BA-a' BB B=4,—a'lB4,=F54=0.

We now want to find the properties of the matrices C, and C, as indicated in the theorem. The matrix C, is found as the
coefficient to ¥_ ¢ in U, that is,

Cy = 52(6’291_32)_1(_1’2 = .62(0’2(rﬁ_3(_1’r +W)By) .

The matrix C, is more complicated. In the direction 3, the process is dominated by the cumulated random walk from
the e and the next term involving C, times a random walk plays little role. In the directions {3, and §,, however, the term
involving the cumulated random walk cancels since (3, 3)'C, = 0, and the process is dominated by the next term,
which is found from the expressions for Z, and 1. We find

BC1 =aThy(a 266 o=y,
B1C1 =0a'1—1662(026B2) "ty = o 1 (1 - 6Cy).
From the representation (4.28) we find that, for ® = 0,
A X, = Che + Crhes + Co(D)Aey,
and hence
(1-2)°4(z) = C2+ C1(1 -2) + Ca(2) (1 - 2)°,
which implies (4.29).

O

COROLLARY 4.7 Under the assumption that | AR)| = 0 implies that | 3| > 1 or 3 =1, the number of unit roots is greater than or
equal to 2(p — 1) — s where r = rank(I1), which defines o and B, and s = rank(', T B)). Equality holds if and only if the process is
I0), I(1), or I(2). If equalsty holds then Xis 10) if r = p, I(1) if r < p and s = p — r, and finally Xis 12) if r < p and s < p — r.

PROOF The construction of y,= (g6, 4y x, removes p — r — s unit roots from X, The AR process y, has by
Corollary 4.5 at least p—rank( ) = p — 7 unit roots. Thus the total number of unitroots of Xisp —r—s+p—r=2(p
-7 =5
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If equality holds then y, has p — 7 unit roots and hence is an I(0) process if » = p, in which case s < p — r = 0, such that
B, =B.=0andalso y,=y, is I(0). If » < p then g, is an I(1) process and so is X if s = p — r which implies §, = 0.
Finally if 7 < p and s < p — rthen ¥, is I(1) and X is I(2).

0
4.4 Exercises
4.1
Consider the system
AXy =0 (X — PaXoyq) + L + €1
(4.32)
AXpy =+ &y
(4.33)

1. Find the matrices «, B, Il, C, and I expressed in terms of the new parameters o, {3,, and u. Note the two cases,
«, = 0 and o, # 0.

2. Find the representation of X, in terms of e, 7 =1, ..., #and find E(X | X)) and Var(X | X)).

3. Calculate the roots of the characteristic polynomial. Under what condition on the parameters is the process X,
an I(1) process? If the process is not I(1) what is it then?

4. Show explicitly from (4.32) and (4.33) without using Granger's representation that 3'X is stationary if =2 < o, <
0.

5. Under what condition on the parameters is there no linear trend.

If we add a linear term 7,7 and 7,7 to (4.32) and (4.33) respectively, show that X, has a quadratic trend.

7. Under what condition does the quadratic trend disappear?

o

4.2

Granger's theorem is formulated for a characteristic polynomial A(3) with A(0) = L

Find the conditions for the process to be I(1) as expressed by 4(0), A(1), and A(1) when A(0) has full rank even if
AQ) # I

4.3

Under the assumptions of Theorem 4.2 show that for the model
AXi=af' X, ; + &,

the matrix B'a has full rank, and has eigenvalues in {3: |z + 1] < 1. Show that a' X is non-stationary. Next consider
the example

1
AXy = Z(Xlt—l — Xy 1) FVAXy g + €y,

1
AXy= — Z(Xlt—l —Xp1) + &
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Show that in this case a, = J3, such that o' X is stationary.

4.4

Consider the equations

0 -
AX:+

0 -
1 2],
[2 2]‘1“[- 2

1. Define in this case the characteristic polynomial A() as

127, |° o = )
a0=[, 3|+| S|a-oe|l oo

and note that A4(0) is not the identity (see exercise 4.2), and show that

llaﬁxzz £,0=0,1,...

|A(z)| = (1-2)%(1- 2%,

2. Show that IT = — A4 (1) has reduced rank and find o and B such that [T = « §" Find the matrix I".
Show that o, I' B, = 0, such that the process X is not I(1).
4. Show that if we define

Bl

Yip =X+ 2Ky
Yor =AXy,

then Y, is I(1).
5. Find the cointegrating relations between Y, and Y,. What are they expressed in terms of X, and X,?

1. In the context of Granger's theorem show that for the process

k-1
AXi=af' Xy + Z FAX, + i+ 6
i=1

the stationary process ' X, has mean given by

E(BX¢) = (TC-D)p,

where C =3, (&', I' )" o', and o= (o o) (4.34)
2. Calculate E(B' X) in the case where I', = I', = *=- = I, | = 0. Consider in the following the process
AXy= (L-1)X;, + H + .
' M2

3. Find E@' X) as a function of p, and ..
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4. Draw in a two-dimensional coordinate system (X, X,) a typical example of the behaviour of the process in each
of the cases u' = (0, 0), u' = (=1, 1) and ' = (1, 1).

Comment: the decomposition

OB X+ pu=a(f X+ () o) +ag (e o)) g,

decomposes p into two components, the first can be given the following interpretation: the agents react to a
disequilibrium as measured by the deviation of

BX+(@a)lay,
from zero. One could call the relation
BXe+ () o y=0

the revealed target. The strength of the reaction is measured by the coefficients «. The actual process ' X,
fluctuates around its mean as given above in (4.34). Thus the actual behaviour results in a path that deviates
from the target relation. The difference is given by o' I" C p.

4.6

Consider the processes defined by the equations

AYi=viYi 1+ Vo Xe g+ + €1,
AXi=pp + €y

Find the characteristic polynomial and its roots.

Find the matrices I, I, o, B, a,, and J..

Check that IT has reduced rank and find the condition for o', I' B, to have reduced rank.
Find in this case (a, «,, o,) and (B, B,, B,) and show that

0 vz
{7y =
o o]

What is C;? When does the quadratic trend disappear?

el

4.7

Consider the model

X = I'Ier_l + &

1. Show that the conditions from Granger's Theorem, (4.4) and (4.5), are given by
M =7+af,
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G,J_ﬁJ_ full rank.

(4.35)
Consider next the model
X=Xy g + T2 X + &,
and define I1 = — I + I1, + I, and I" = I + II,. The conditions are now
M+ T =7+af,
a’ | ({+T3)B, full rank.
(4.36)

Now rewrite the model as

X My -7 M X ~ ~
A ' = ! 2 - + &t = |_|Xf_1 + €.
Xy I I || X2 0

Show that the matrix  has reduced rank [ - &5, and that

Bzﬁlaz o
V- e L O TR

such that condition (4.36) reduces to condition (4.35) for the companion matrix.

An extension of Granger's Theorem.

Let 4(z) =7-%%.,Nz" be the characteristic polynomial of the p-dimensional autoregressive process X,. We assume that
|4 (g)| = 0 implies that |g| > 1 except for s distinct points = (g, . . ., ), where |g| = 1,7=1,..., sand want to
find an expression for A~ (3). We define g, = 0 and the polynomials

1.

P(z)  =Tho(z—zm),
Pi(z) =TI, (z—2zm),

m=0,mz#i

P;}'(Z) = I_If;r1=0,mfix',j (Z—2zm).

Show that
dP(z)/dz =) _ Pz,
d*P(z) 1dz> = 7, Py).

EXERCISE 4.1 2. Prove the representation

42D = D AG) G+ PEA* (),
i=0

(4.37)
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where A* (3) is a polynomial, and show how this representation gives rise to an error correction formulation of
the model for X, [Hint: consider the polynomial

NI el
i=0

Pi(z;)’

and check the values for 3 = 3, 3, . . ., 3]
Show that for # =0, ..., s

_ dA(z)

rm - dz ZTZm
A(zm)
_ A sm(zm) m p +p 4" .
I#Zm (z;) Piz) Pm(z ) Z mj(zm) m(Zm)A (2Zm)
JEm

Consider the special case where ¢ = 1 is the only root with absolute value < 1, and define g, = 0, 3, = 1 and let
A1) = « B, and note that A4 (0) = I Find the error correction model for this case.

Consider next the case where ¢ = 1 and g = —1 are roots and choose g, = 0, 3, = 1, 3, = —1 and define
A1) =—apf', A(z) = —op, and find the corresponding error correction model, and Granger's representation.
Consider again the general situation. Since g, . . ., g are roots of the equation |A(3)| = 0 it follows that
A(z) = —af' for some p X r, matrices of full rank, 0 < <p,7=1,..., s Assume further thatfor;=1,...,
o, I', B,. has full rank and define

— ' e
Ci = ﬁs’J_ [0: s'J_ri'ﬁs'J_] a;.-

Show that

F
1
C(z)= Cy +C*
@=> Cl+C* ).
i=1
where ¢*(z)=¥7,ci*z', can be chosen such that C (3) A () = L

[Hint: the function 47'(3) is well defined for all points || < 1, apart from the pointsin g, . . ., g }. Show thatin
a neighbourhood of g,

- 1
A l(z)—ci-z_

= (B m)}‘l(ax, o) -

has no pole at ¢ = z, and hence that

5
= 1
4@ =) G
i=1
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has a convergent power series.| (Hylleberg e¢# a/.(1990), Johansen and Schaumburg (1996).)
4.9

Let the univariate process be defined by the equations
AXi=zX: 1+ ¢,
for some 7 in the interval —2 < 7 < 0, and define the cotrelation
At=Cov (AXuX, 0%/ Var (AXy) Var (X 1)
Show that A*= -~z

4.10

Consider the usual model
AXi=af X, 1+ &,
where ¢, have variance Q, and define the matrices
2oo = Var (AXy),

2gg = Var (X)),
2’60 = Cov (ﬁrXf_IDAXf).

1. Show that
200 = GZ]&) +Q,
Zﬁo = Zﬁﬁd’,
such that

200 = 0.'2]6]60’ + Q.

2. Use these results to show that
(@ tasy, = (@ lay o™,
s _ 51 sy lgisd = - 1.,
00 — 20 (A 2p @) A2y =a (A 2go0 ) Q)
_ , 1.,
=g, (a1 Qa, ) a
=o' -oa@ oy,

Zes(Zp0Zo0 Zog) Zgs— Zgs = (Q a7

67
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4.11

Consider the equation
g - zmz&}zgﬁ‘ = 0.

(4.38)
1. Introduce a=%ypig and use X, = a X, o + & to reduce (4.38) to

|Az;3}5 — o' (aZgpat + Q) —‘u| = 0.

2. Show that if p solves
| -1 1ol =
PEgh-aQ u|—0,
then

A=p/(1+0).

4.12

Consider the model

A4¥f = G;S’Xg_]_ + £

—_

Show that

f—1
BXe=Y (I+Baype++pa)p X

=0

2. Show that if the roots of the characteristic polynomial are either greater than 1 in absolute value or equal to 1,
and if o' 3, has full rank then I + B'a has eigenvalues in the unit circle and we can define

BXo=> (I+pa)pe

i=0

which makes B'X) a stationary process.
3. Show that this relation implies that A X, = C (L) ¢, where

C0)=7 and Cp=a(+p )" 1Bn=12...
and show that
C=C()=pu(o 1 f1) 7 1.
4. Define X,, = Var (' X) and show that

T = o+ B a)BQBU+aB)
=B QB+ (I + P a)igg(l + o' B).
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Show that
Soo=Var (AXy) = aZgga’ +Q,
and that
Ty =limg Il E(EIAX)AX
= —asgg(/+a'f) (@' B) o' —Qf(a'f) " a,
and

T T
= limy T EY AX) (D AKX =CQC
=1 =1

5. Next show that
2=2g0t 21 +2'1.

[Hint: it pays to show that

(Bo) BB B = —Tgg—Tgg(arB) T — (Ba) g ]

4.13

Let
Yi=B"X:+ €y,
Ang = £

1. Find the characteristic polynomial and its roots. Find IT, I', «, B, «,, B. and check the rank condition for I(2).
2. Find («, a,, a,) and (B, B,, B, and the representation of (Y, X) as a function of the initial values and the e.



5 The /(1) Models and Their Interpretation

In this chapter we consider model (4.1) with deterministic terms D,
k-1
AX;=TX, 1+ Y TAX; ; +PD;+ e
i=1
(5.1)

We define in section 5.1 the basic reduced form error correction model for cointegration in terms of a reduced rank
hypothesis on the matrix IT = a B' which defines the cointegrating vectors 8 and adjustment coefficients «. The
parameters o and @ are not identified and this is discussed in section 5.2, where a convenient normalization is
suggested. In section 5.3 we discuss the hypotheses that can be formulated in terms of linear restrictions on 3 and
formulate the identification problem for cointegrating relations. In section 5.4 similar hypotheses are formulated in
terms of the adjustment coefficients. One can formulate quite general hypotheses about the coefficients, and we give in
section 5.6 a formulation of the hypothesis of Granger non-causality. In section 5.7 we show how the deterministic
terms can give rise to a number of different models describing different properties of the process, depending on
restrictions on the deterministic terms like constant and linear drift terms. Finally the role of intervention dummies is
discussed in section 5.8.

5.1 The /(1) Models for Cointegration

DEFINITION 5.1 The I(1) model H (r) is defined as the submodel of the VAR we obtain under the reduced rank condition
Mn=af

where o and B are pX_ r matrices. The reduced form error correction model is

k-1
AXi=of Xy g+ erﬂX:—s‘ + QD + g,
i=1
(5.2)
where the parameters (o, B, I, ..., I, , ®, Q) vary freely.



The I(1) Models and Their Interpretation 71

Note that the parameter space allows for all kinds of non-stationarity, and that the full rank condition (4.5) for I(1) is
satisfied for all but a set of Lebesgue measure zero. Thus in this sense ‘most’ of the parameter values in the I(1) model
correspond to I(1) variables. This means that the estimates derived without the restrictions (4.5) will automatically
satisty the condition. We also leave out the assumption that the roots should be outside the unit circle or at 1, since this
condition is difficult to handle analytically. Fortunately it happens most often that the estimates of the roots have the
proper position, and if they do not it is an important piece of information to get.

The I(1) model H(r) can be formulated as the condition that the rank of IT is less than or equal to 7. This formulation
shows that (1) models form a nested sequence of models

HO)yc~cH(ryc~cH(p),

where H (p) is the unrestricted VAR model or the I(0) model, and H (0) corresponds to the restriction I'T = 0, which is
just the VAR model for the process in differences. The models in between, H (1), ..., H (p — 1), ensure cointegration
and are the models of primary interest to us here. Note that a different formulation would be to define H" (r) as the
hypothesis that rank (IT) = 7 In this way the models H’ (), » = 0, 1, . . ., p are no longer nested. We prefer the
formulation in terms of nested hypotheses but the problem reappears in Chapter 12, where the rank is being
determined.

The formulation allows us to derive likelthood ratio tests for the hypothesis H () in H (r + 1) and H (7) in the
unrestricted model H (p). These procedures can then be applied to check if ones prior knowledge of the number of
cointegrating relations is consistent with the data, or alternatively to construct an estimator of the cointegrating rank.

Vector autoregressive models in levels have been applied to describe stationary processes and for I(1) variables the
VAR model in differences was often applied. The cointegration models give a nested sequence of models between the
VAR in levels and the VAR in differences and give the possibility to investigate the coefficient matrix IT as to the
information it may convey concerning long-run information in the data.

5.2 The Parametrization of the /(1) Model

The [ vectors are the cointegrating vectors and $'X, is the disequilibrium error. The coefficients o measure the
adjustment to past equilibrium errors once these have been uniquely defined.

The parameters o and B in (5.2) are not uniquely identified in the sense that given any choice of « and B and any non-
singular matrix § (r X 7) the choice « § and B (§) will give the same matrix IT and hence determine
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the same probability distribution for the variables. One way of expressing this is to say that what the data can
determine is the space spanned by the columns in B, the cointegrating space, and the space spanned by «, the
adjustment space.

In general the only functions of a and  that can be estimated are those that can be expressed as functions of the
matrix I'1. If TT has rank 7 then the space spanned by the rows, the cointegrating space, is 7~dimensional. Any two
coordinate systems in this space, i.e. any two choices of B are related by a non-singular transformation § (r X 7), i.e. B, =
B, &. In order that {B) be estimable it must take the same value for all choices of the coordinate system in the row space
spanned by I'l. Hence the functions that can be estimated must satisfy

FBy=7(BS forall § (rx»).

If we choose a matrix ¢ (p X 7) and assume that ¢ 3 has full rank we define B, = B (/ B)' such that § has been
normalized by ¢ i.e. ¢ B, = L It is easily checked that

B(c'B) = BE(c’ BT, forall §(rx#) of full rank,

such that the function f[§) = B, is estimable. Hence f, is one way of identifying the coefficients using zero
restrictions and normalizations as specified by the columns of ¢. If in particular X, = (X', X,)", ¢ = (1, 0)' and B = (—f',
B, then 8. = (I, — (B') ' B')' = (I, — B)' corresponding to solving the relations ' X, for the first » components of X,
that is, X, = B X,. Another way of uniquely identifying 3 would be to impose different restrictions on the individual
relations, see (5.6), or even cross-equation restrictions.

It is important to emphasize that one cannot estimate the individual coefficients of  unless one specifies a
normalization or identification. This is obvious for 7 = 1, where estimation of a single coefficient has no meaning, but
where the estimation of the ratio of two coefficients is what one is interested in. For » > 1 the situation is somewhat
more difficult. It must be emphasized too that even though one cannot estimate individual coefficients without
identifying the system, it is nevertheless possible to test some hypotheses on the parameters without necessarily
identifying the system first. This is discussed in the next section.

5.3 Hypotheses on the Long-Run Coefficients 3

We here formulate some natural questions concerning the cointegrating vectors 3, and show how they can be
formulated in terms of linear restrictions on B.
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In order to formulate the relevant questions it is useful to have an example and we consider the first illustrative
example with the variables: 7, log real money, , log real income, and two interest rates: a deposit rate j and a bond
rate 7.
It seems a natural hypothesis that in the long-run relation the velocity of money is a function of the interest rates. This
can be formulated as the hypothesis that the cointegrating relation only contains #, and y, through 7, — y, or in other
words that the coefficients to money and income add to zero. For R' = (1, 1, 0, 0) the restriction that the coefficients to
m and y are equal with opposite sign can be expressed as the indirect parameterization R'3 = 0. For the analysis that
follows in later sections it is convenient to express these restrictions in the direct parametrization in terms of H = R:

p=Ho,
(5.3)

where H(p X s) is known and §(s X 7) is the parameter to be estimated. For R = (1, 1, 0, 0)' the matrix H is given by

1 00

|1 00|
0 10
0 01

such that H® = (@, —¢, ¢, ¢, The condition can also be expressed geometrically as a restricdon on the
cointegrating space sp(3):

sp(B) csp(H).

In other words, whereas the restriction IT = a ' gives rise to estimation of an r~dimensional subspace chosen in R/,
then the restriction (5.3) restricts the subspace to lie in the given subspace sp(H) of K.

Note that this hypothesis about the coefficients can be formulated without first identifying the cointegrating relations,
since it is formulated as a restriction that holds for all vectors in sp(B).

The hypothesis that only the interest differential i’ - enters the longrun relation can be expressed as (5.3) with the
choice

0 10 0

r=|%| R, =m=|01 0
1 00 1
1 00 -1

If our hypothesis is that, say, the long bond rate is excluded from the cointegrating relations this can be formulated as
(5.3) using



74 The I(1) Models and Their Interpretation

0 1 00

R=|°| R, =m=|01 0]
0 001
1 000

Another question of interest is whether velocity, as measured by 7, — y, is stationary, that is, if the vector ' = (1, —1,
0, 0) is a cointegrating vector. More generally one can consider a given set of s vectors & (p X ) and ask if they belong to
the cointegrating space. This can be expressed as

B=(b.9),
5.4
where the p X (r — 5) matrix ¢, containing the remaining » — s cointegrating vectors, is to be estimated.

This hypothesis can also be expressed as

sp(b) csp(B).

Thus natural economic questions can be formulated as simple linear restrictions on the cointegrating space.

Note that (5.4) can be used to formulate the hypothesis that one of the components of the vector X, is in fact
stationary. If for instance we take &' = (0, 0, 1, 0), then hypothesis (5.4) specifies that the short-term interest rate is
stationary. Thus the question of stationarity of individual series can be formulated in a natural way in terms of
parameters in the multivariate system, and is a hypothesis that is conveniently checked inside the model rather than a
question that has to be determined before the analysis starts. Thus one can include in the cointegration analysis the
variables that are considered economically meaningful as long as they are I(1) or I(0). By including a stationary variable
in the vector X, we add an extra cointegrating vector, that is, an extra dimension to the cointegrating space. It is this
possibility to have unit vectors as cointegrating vectors that forces us to have a definition of I(1) that allows both I(1)
and I(0) components.

Finally we consider a general hypothesis of the form

B = (H101,H202),
(5.5)

where for/=1,2, Hisp X s, and §,is s X r, with 7, < 5, < pand r, + r, = r. In other words we impose p — s, restrictions
on one set of cointegrating vectors and p — s, on the remaining vectors.

This hypothesis contains the previous ones as special cases. Firstlet , = 5, = 0, and H, = H, then (5.5) reduces to (5.3).
Nextlet H, = 4, and choose s, = 1, = 5, and s, = p, and H, = L. Then the first set of vectors, H ,,, will just give the vectors
in b, and the second set is unrestricted.

The geometric formulation of the hypothesis is that

sp(B) N sp(H;)
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is of dimension at least 7, / = 1, 2, or in other words that there are at least 7; of the cointegrating relations that satisfy the
restrictions expressed by H, or rather (H), As an example of such a hypothesis consider the case » = 2, and the
hypotheses that 7, and j, cointegrate. This hypothesis can be formulated as the existence of a cointegrating vector of
the form (§,, §,, 0, 0) for some @, and ¢,. For this case we would take

1 0 1 000
Hy= 01  Hy= 01 00
0 0 0010
0 0 00 01

such that , = 1,5 =2, =1, and s, = 4.

Note that (5.5) can be used to formulate linear restrictions on the various cointegrating relations, and is thus a
formulation of the general problem of specifying identifying and over-identifying restrictions in structural equations.
To be specific let » = 2 and define the identifying restrictions on the cointegrating vectors by the restrictions R'3, = 0
and R',3, = 0. Then we define H, = R, 7 = 1, 2, and formulate the estimation problem as that of estimating 3, and j3,
under the constraint (5.5). This then is the estimation problem for structural long-run relations with individual linear
restrictions.

In the second illustrative example we can consider the hypothesis that the real exchange rate pM-p"—exch, is a

stationary relation. This can clearly be formulated as (5.4) with sp(1, —1, =1, 0, 0) € s (B). If this fails we can ask
another question, namely whether there is a cointegrating relation between p".p*, and exch, and another between the

interest rates. This can be formulated as (5.5) with

(1 0 0] [0 0]
010 0 0
Hi=|0 0 1|, H2=|0 0
00 0 10
00 0 0 1

One can of course generalize the above hypothesis to involve more than two types of restrictions, see (5.6). If we have
r cointegrating relations we naturally want to identify them as economically meaningful relations. This is usually
formulated by restricting the coefficients in each relation by linear restrictions. Thus let R, be the restrictions on the /th
cointegrating relation, i.e. R'8, = 0. With H, = R, one can write this hypothesis as

ﬁ=(H1(p1:"'7Hr(p?’)a
(5.6)
where each @, is 5 X 1.

The rank condition applied to this problem states that as long as there
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are no further identifying conditions on the parameters of the model then B, is identified if and only if the parameters
satisfy the conditions

rank(R’";B8) = rank( R’ ;(H1¢1, . . . .HQ))=r—1i=1,... .1

Since the true parameter value is unknown this condition is usually interpreted as follows, see Fisher (1960): for each 7
we define a polynomial, which for 7 = 1, say, becomes

Pr(o) = [(Hy02, . . . HyQp) RiR 1 (H202, . . . . H Q).

A polynomial is either identically equal to zero, in which case the rank condition fails for any parameter value, or is
zero on a very small set (of Lebesgue measure zero). In this case ‘most’ parameter values are identified. One can say
that in this case the cointegrating relations are generically identified. Note that the property of being generically
identifying is a property of the restrictions, not the parameter value, and is hence a property of the statistical model, as
specified by (5.1) with the restrictions imposed. An algebraic condition for generic identification is given in Johansen
(19950), expressed as a set of necessary and sufficient conditions for the restrictions K, . . ., R to be identifying. The
conditions involve checking the rank of certain matrices, depending on R and H. Thus in particular for » = 3 the
conditions become

rank (R’ H ) > 1,i# jand rank (R’ ;(H ,H})) > 2, # j# k.

The parametrization (5.6) only determines the parameters @, . . ., @, up to a constant factor, and it is customary to
normalize B, as follows:

ﬁs’ = hs’ + HI‘ Y,

where ¢, is now (5, — 1) X 1, 4,is a vector in sp(H), and sp(h, H) = sp(H). Usually 4, is a unit vector and H' has zeroes in
the corresponding row, such that 8, is normalized on one of the coefficients. Thus for instance if we consider the above
example with prices, exchange rate and interest rates, and we want to normalize on the coefficient to p™ and 7* then we
choose
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Even though the classical rank condition solves the problem of identification there still remains the empirical problem
of testing that the true parameter
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does not actually correspond to one of the exceptional points where the rank condition fails to hold. As an example
consider the following situation, where p = 4 and » = 2 and § is given by

P1 @3 10 10 0],
{0 o] J|lo oflo]|]|0 1 0
k= o 0| 01[<p2]’000 P

0 o 00 00 1[L%

The rank condition is satisfied if R'3, = (¢,, §.)' # (0, 0)' and R',8, = ¢, # 0. This condition holds in general, that is, in
the five-dimensional parameter space for (@, ., . . ., §.). The set where §, = ¢, = 0 or ¢, = 0 is a very small subset.
But in an analysis of a given data set it may hold that, say, ¢, is not significantly different from zero, and hence a test
that ¢, = 0 will reveal that the identification rests on an assumption that is not sustained by the data. A general
formulation of this is that if a submodel, given by further restrictions, is accepted by the data, and if this submodel is
not identified, then the true parameter corresponds to one of the exceptional points where the rank condition fails.
Such a general problem is difficult to formulate and solve, and we shall instead give another formulation that allows a
simple answer, but still solves the basic problem, see Boswijk (1995).

In order to formulate this solution consider the situation where we assume that rank(R',8) < » — 1, such that a linear
combination of B, . .., B satisfies the restrictions given by R, and hence is contained in the space spanned by H,. This
situation can be formulated as the hypothesis

B= (H101,02)
(5.7)

where @, is 5, X 2 and @, is p X (r — 2). If this hypothesis is rejected then clearly it will also be rejected if further
identifying restrictions are enforced upon 8, . . ., B, and hence the relation defined by R',8, = 0 is identified. This
hypothesis, however, is of the form (5.5), and will be analysed in Chapter 6.

If it is accepted one can achieve two cointegrating relations which satisfy R'3, = 0 and K'3, = 0. This shows that K,
does not identify a relation if the remaining cointegrating vectors vary freely. This type of restrictions is treated in detail
in Johansen and Juselius (1990), (1992), and (1994).

5.4 Hypotheses on the Adjustment Coefficients a

The natural question to ask about the adjustment vectors is whether the coefficients in « are zero for a certain subset
of equations. This hypothesis means that the subset of variables is weakly exogenous, for the long-run parameters and
the remaining adjustment parameters, see Chapter 8. Thus if
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for instance » = 1 one can ask if the equations for income and interest rates contain any information on the
cointegrating vector. If not the analysis can proceed conditional on current values of y,i”, and i . The hypothesis can
be formulated as a linear restriction on the columns of a as follows

a=Ay,
(5.8)
where A is (p X ) and known and ¢ is the ( X 7) parameter to be estimated.

If » = 1, we formulate the weak exogeneity of y.i’, and i as

oo O -

The geometric formulation is

sp(a) csp(A4).

Note that zeros in a row of a means that disturbances from this equation cumulate to a common trend since o,
contains the corresponding unit vector. In view of the interpretation of «, as the coefficients of the common trends it
seems natural to impose also linear restrictions on the common trends. Such a hypothesis can be formulated as

a; =Ky,
(5.9)

or geometrically

sp(a ) csp(K).

This statement, however, is equivalent to
sp(K ) csp(a).

Thus we are back in the formulation of the type (5.4), namely that certain vectors of o are assumed known.
Hypotheses on o and in particular the coefficients of a, have been studied by Warne (1993), with the purpose of
identifying structural shocks. Such hypotheses as well as hypotheses on weak exogeneity are in general not invariant to
an extension of the information set and should thus be interpreted within a given information set.

5.5 The Structural Error Correction Model

Even though the purpose of an econometric analysis is to find a good structural model we discuss this rather briefly
and refer to the book by
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Banerjee ¢f al. (1993) for a more comprehensive treatment.
Multiplying equation (5.2) by a matrix r; gives the structural error correction model

k—1
MAX;=a*BX, 1+ Y [[AX, ;+®*D;+e,
=1

(5.10)
where ¢ =g is Gaussian N,(0Q%),Q* =T,Qr,".

Note that the parameter 3 is the same as in (5.2) but that all the other coefficients have changed. In order that the
parameters

(G * Dﬁvr*v"'vr;_lvcp * DQ * )

be identified one can impose restrictions on the coefficients

*

G=(a* g, ol %)

(.11)

Such restrictions are of course well known from econometric textbooks, see Fisher (19606), and the usual rank
condition again applies, as well as the formulations in connection with the identification of .

Note that if [T* = o*B' then the hypothesis of cointegration is a cross-equation restriction on the coefficients of IT* and
a linear hypothesis on § is in general a non-linear restriction on IT*.

The conclusion of this is that the presence of non-stationary variables allows two distinct identification problems to be
formulated. First the long-run relations must be identified uniquely in order that one can estimate and interpret them
and then the short-run parameters & must be identified uniquely in the usual way. See Johansen and Juselius (1992) for
an empirical investigation involving both identification problems, and Hendry (1995) for a discussion of many aspects
of the identification problem.

The cointegration analysis allows us to formulate long-run relations between variables, but the structural error correction
model formulates equations for the variables in the system. Thus if 7 = 1 in the example with money, income, and interest
rates we can think of the cointegrating relation as a money relation if we solve it for money, but the equation for A 7, in
the structural model is a money equation and models the dynamic adjustment of money to the past and the other
simultaneous variables in the system.

5.6 General Hypotheses

It is easy to formulate simultaneous linear restrictions on « and B of the type considered above. This allows for
instance an estimation of 3 under linear restrictions when weak exogeneity is imposed. This has been formulated in
Johansen (19914).
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As an example of a complicated model, where something still can be said, consider the hypothesis of neutrality as
formulated by Mosconi and Giannini (1992). The hypothesis can be defined by splitting X, into X, and X, of
dimensions p, and p, respectively. The hypothesis of neutrality then says that I, = 0. In the presence of cointegration
this can be formulated as

M=af and of,=0.

This can be satisfied if either a, = 0, or B, = 0 or if the rows of «, are orthogonal to those of 3,. A direct

parametrization is given by
_fann dip O3y o (B 0 O
a= 3)6 -
0 0 axn Bz Pz P

M= [0‘115’11 Ot11!3’21] N [0 0‘12,6’22] N [0 0135'23].

or

0 0 0 0 0 dx33f 23

Another example is given in Johansen and Swensen (1994) where some simple rational expectation models are treated.
Let the expectation equation be formulated as

A X+ CEDAXi41=0,
for some fixed and known matrices 4 and ¢, and let the process be governed by the equations
AXi=af X, | +1AX, | + ¢
For the expectation equation to be consistent with the model for the data the parameters have to be restricted as
d +caf =0,T1=0.

This submodel allows an explicit solution, see exercise 6.3.

5.7 Models for Deterministic Terms

In this section we consider various choices of the deterministic terms D, and discuss the interpretation of restrictions
on the coefficients.

It follows from Granger's theorem (Theorem 4.2) that the solution X, to (5.1) under condition (4.5), has the
representation

¢
X:=C) (& +®D) +C(L) (& + PDy) + P Xo,
i=1
(5.12)

where C = 3, (&', I' B)" o'.. This shows that the process X, in general has a deterministic trend of the form
€O D+ C(L)®D;. We use
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Table 5.1 The Relation Between the I(1) Models Defined by Restrictions on the Constant and the Linear Drift Terms

H(0) g H(r) H(p)
U U U
H*(0) - H*(r) H* (p)
I U U
Hy(0) - Hy(r) Hi(p)
U U U

1, (0) c- H, (r) H, (p)
I U U
H;(0) cn Hy(r) Hy(p)

the following notation: the deterministic term D), is called a drift term whereas the deterministic term in the expression
for X is called a trend. Thus a constant drift term in the equation will generate a linear trend term in the process, and a
linear drift term in the equation will generate a quadratic trend term in the process via Granger's representation
theorem, see Johansen (1994).

We consider for illustrative purpose in detail the situation where @ D, = p, + p,% It follows from the representation
(5.12) that the quadratic trend has a coefficient Cpy, that is, p, enters into X, only through Cu,, that is, through the
combination o' . If u, = 0 then y, enters the linear trend only through Cp,. Thus the behaviour of the deterministic
trend of the process X, depends on the relation between C and p.,, or whether o'y, is zero or not. In order to discuss
this we decompose the parameters y, in the directions of a and «, as follows:

pi=ap;+a)y,i=0,1,

and let g, =y, + .z denote the deterministic part of the model. Thus o, = («'o) ™" o'y, and y, = (', o)™ o', . We then
define a number of nested sub-models of the general model derived from (5.1) under the assumption of cointegration,
and with successive restrictions on the deterministic part of the process:

H(r):[:=Qapg+ 0] yo+ (ap; +d ) Y¥1)f,

(5.13)
H* (r):hy=0pg + A Yo +0P11,
(5.14)
Hy(r):pe = apo +d Yo,
, (5.15)
Hy (r):p: = apo,

(5.16)
Hy(r):pe= 0.

(5.17)

Mode! H(r): the model is given by p, = u, + p4 and X, has the representation
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4
X;= CZ £ + %Tgfz +Tit+ T+ Yi + Pg X,

i=1
(5.18)
where Y, = C (L) e, and C = B, («'I" B)" o'.. Thus the process allows for a quadratic trend determined by
— —_— ! _1 r —_— ! _1 !
R=Ch=p(a  If ) o =6 TF ) o an.
(5.19)

Note, however, that the linear combinations ' X, have no quadratic trend, since 'C = 0. Thus the quadratic trend can
be eliminated by the linear combinations {3, but ' X still has a linear trend.

Model H*(7): this model is given by p, = p,+ta 0,4 and is characterized by the absence of the quadratic trend since o',
t, = 0 ory, = 0 and hence 1, = 0. It still allows the possibility of a linear trend in all components of the process, a trend
which cannot be eliminated by the cointegrating relations 3. Thus a linear trend is allowed even in the cointegrating
relations, each of which therefore represents a stationary process plus a linear trend or a trend stationary process. In
particular if a unit vector is cointegrating then the corresponding component of X, is trend stationary. The expression
for the linear trend 1, when u, = a o, can be found to be

n=Bilg g, Yo+ Bily g, T, pP1—BP1L

(5.20)
see exercise 06.1.
Here E =B @® ' and r, 5 =« ,rp,,and X has in this case the representation
¢
Xi= CZE}*‘ nt+ T0+Y3+P,6J_X0.
i=1
(5.21)

For the present purpose we define a trend stationary process as a process that can be decomposed into a stationary
process plus a linear deterministic trend. A problem that often faces the econometrician is to make a choice between
describing a given time series as a trend stationary process or an I(1) process plus a linear trend. Since the sample paths
of two such processes observed over a short interval can easily be mistaken, one will expect that the real decision to
choose between the two descriptions should be based on economic insight. In some cases, however, it is of interest to
conduct a statistical test to see if one can make the distinction on the basis of the data.

Model H*(r) allows for r trend stationary variables, and p — r variables that are composed of I(1) variables and a linear
trend. Thus if one wants to test that X, is trend stationary, one has to check that the unit vector
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(1,0, ...,0)is contained in the B space, see (5.4). If the hypothesis is rejected, a better description of the variable is as
an (1) variable plus a trend. For a different formulation of H*(7), see exercise 5.2.

Mode! H,(r): in this model , = p,, such that the process X, has the form (5.21), that is, it still has a linear trend given by
the coefficients 1, = Cy,, but this can be eliminated by the cointegrating relations 3, and the process contains no trend
stationary components. Thus the model allows for a linear trend in each variable but not in the cointegrating relations.

Modes; (ry: in model #,'(r) there are no trends whatsoever, since o'y, = 0, such that y, = a @, but a constant term is
allowed in the cointegrating relations, and

{
X;= CZ £+ 1o+ Y+ Py, Xo.
i=1

Another way of formulating model #, (r) is as

Xy =K+7Y;
k-1
AY; =aBY, + Y [AY  +&
i=1
(5.22)
It follows that the equation for X, is given by
, k-1
AX;=0f (X —K) + Y TN+ 6
that is, (5.1) with g, = 0 and p, = —a ' » which satisfies the condition o', = 0. Such a formulation gives an easy

interpretation of  as the level of X, but note that the parameter » is not identified, since only B'% enters the model.
This is reasonable since for the non-stationary component, 3'.X, say, the role of the level of the process is taken over
by the initial value B'.X.

Model H,(7): this model does not allow for a constant term which means that all stationary linear combinations will have
mean zero.

In summary we have seen that the role of the deterministic part depends on the relation between o and the coefficients
w, and p,. By restricting the deterministic terms suitably we can use equation (5.1) to generate processes with different
trending behaviour. Not only can we get variables that are integrated of order 0 and 1, but we can also get deterministic
trends of order 0, 1, and 2. The formulation of the different hypotheses as restrictions will allow us to derive likelihood
ratio tests in the next section.
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5.8 Intervention and Seasonal Dummies

Often the deterministic component D, in (5.1) contains dummies, either seasonal dummies or intervention dummies.
By applying Granger's representation theorem we can see that the drift term D, will imply a trend term of the form

cqai D; + i CPD;_;.
=1 i=0

(5.23)

Consider as an example an intervention dummy of the form

0 t<1,
Dg =
1 > 1.
In this case Y. b, is a broken trend
4 0 1< ty,
2D t—ty t>1
py 0 05
and
0 1<t

Z CiPD;_; = t—t
= Y oo 1>

That is, the trend in the process has a broken linear component, as well as a smoothed version of the intervention

1

dummy. If D, is a seasonal dummy, then the cumulated seasonal dummy will grow linearly with a slope ;, whereas the

term C (I) @ D, will give rise to a seasonally varying mean.

Thus the inclusion of seasonal dummies is a simple way of allowing for a seasonally varying mean, but one should note
the implications for the linear trend in the process. In practice it is more convenient to orthogonalize the seasonal
dummies on the constant term such that the seasonal dummies sum to zero over a year. In this way the linear term
from the dummies disappears and is taken over completely by the constant term, and only the seasonally varying
means remain.

The expression (5.23) for the deterministic trend can be subtracted from the process X, and would correspond, in the
present framework, to seasonal correction if D, are seasonal dummies and detrending if D, contain a constant.

A systematic theory of dummies is attempted in Johansen and Nielsen (1994), since the presence of dummies
influences the asymptotic theory as explained in more detail in the following chapters. Mosconi (1993) has investigated
hypotheses about the trend coefficients in C® in order to check the presence of a deterministic trend in the individual
series.
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5.9 Exercises

5.1

A statistical model for a p-dimensional autoregressive process with an intercept can be formulated as the solution of
the equations:

A(Xi—m)=af (X; g —m) + &,
where « and 3 are (p X 7) and m is (p X 1).
1. Show that this model is a submodel of
AXi=af X +pte,

where o and B are (p X 7) and p is (p X 1), with the constraint o'y = 0, and find p as a function of .
2. Show that 7 is not identified unless « and $ are of rank p.

5.2

A model for a p-dimensional autoregressive process with an intercept and trend can be formulated as the solution of
the equations

A(Xi—mo—mt) = af' (X, —mo—m(1-1)) + &,
where « and B are (p X 7) and 7, and m, are (p X 1).
1. Show that this model is a submodel of
AX;=af' Xy 1+ o+t + &,

where o« and B are (p X 7) and y, and y, are (p X 1) with the constraint o', = 0, and express p, and p, as
functions of #, and ,.
2. Show that , is not identified unless a and B are of rank p, but that », is always identified.

5.3

Consider the four variables 7, y, 7, and 7, that is, money, income, and two interests rates. We think of the money
equation

me =y + (i —ip) + P,
and the interest equation
1= iy + U,

as describing stable economic relations.
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This hypothesis is formulated in a vector autoregressive model as the statement that the vectors
ﬁl =(13_13_636)r3
ﬁz = (030313_1),3

are cointegrating vectors.

Let us assume that the cointegrating rank is » = 2, and that we, in order to check the restrictions implicit in the above
relations, first formulate the hypothesis

81 = (a.ar.a3.as),
B2 =(0,0.as.a6)".

1. Formulate this hypothesis in the form

B= (H101.H292),

and check whether this hypothesis is a restriction on the cointegrating space. Are the equations identified?
2. Consider the same questions for

B1 = (a1, —a1.a3,04),
B2 = (0,0.as.a6)".

3. Consider the same questions for

B1 = (a1,—ay.a3,—az)’,
B2 = (0,0.as.a6).

4. Consider the same questions for

B = (a1, —an.a3, —az)’,
B2 =1(0,0.as,—as)’.

5.4

Consider the model
AXi=af' Xy +AX  + &,

and assume that all parameters vary freely except for a = 4. Show that 4' X is weakly exogenous for (¢}, B).

The combinations o | %.!.,& are the common trends. The hypothesis that the shocks from a given equation, a price
equation say, cumulate to a common trend can be formulated as «, = (4, ), for a suitable unit vector 4, Show that in
this case 4,.X is weakly exogenous for (J, ), see Chapter 8.
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5.5

In the cointegration model
AXi=af' X, |+ &,

where ¢, . . ., g, are independent Gaussian N, (0, Q), we split X, in X, and X, of dimensions p, and p, respectively
corresponding to two sub-systems. We want to test if the cointegration in the full system can be expressed by requiring
that the subsystems cointegrate. This is called separate cointegration. The precise definition is that there exist matrices
B, (b, X r)and B, (p, X 1) with 7, + r, = 7, such that the cointegrating relations B' X are linear combinations of $' X, and
B'.X,, that is, that there exist matrices A, (r X r) and A, (r X ), such that B' X, = Ap' X, + A4p"X..

1. Show that this hypotheses can be formulated as one of the hypotheses which is treated in Chapter 5 and discuss
an algorithm for calculating the maximum likelihood estimator.

We call the system strongly separated if it is separated and it holds that the equations for A X, contain only ' X, | and
the equations for A X, contain only B'.X, .

2. Formulate this hypothesis as a hypothesis about « and show that even if the system is strongly separated it does
not hold that X, is weakly exogenous for 3, (Granger and Konishi 1993).

5.6

Consider the cointegration model

AXyy =Xy g+ e
AXy = X g +E

where e, . . ., ¢, are independent Gaussian N, (0, €).

1. Show how the hypothesis that X, is weakly exogenous for 3 can be formulated as a hypothesis on «.
We define the stochastic trends

2. Show that the hypothesis that the first component of ¥.!_ &, is a common stochastic trend can be formulated in
the form

o) = (ao,y)

and find a,.
Assume that X, = (p, p*, exch, 7%, ), that is, prices and interest rates in Australia and United States together
with the exchange rate. We
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assume that the cointegrating rank is three, that is, that there are two common trends. We want to investigate if
there is a stochastic trend that comes from the price variables and the exchange rate (the goods sector) and
another from the interest variables (the financial sector).

Formulate this hypothesis as a hypothesis on «,.



6 The Statistical Analysis of / (1) Models

THIS chapter contains an analysis of the likelihood function of the I(1) models discussed in Chapter 5. The main result
in section 6.1 is the derivation of the method of reduced rank regression which solves the estimation problem for the
unrestricted cointegration vectors, and which solves the problem of deriving a test statistic for the hypothesis of
cointegrating rank. The asymptotic distribution of this test statistic is discussed in Chapter 12, and the way it should be
applied is discussed in Chapter 13.

It turns out that the method of reduced rank regression solves a number of different models defined by various
restrictions on the parameters. We give here the estimator of the unrestricted cointegrating vectors, and show in section
0.2 how it should be modified if restrictions are imposed on the deterministic terms. In Chapter 7 we discuss the
modification needed for the estimation of cointegrating relations, when they are restricted by linear restrictions, and in
Chapter 8 how it should be modified when « is restricted.

6.1 Likelihood Analysis of H(r)

We define the reduced from error correction model as given by

k-1
AX;=0B X, 1+ Y TAX; +®Di+ €4,t=1,....T,
i=1

(6.1)
where ¢, are independent N,(0, ) and («, B, I', . . ., I'.,, @, Q) are freely varying parameters.

The advantage of this parametrization is in the interpretation of the coefficients, where the effect of the levels is

isolated in the matrix «f' and where I', . . ., I',, describe the short-term dynamics of the process. Sometimes the form
k-1
AXy= E TAX, j+af Xy p+®PD:+ €4,
i=1

is given, where r = n,+ .+ n, s- This reparametrization leads to the same statistical analysis.

In (6.1) we introduce the notation Z, = A X, Z, = X, and let Z, be the stacked variables A X, , ..., AX .., and D,
We let ¥ be the matrix of parameters corresponding to Z,, that is, the matrix consisting of I',, . . ., I', , and ®. Thus Z,

is a vector of dimension p(& — 1) + » and W is a matrix of dimension p X (p(k — 1) + m).
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The model expressed in these variables becomes
Zu=afB Zy+Wiy+ € t=1,....T.

6.2)

This is clearly a non-linear regression model where the parameters W are unrestricted and the coefficient matrix to the
levels Z, is of reduced rank. The analysis of the likelihood function leads to the technique developed by Anderson
(1951) of reduced rank regression. We give the details here since the notation is needed for the asymptotic analysis. The
log likelihood function is given apart from a constant by

logl(¥,0,6.Q)

T
]. ]. ! ! - r
= - anogQ —5 g_l.(zor—aﬁ Z1—WZp)' QN (Zos — Off Zys — WZar).

The first order conditions for estimating ¥ are given by

T
> (Zo— 0B Zai— WZa) 2ot = 0.
i=1
. ) ) (6.3)
We introduce the notation for the product moment matrices
T
My=1""ZyZy,i,j=0,12,
=1
and note that 6.4)
MU = MJ?IJ:I:'.; = 031:2'
We write (6.3) as
Mo = aff' Mz + Wiz,
such that
W(a,B) = MoxM;, — Of M1aMy; .
(6.5)
This leads to the definition of the residuals
Kot = Zot — Mong_ngzr,
(6.6)

Ryt = Zy; —M12M2_2122r,

(6.7)
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L.e. the residuals we would obtain by regressing A X, and X, , on the lagged differences AX, ,...,AX , ,and D, or
Z, and Z, on Z,. The concentrated likelihood function is

T
]- ]- ! ! _ !
logL(a,8.Q) = — 5 TloglQl ~ 5 _ (Ro: ~ ' R1e)' Q™ (Ro: — A Ruy),

2 t=1
(6.8)
see also (A.29). Another way of writing this is as a regression equation in the residuals
Ror=af Ry + €+,
(6.9)

which would give the same likelihood as (6.8). Thus the parameters W can be eliminated by regression and what
remains in (6.9) is a reduced rank regression as investigated by Anderson (1951).

As a final piece of notation consider

T
Sy=T"Y ReRy = My—MpM; My i, j=0,1.

t=1
(6.10)
For fixed B it is easy to estimate o« and Q by regressing R, on ' R, and obtain
a(B) = SuB(Bsuf ™,
(6.11)
Q(B) = Soo — So1B(B'S118) ™ B'S10 = Soo — a(BY (B S1uPIaA(BY’,
(6.12)

and apart from the constant (2n ¢y, which disappears when forming ratios, we find

Lme” (G(B).B.QBY) = Lume’ (B) = 1Q(B) = IS00 — S (B’ S118) B’ S1ol.

We next rewrite this expression, using the identity

211 212

= |=0||S22 — SuE S| =
221 222 || 11

222||211 — S1257m S

=]

which is discussed in (A.26). Applying the identity to the matrix

Soo  Soif

= [Soo| B (311—3103_1301)ﬁ|
B'S1wo B'Sup | ! 00

= |f3’S1116||Soo —So1B(F'S1158) _15’310|a

we find that
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|Soo —S01B(f'S118) _lﬁ’S1o|
= |300||)3'311ﬁ3—5’51030_01301ﬁ3| / |ﬁ3’311ﬁ3|
= |300||)3' (S11 —31030_01301)[3| / |ﬁ3'311ﬁ3|-

(6.13)

Thus the maximization of the likelihood function is equivalent to the minimization of the last factor of (6.13). This
factor is minimized among all p X r matrices {8, by applying Lemma A.8, that is, by solving the eigenvalue problem

|PS11 —(Sn —S1OSO_01301)| =0,
ot, for A = 1 — o, the eigenvalue problem
|f’t311 - 31050_01301| =0,
for eigenvalues A, and eigenvectors v, such that

_ -1
AiS11 U ;= 810850501 Y 4,

and v'S,v, = 1if /= jand 0 otherwise, see Lemma A.8. Note that the eigenvectors diagonalize the matrix $55,4 5y since
U /S10S0Sm U, = A if 7= jand zero otherwise. Thus by simultaneously diagonalizing the matrices S, and ;58,150 We

can estimate the ~dimensional cointegrating space as the space spanned by the eigenvectors corresponding to the
largest eigenvalues. With this choice of g we find from Lemma A.8, that

|F§’ (S —310*'5'0_0.1301)f3

|ﬁ3’511f3|

21T _
J]-:max - |SOO|

s -
= |500|,|_|1(1 — A,
I:

6.14)
since by the choice of g we have gs;,8= 1, as well as g S19S,0Smp = diag(Ar, ..., A).

For =0 we choose y(B) = (0),and find 0 = A = 0, and for 7= p we can take s(B) = R*, and the estimate of IT is
N = sus,, . Note that we have solved all the models H(»), » = 0, . . ., p by the same eigenvalue calculation. The
maximized likelihood is given for each r by (6.14) and by dividing the maximized likelihood function for r with the
corresponding expression for » = p we get the likelihood ratio test

OH(MIH(p)) T = S| T _’:\f) |
|Soo||_|f=1(1 —A)

The factor |5, | cancels and we find the so-called trace statistic

p -
~2logQ(H(NIH(p)) = ~T 7 log(1-A).

i=r+l



The Statistical Analysis of I (1) Models 93

Under hypothesis H(r) the estimates of 3 and « are related to the canonical variates between R, and R,, and the
eigenvalues are the squared canonical correlations, see Appendix A or Anderson (1984). The estimate of B is given as
the eigenvectors of (6.15), see below, corresponding to the rlargest eigenvalues, that is, the choice of g is the choice of
the r linear combinations of X, which have the largest squared partial correlations with the stationary process A X,
after correcting for lags and deterministic terms. We call such an analysis a reduced rank regression of A X, on X,
corrected for A X, , ..., A X .., D). The results are formulated in Theorem 6.1, where we also give the asymptotic
distributions of the test statistics even though they will be derived in Chapter 12. Note that the estimate of § given here
is the unrestricted estimator, which is relevant if we do not want to impose any restrictions.

THEOREM 6.1 Under hypothesis
H(ryMN=af,
the maxcimum likelibood estimator of B is found by the following procedure: first solve the equation

AS11 — S10850 01| = 0,

(6.15)

for the eigenvalues1 > A > - > A, > Oand eigenvectorsjy = (G.....,Gp y which we normalize by iy g, 17 = 1 The cointegrating relations are
estimated by

B=(V1,....0),
(6.16)
and the maximized likelthood function is found from

Ia -
Liae (H(r)) = ISool 11 (1= 4.
I=

(6.17)
The estimates of the other parameters are found by inserting@into the above equations, i.e. by ordinary least squares forg = p.

The likelihood ratio test statiste Q(H(r) | H(p)) for H(r) in H(p), is found by comparing two expressions like (6.17). This gives the result
p -
~2ogQH(NIH(p)) = ~T ) _ log(1-A).
i=r+l

(6.18)
The likelihood ratio test statistic for testing H(r) in H(r+1) is given by

~2logQ(H(F)H(r+ 1)) = — Tlog(1— A,4y).

(6.19)
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The asymptotic distribution of (6.18) depends on the deterministic terms present in the model, and is derived in Chapter11. We assume here
that rank (I1) = r.

If w =0 we find

-1

o OCH (P IH(p)) — 1r fl(dB)F'[ /IFF’du] le(dB)’ ,
0 0 0

where F'= B is a p — r dimensional Brownian motion. The distribution is tabulated in Chapterl5, Tablel5.1. (6.20)
Ifw, = pand o L p, F 0, the asymptotic distribution is given by (6.20) with I defined by
1
Fi(u) =B;(u)—f Biwydu,i=1,... . p—r—1,
0
Fo_(u) =u-— 1
p-r 2"
(6.21)
The distribution is tabulated in Chapter15, Tablel5.3.
Ifw, = w + wt,and o' L, O then I is given by
Fi(u)y =Bj(u)—a;—bt,i=1,....p—r—1,
Fp_r(u) = uz—a—bu,
(6.22)

where the random coefficients a, b, a, and bare found by regressing u, respectively B, on a constant and a linear term. The distribution is
tabulated in Chapter15, Table15.5.

Another way of formulating this basic estimation result is that we have performed a singular value decomposition of
the unrestricted regression estimator M = Sy, with respect to its ‘covariance matrix’ S, ® S,/ , thatis, of the matrix
1 1

n =Snn?l HSIEL since

_1 _1
T — 8n2 So1STES 1082
P 00.1°01211 210200 1

,oI—I:II:I’ =

=l

which is zero if
#5001~ S015710] = [PS00 = (1 + PSSy S0 = 0.
which gives A = o/(1 + @), where we have used the notation

_ il
So0.1 = Soo — So1571 S1o-

The normalization g s, = r is convenient from a mathematical point of view but may not be economically
meaningful. It has the advantage that such normalizations can be made without assuming anything about which
variables cointegrate, that is, without normalizing 8.
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Note that since a = $, we have

a o_olf3 = ﬁé’SmSo_ngmﬁ% = diag(Ar, . . . AL,

Thus the eigenvalues measure the size of the coefficients to the cointegrating relations, and the test statistics can be
interpreted as measuring the ‘length’ of the coefficients measured by s,! of the supposedly nonstationary components
of X.

The calculation of the eigenvalues of equation (6.15) is performed as follows: first the matrix S, is diagonalized by
solving the eigenvalue problem

|pf —Su| =0,
for eigenvalues g, . . . , o, and eigenvectors W = (w,, . . ., ), that is, we have the decomposition

Sll = de-ag(pla A :pp)WJ

1 1 1 .
Then we define g 2 = paiag(p, 2. . ..p, 2w and solve the eigenvalue problem

-1 -1
A — 8118108508015, | = 0,

for eigenvalues Ay,....A, and eigenvectors U = (#, . . ., u). Finally we define the eigenvectors V=_g]'1% tr- Thus we
diagonalize the matrices S, and §y55,05n simultaneously by the transformation 7 The matrix S, is reduced to the
identity and $45,/5 is reduced to diag(A;, . ...A,). One could also just say that we find the eigenvalues of ;1055 So1 »
but this matrix is not symmetric, hence a different numerical algorithm should be used.

It is sometimes necessary to estimate the orthogonal complements of o and 3. This can easily be done by the above
results since

ﬁJ_ =S].1(U?‘+13"'3Up)3
- — o1
a; =SS0 Urs1,.--5Up).

satisfy the relation ava, = @8, = 0. These relations follow from the fact that the eigenvectors v, . . ., v, diagonalize both
S“ and S'J"SIH:Sm .

Note that the asymptotic distribution of the test statistic A, in (6.19) is not given here but left as an exercise 11.5 in
Chapter 11. The properties of the test are posed as a problem in Chapter 12.

6.2 Models for the Deterministic Terms

In this section we analyse the hypotheses given by (5.13), . . ., (5.17). The analysis of (5.13), (5.15), and (5.17) is given
in section 6.1 where the analysis
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is for a general form of the deterministic term D, If we take @ D, = y, + u,7 we get the analysis of H(7), for ® D, = y,
we get the analysis of H,(r) and finally H,(7) is analysed with @ D, = 0. What remains is to discuss the models with a
restriction on the deterministic terms: H*(7) where o'w, = 0 and #," (r) where y, = 0 and o', = 0. The analysis is very
similar to the one given in section 6.1 and the new models will not be treated in so much detail.

Consider first H*(7) given by (5.14), that is, [T = of', ® D, = p, + w4 and o'p, = 0. We note the following relation

B’ X1+t = 0 X; g +apir= a(fe0) (Xe 10 = af ' 2y,

(6.23)
where we define §* = (B, 0,)' and z;=2zy= A x, and let 2z, be the stacked variables A X, , ..., A X, , 1 whereas
Z, = X', = (X, 1. Further we define W* as the matrix {I", ..., ', , n,}. The regression model then becomes

Zu=0f Zo+WZ+ €,
(6.24)

Itis seen that by this reformulation we can we estimate model H*(r) by reduced rank regression of z; on z,, corrected
for 7,,. This defines residuals &y, &,;, and product moment matrices s, . Note in particular that s;, is p1 X p1, whereas
Sy 18 p1 X pand s is p X p as before, with p1 = p + 1.

Thus we solve the eigenvalue problem

*

* L O
A Sll_SIOSOO SOl _09

for eigenvalues A, ..., A;;. Note that A, = 0 since the matrix §,,54 'Sy, is of dimension p1 X p1, but has rank p, such

that |S;n-?n}_15m| = 0. The likelihood ratio test of H*(r) in H(7) is calculated from

*

Soo| M7y (1 =41

O (HIHG)) T = i
|Soo| N, (1-4)

The hypotheses H*(p) and H(p) are so close that the likelihood function attains the same maximal value, see p.161.

Hence we find for » = p that

| F * r -
Soo _|'|1(1 —AD)= |300 _nl(l — A,
E: I:

which shows that
p -
Mizrer (140
—
M .:'=r+1(1 _As' )

—2logQ(H " (F)IH(r)) = Tlog

The results are formulated in
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THEOREM 6.2 Under the restrictions T1 = af8', ® D, = p, + w2, and o'w, = O the cointegrating vectors are estimated by reduced ranfk
regression of A Xon (X, ., ?) corrected for lagged differences and the constant. The likelihood ratio test for the rank of 11, is given by

r
—200gQ(H (MHIH (p)) = — TZ log(1-A"),

i=r+1
6.25)
whereA” solves the eigenvalue problem
* # Lk k| _
A Sll _SIOSOO SOI - 05‘
(6.26)
Jor egenvaluesy > A > - > Ay > ALo= 0, and egenvectorsy,, ..., vy, . The estimator for B* is given byg" = (). v

The likelthood ratio test of the restriction o' i, = O when there are r cointegrating vectors, that is, of H*(r) in H(r), is given by

r -
~2UogQ(H  (NIH(F) =T Y log {(1-A)/ (1-A)},

i=r+l
(6.27)

wherea, solves (6.15).
The asymptotic distribution of the likelthood ratio test statistic (6.25) is derived in Theorem 11.1, and is given by (6.20) with F defined by

1
Fi(u)y =Bi(u) —/ By (wydu, i=1,....p—r,
0

|
Fp—r+1(u) “uU- 7
(6.28)

The distribution is tabulated by simulation in Chapterl5, Tablel15.4. The asymptotic distribution of the likelihood ratio test statistic
(6.27) is shown in Corollary 11.2 to be y*(p — 7).

In a completely analogous way we can estimate in the model #, (r) where @ D, = p, and o' u, = 0. In this case we note
that

af' X, 1 +apg=a(f,p0) (Xey's1) =af ' Zy,.
(6.29)

For z;, = (A X, _ 1, ..., A X;p»')’ we find the reduced rank regression (6.24) again giving tise to new residuals and
product moment matrices s, . We formulate the results in

THEOREM 6.3 Under the restrictions I1 = o B' and @ D, = p,and o' ., = O the cointegration vectors are estimated by reduced rank
regression of A Xon (X, ., 1) corrected for lagged differences. The likelihood ratio test for the rank of I1, when o' w, = 0 7s given by
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b4
~200gQ(H, (MIH, (p))= —TY_ log(1-A"),

i=r+l
(6.30)

whereA| solves the eigenvalue problem (6.26). The likelihood ratio test of the restriction o' ., = O when there are r cointegration vectors,
that is, of H (n* in H,(r) s given by

p .
~200gQ(H, (NIH1(r) = —T> log{1-A)/(1-A)},

i=r+l
(6.31)
wherea, solves (6.15).
The asymptotic distribution of the likelthood ratio test (6.30) is derived from Theorem 11.1 and is given by (6.20) with F defined by
Fluy =B(u),i=1,...,p—r,
Fo () =1

(6.32)
The distribution is tabulated by simulation in Chapterl5, Tablel5.2.
The asymptotic distribution of the likelthood ratio test statistic (6.31) is shown in Corollary 11.2 to be *(p — 7).

6.3 Determination of Cointegrating Rank

The problem of determining the cointegrating rank will be discussed in detail in Chapter 12, but we give here some
rules for the application of the results in Theorem 6.1, 6.2, and 6.3.

Consider for simplicity first the situation where @ D, = 0, that is, there are no deterministic terms in the model. In this
case the test statistic is given by (6.18) where the preliminary regression does not involve correction for any
deterministic terms, since they are not present in the model. The limit distribution of the likelihood ratio test statistic is
given by (6.20) with ' = B, and is tabulated in Chapter 15, Table 15.1. The tables are then used as follows.

If r represents a priori knowledge we simply calculate the test statistic O, = —2log Q(H(») | H(p)) and compare it with
the relevant quantile in Table 15.1. Note that the tables give the asymptotic distribution only, and that the actual
distribution depends not only on the finite value of T but also on all the short-term parameters as well as on o and §. If
one wants to be absolutely sure that the quantiles reported are at all reasonable, one would have to supplement the
comparison with the asymptotic tables with a simulation investigation. This will not be attempted here.

A small sample correction has been suggested by Reinsel and Ahn (1992). It consists of using the factor (1" — £p)
instead of the sample size T
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in the calculation of the test statistic for cointegrating rank. This idea has been investigated by Reimers (1992) and it
seems that the approximation to the limit distribution is better with the corrected sample size. The theoretical
justification for this result presents a very difficult mathematical problem, which it would be extremely useful to solve.

A common situation is that one has no or very little prior information about 7 and in this case it seems more
reasonable to estimate 7 from the data. This is done as follows. First compare {, with its quantile ¢, say, from Table
15.1. If O, < ¢, then we let 4 = ¢, if O, = ¢ we calculate 0, and compare it with ¢. If now O, < ¢ we define $ =, and if
not we compare (J, with its quantile ¢, etc. This defines an estimator 4 which takes on the values 0, 1, . . ., p and which
converges in probability to the true value in a sense discussed in Chapter 12.

Next consider the case @ D, = p,, where p, is allowed to vary freely. We see from Theorem 6.1 that the limit
distribution depends on the assumption that o'y, # 0.

Sometimes inspection of the graphs shows that the trend is present and we proceed as above and calculate g, . . .,

0O, ,, and compare them with the relevant quantiles from Table 15.3, since now the limit distribution is given by (6.21).
We start comparing ¢, with its quantile and proceed to ), etc. This gives the possibility of estimating the value of 7

If it is clear that there is no deterministic trend it seems more reasonable to analyse the model &, (r), and calculate the
relevant test statistic —2log QU (.?'J|U|t(p)). That is, we take the consequence of the assumption that a.'p, = 0 and
analyse the model thus specified instead of applying another limit distribution to the previous statistic. That is, we
change the test statistic to reflect the hypothesis we are interested in, rather than changing the limit distribution of the
previous statistic.

If we are in the situation that we do not know whether there is a trend or not, we have to determine the presence of
the trend as well as the cointegrating rank at the same time, since the tests are not similar, not even asymptotically, that
is, the distribution and the limit distribution depends on which parameter point is considered under the null
hypothesis. We then have a non-nested set of hypotheses, see Table 5.1

H(0) c~c Hi(r) c~c Hi(p)
U U U
* * *
H ) cw~c H(r) c~c H (p)
It holds that H,(p) is almost the same hypothesis as #(p), in the sense that
~2log QU (H|H\(p)) = —2log QUI, (_r)|n,‘(_p) ).

Thus we test all hypotheses against H,(p). The simultaneous determination of trend and cointegrating rank is now
performed as follows:

We calculate Qg ... @y 1. Qg» ---» ©, ,. We accept rank 7 and the presence of a trend if H,(0), . .., H(r — 1) are
rejected and if also the
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models 7,0y, ..., # (r = 1) as well as 5, (r) are rejected but H (r) is accepted.

We accept cointegrating rank r and the absence of a trend if &, (r) is accepted and H,(0), . . ., H,(r — 1) as well as
(), ..., H (r = 1) are rejected. This solution represents a choice and reflects a priority in the ordering of the
hypotheses.

If instead we assume no quadratic trend in the process but allow a linear trend in all directions, we can analyse
model H*(7). These models are nested and the rank is determined as above by calculating the —2log Q(H(n)* | H(p)*)
for r=0,...,p — 1, and compare them with their quantiles from Table 15.4, starting with » = 0.

5 o .

6.4 Exercises

6.1

Consider the model
AX;=aff' Xy g+t pht+ €4
We define the parameters

Ho =dpg+da Vo,
M1 Tdpptda .

1. Show by Granger's representation theorem that X, in general has a quadratic trend and show how this model
can be estimated by reduced rank regression.
2. Show that if o'y, = O then the quadratic trend disappears, but the process still has a linear trend given by

n=B10 B ar oy v+ (ayray ) ay BB B e - BB B o1,

see Chapter 5, formula (5.20).

3. Show how one can estimate the parameters of the model by reduced rank regression under the constraint o,
'w, = 0.

4. What happens under the constraint o', = 0, and u, unrestricted?

5. Under the restricton o'y, = 0, the hypothesis of trend stationarity of X, say, can be formulated as the
hypothesis that the unit vector (1, 0, . . ., 0) is one of the cointegrating vectors. Discuss how the parameters can
be estimated by reduced rank regression in this case.
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6.2

A normalization or identification of the cointegrating vectors. Consider the model
AXLF = dﬁ,Xf_l + €;

The equation

AZgg— zﬁozagzoﬁ =0

has SOlutiOIlS )\’1 >z }\" and V = (yn L) [//) SuCh that VZFS;%V = I NOW deﬁne B: ﬁ[": that iS, é} =ﬁb}, and deﬁne
a=qp -, such that af =ap -
1. Show that

Var(B X, 1) =1,
a=s . = COV(AXraB'Xz—l):
0p

a'Zpa = diag(Ag, . . . .AN).
2. Show that similar relations hold for the estimated values of « and 3.

6.3

An example of a model based on rational expectations can be formulated as

E(cg' Xi+ ' X)) +c=0,

for a process X, which we assume is generated by the equation (6.33)

AX3=|_|X5_1+,U+ Sfjlej.. 7.

(6.34)

Here X is p-dimensional and the matrix ¢ is (¢ X 1) and ¢, and ¢, are (p X ¢) known matrices. As an example of this

situation consider the variables (i, i, exch, p/®. p"). The hypothesis of uncovered interest parity is formulated as

s Al
ip- —ip = Edexchiyq,

and the hypothesis of equal expected real interest rates is formulated as (635
BB = B,
(6.36)

1. Show that (6.35) and (6.36) taken together are a special case of (6.33) and find the matrices ¢, ¢, and «.
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Show that in order for (6.33) to be consistent with (6.34) it must hold that
ci'll= —(cp+ecy)’, and ci’f+c¢=0.

(6.37)
In the presence of cointegration these restrictions give more restrictions on the matrix IT and it is these
restrictions that we want to test in the following, We define

a=cp,b= —(co+c1).

and assume that the matrix 4 has full rank.
Show that under the assumption that IT has reduced rank » (0 < r < p) and the restrictions (6.37) hold, we have
that 2 has full rank and that

© én

for matrices § and 7 of dimension (p — ¢) X (r — ¢) and rank (r — ¢) and a matrix ® of dimension (p — ¢) X ¢.
Find IT as a function of ®, §, and 7 and show that this expression implies that IT has reduced rank and satisfies
the restrictions (6.37).

Find the dimension of the parameter space spanned by IT and p under the restrictions (6.37), and find an
expression for the cointegrating vectors 3 expressed in terms of 7, and an expression for a.

Show by multiplying the equations for X, by @ and 4, respectively that the estimators for 7, §, ®, and u can be
determined by reduced rank regression.

Find an expression for the likelihood ratio test for the hypothesis (6.37). The asymptotic distribution is y*. Find
the degrees of freedom.

(aa ) N(bb,) = ["”’b 0 ]

Discuss the estimation problem for the statistical models discussed in the exercises given in Chapter 5.

6.5

Consider the model

AX;= Gﬁ’Xf_l + rlﬂXg_l + €4

(6.38)

Let H be a p X s matrix.

1.

Show that the hypothesis
FlH 1 =0

can be formulated as T, = § H' for some & (p X ) and derive the likelihood ratio test for this hypothesis. The
asymptotic distribution of the test statistic is ¥*. Determine the degrees of freedom.
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Show thatif B = H@and I', = § H' then Y, = H'X is an autoregtessive process. Find the parameters and give the
condition for the process Y, to be an I(1) process.
Consider now the following special case

AY;=yAZ; 1+ €15,

(6.39)
DAZy=ap(Y;  +BaZiq) + €3
(6.40)
Find the characteristic polynomial and its roots and show that if
B2ty #0
-1 <vya,
yoz + B0, <0
U (y—B2) <2

then the process X, = (Y, Z)' is an I(1) process and Y, + B,Z, is stationary.

For H = (1, 0)' the hypothesis B = H@ reduces to 5, = 0. Find the autoregressive representation of Y, given by
(6.39) and (6.40) under the assumption that 3 = H@ and I', = § H' and determine the properties of the process
depending on the parameters.

The problem is inspired by the following situation. In an investigation of money #, income y, price p, and
interest rates 7, and 7, both money and income are in nominal values. The variables 7, y, and p, are in
logarithms. An analysis of the data shows that a model with » = 3 and £ = 2 describes the data. We now want to
investigate if we could have analysed the variables in real terms, that is, the variables (7, — p, 3, = p, 4, ).
Determine in this case the matrix H and determine explicitly the condition that I', has to satisfy in order that the
real variables are described by an AR(2) model.



7/ Hypothesis Testing for the Long-Run
Coefficients [3

This chapter contains a derivation of the estimator and test statistics under hypotheses expressed as linear restrictions
of the long-run coefficients 3. We saw in Chapter 6 how a number of hypotheses can be analysed by various versions
of the reduced rank regression algorithm. In this chapter we show that a number of the models defined by restrictions
on B in Chapter 5 can be solved by reduced rank regression or slight modifications of it. For each of the hypotheses we
give an algorithm for estimation of the parameters and the maximized likelihood function, and hence the likelihood
ratio statistics. All the asymptotic distributions for hypotheses on either § or « turn out to be y* distributions by the
results in Chapter 13. We give here the calculation of the degrees of freedom for the various hypotheses. The last
section 7.3 shows how some of the results are applied to an analysis of the Purchasing Power Parity between Australia
and United States as well as an analysis of demand for money in Denmark.

7.1 Degrees of Freedom

The tests on § all turn out to be asymptotically distributed as y’. The reason for this is that the asymptotic distribution
of B, suitably normalized, will be mixed Gaussian, see Chapter 13, with a dimension determined by the dimension of
the tangent space of the statistical model.

In order to understand the determination of the degrees of freedom the following should be kept in mind. In the usual
linear regression model y, = 0'x, + &, 0r Y = X0 + ¢ with fixed regressors and Gaussian errors, the space spanned by the
columns of the design matrix X, gives the dimension of the model or the number of free parameters. If linear
restrictions are imposed on the parameters: 0 = H@, a submodel is defined, and the space spanned by XH forms a
subspace, the dimension of which determines the number of free parameters of the hypothesis. The decrease in
number of parameters gives the degrees of freedom for the test of the restrictions on the parameter. For non-linear
models y, = 0(n)'x, + ¢, one applies a Taylor expansion to find that locally we have linearity:
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e(n) = 6(n) +De(n—n +o(In—nl*).

Using the consistency of 5 we can in the asymptotic analysis replace the non-linear model by the linear model with
regressors (D0)'x, such that the number of parameters is given by the dimension of the space spanned by XD6. Thus
the tangent space of the non-linear function takes the role of the linear space in usual linear regressions and the
dimension of the tangent space gives the number of free parameters. Similarly the information matrix is proportional
to the matrix (D0)'X'XD0 and the inverse if it exists is proportional to the asymptotic variance.

A non-linear restriction then gives a subspace with a new tangent space, which is a subspace of the old tangent space
and the difference in dimension is the degrees of freedom for the test of the non-linear restrictions. In a cointegration
model, which is a non-linear restriction on IT expressed as IT = «f8, we will first determine the dimension of the
tangent space at a point where o and 3 are of full rank, and then use this result to determine the degrees of freedom for
some of the tests for restrictions on 3 discussed in Chapter 5.

LEMMA 7.1 The function f(x, y) = xy', where x is p X r (r < p) and y is m X r (r < m), is differentiable at all points, with a differential
given by

Df (x,y k) =xk" +hy’ h(p < r) andk(m < r).
If > and y have full rank then the tangent space has dimension
pm—(p=r)(m—r)=(p+tm-r)r.
PROOF From the expansion
fx+hy+k)y=f(xy)+xk +hy' +ht
the first result follows, and the tangent space consists of the matrices

T={xk+h'hipxr)k(m=<r)}.

It is easier to determine the dimension of the normal space, that is, the space orthogonal to the tangent space at the
point (x, ). This space must satisfy the conditions

N = {M(mxp)|tr(M(xk' +hy')) =0, forall A(pxr) and k(mxr)}
= {M|Mx=0 and y'M =0}

We next want to determine the number of free parameters in a matrix with these restrictions.
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We assume without loss of generality, since x and y have full rank, that x;, 3 and M have the form

lrl 1 | MuMip
X = N :M - .
0 0 MayMa
The condition Mx = 0 implies that M,, = M, = 0 and y' M = 0 implies that M,, = M,, = 0, such that the only parameters

remaining in M are the parameters of M,,, that s, a total of (p — #) (m — r). Thus ~ has dimension (p — 7) (m — r) and
hence the tangent space has dimension pmz — (p — 1) (m — 7).

Another way of determining the dimension of the space of matrices defined by x9' of full rank is the following. Since x
and y have full rank there is no loss of generality in assuming that y' = (3, 5,'), where y, (» X #) has full rank, such that

—_ F— ' -1’ P = aaaad
Flxy)=xy' =xy"(Ly; y2') =%y,

say. Now ¥ and ¥ can be recovered from the value of f{x, ) by the identifying restrictions imposed and the dimension
of the space of matrices of the form xy' must be equal to the number of parameters in the arguments ¥ and ¥, that is,
pr+ r(m — r) which is equal to pm — (p — 1) (m — 7).

7.2 Linear Restrictions on f3

We analyse some of the models discussed in Chapter 5 defined by linear restrictions on 8 and show that some can be
estimated by reduced rank regression, whereas others need an iteration which can be performed conveniently by a
switching algorithm. For each such hypothesis the degrees of freedom are calculated by the above result.

7.2.1 The same restriction on all 3
The basic I(1) model is given by the equations

k—1
AXi=0f X; o + E AX, +®Di+ €4,
=1
where the parameters («, B, I, . .., I,_,, @, Q) vary freely. Consider first the restriction H: 8 = H@ for some known
matrix H of dimension p X s which corresponds to imposing the same restriction on all cointegrating vectors.
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THEOREM 7.2 Under hypothesis H, : B = H@@, we find the maximum likelibood estimator of B by reduced rank regression of A Xon
H'X, corrected for lagged differences and dummies, that is, first we solve

A* H'S)H — H'S19850 So1H| = 0,

(7.1)
Jori> Al > ws Al > 0and V= (v, . . ., v) which we normalize by 1" H' S, HV" = 1. Then choose
0= (U,...,U) and B=Ho,
and find the estimates of the remaining parameters by ordinary least squares forg= p. The maximized likelihood becomes
_ r *
L’ (Ho) = 1So0l 1 (1= A),
I =
and the likelibood ratio test Q (H,|H (1)) of the hypothesis Hin H(r) is
~2 log Q(HolH(r)=T»  log{(1-A)/(1-A)},
i=1
(7.2)

which is asymptotically distributed as y’with r (p — 5) degrees of freedom.
PROOF For fixed B we get the concentrated likelithood function as before and the regression equation
Rot= Q@' H'Rys + € 1,

see (6.8) and (6.9), which shows that « and ¢ can be found by reduced rank regression of R, on H' R,, that is, § now
has to be chosen to minimize

|ﬁ3' (811 — 31030_(;.1301)ﬁ| |<P’ (H’SHH—H’SmSO_olSmH)(P|
|6 S110] ) |o"H' S11H Q| i

(7.3)

over the set of all s X 7 matrices. This shows most of the results of Theorem 7.2, it only remains to discuss the degrees
of freedom for the test.

From Lemma 7.1 it follows that the number of parameters in the matrix IT = o' with unrestricted o and Bis p* — (p —
PP=pr+r(p—n. 13 =He@ then I1 = a@p'H which according to Lemma 7.1 has pr + r (s — 7) parameters since H is
p X 5. The difference is » (p — r) —r (s = 1) = r (p — &), which determines the degrees of freedom for the test of the
hypothesis § = He.
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7.2.2 Some B assumed known

Next consider the hypothesis (5.4) H, : 8 = (b, §) where b is p X sand ¢ is p X (r — ). Thus of the r cointegrating
relations the first / are assumed known, and the remaining » — s are to be estimated unrestrictedly. Before formulating
the result we introduce some notation. We decompose the adjustment parameter a = («,, a,) correspondingly into «,
(@ X ) and o, (p X (r — 9)) and find that under H, it holds that

M=af =ad’ + a0,
and equation (6.9) becomes
Rot = Q1b'Ryp + 020 Ry + € 4.

(7.4

The analysis of these equations can be performed by first concentrating out «,, that is, regressing R, and R, on /' R,,.
This gives new residuals

Ros: = Ror—Sqb(b'S11b) 'Ry,
Ry =Ry —Sub(b'Syb) bRy,
and new product moment matrices
Siib = Sy—Sub(b'S1b) b Sy
The concentrated likelihood function now has the form

2iT ) 1,
Ly = |SOO.b — S0P S11.0) O 310.b|

— ' -1 ;
= |SOO.b o’ (S115 —S1o.b300_b301.b)$| / |(P Sl1.b(P|-

Note that if ¢ is chosen to lie in gp(h) then both the numerator and denominator are zero. This problem is treated in
Lemma A.10, where it is shown that we need only consider vectors which are orthogonal to 5. We therefore restrict
attention to vectors in the space sp (L), and solve the eigenvalue problem.

‘Ab’ 1Supby -4 J_SLG.bS{j_(:_hSDl.bbJ_ =0,

for eigenvalues 54> >4 >0

It is convenient also to solve the eigenvalue problem

pSoo — Sorb (b’ S116) B S10| = 0,

for eigenvalues p > > p.>py=... = EP =0. We then get the representation
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So0.5]/ |So0o| = [Soo — Sorb (8’ S116) 78" S10| / |Soo

=NA-p).
=1

From this we find the maximized likelthood function

~ =5

J:m%;{c:{. = [Sool Fl (1-p:) n (1- ;1)
i=1 =1
The degrees of freedom for this model can also be determined by Lemma 7.1. Since ¢ can be chosen in sp(5,), that is,
¢ = b9, equation (7.4) can be written as

Roe= b’ Ry + b’ | Rys+ €.

It is seen from Lemma 7.1 that the number of parameters is

ps+p(p=8)—(p—(r=))p-s—(r-))=p*—(p-r*-s(p-r)

since o, is (p X ), o, is (p X (r — ), and Y is (p — §) X (r — 5). The number of parameters in the model with unrestricted
o and § of dimension p X ris p* — (p — r)*. The difference gives s(p — 7) degrees of freedom for the test. The results are
formulated in

THEOREM 7.3 Under hypothesis H, : B = (b, ®) the estimate of § is found by solving the eigenvalue problen

A’ 1 S116b 1 — b 1106500, S01sb L[ = 0,
Sor eigenvaluesy > . > jp > oand eigenvectors w, and the eigenvalue problem
PSo0 — So1b (b’ S116) b’ S0l = 0,
Jor eigenvaluesp, > | > p>pogy = .. = Py =0 The maxcimum likelibood estimator for f is
B=by(wm,... W),
and the maximized likelihood function is
J:m%;{c:{. = |Saol Fl (:] - Et)rﬁv(l - ;1)
i=1 i=1
(7.0)
Hence the likelibood ratio test of the hypothesis Hin H (r) is given by
-2 log Q(Ho|H(r))
= T{Zj;l log(1-p) +» '~ log(1-A) =) |_ log(l —éia}
(7.7

which is asymptotically distributed as ’with s (p — 1) degrees of freedom.
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We can compare the eigenvalue problem (7.3) corresponding to restrictions on 3 and (7.5) corresponding to assuming
some known cointegrating relations.

The problem of estimating B subject to the restrictions 8 = H@ leads to a transformation of the levels of the process by H' and
the problem of estimating 8 when some of the vectors are known leads to conditioning on the levels transformed by 4.

Thus if we imposed both sets of restrictions we should solve the eigenvalue problem where we have conditioned on 4
R, and transformed by H' K,. That is, we should solve the eigenvalue problem

Li ! _1 —
|AH 1B — H' S90Sk, So1 oH| = 0.

(7.8)

7.2.3 Individual restrictions on 3

We first consider the model defined by the restrictions

B = (H101.H202),

where H, is p X s, and @, is 5, X r, see (5.5). Note that the relations are not necessatily identified in the above
model, since in particular we allow the matrices H, to be the same, in which case we are in the situation considered in
Theorem 7.2.

We decompose the o matrix similarly, that is, « = (o, a,) where «, is p X 7, and the basic equation (6.9) becomes
Ros = Oy H1'Ryp + Q202 Hy' Ry + € 1.

(7.9)

This is evidently a reduced rank problem but with two reduced rank conditions. The solution is not given by an
eigenvalue problem, but the following algorithm is easy to implement and is found to converge. Moreover it has the
property that the likelihood function is increasing in each step. The algorithm is based on the observation that for
known @,, the analysis of (7.9) is just a reduced rank regression of R, on H,'R, corrected for B'R, = ¢,'H,'R,, that s,
the solution given in Theorem 7.3.

As starting values it is not a good idea to use the unrestricted estimates of the vectors in § since the ordering of the
vectors need not correspond to the ordering given in the model. Instead one can find among the r vectors in the
unrestricted estimator g a total of 7, linear combinations that are as close to sp(H)) as possible. This is done by solving
the eigenvalue problem

AB'B— B H (Hy' Hy) L Hy ' B = 0,
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for eigenvalues and eigenvectors (z, . . . , ») and choose as initial value for the iteration the vectors §; = B(v,...,va)-
Thus the algorithm consists of the following steps:

1. Estimate (3, and B, unrestricted as described in Theorem 6.1 and construct an initial estimate g, as described
above.

2. For fixed value of g, = g, estimate a, and @, by reduced rank regression of R, on H,'R,, corrected for 'R, This
defines B, = i,0,.

3. For fixed value of g, = g, estimate o, and @, by reduced rank regression of R, on H,'R,, corrected for B,'R,. This
defines B, = i,0,.

4. Continue with 2. and 3. until convergence.

We do not know that a unique maximum exists, and hence cannot prove that the algorithm always converges to the
correct value but the algorithm has the property that the likelihood function is maximized in each step. The maximum
value of the likelihood function is given by expressions like (7.6). We summarize the results in

THEOREM 7.4 The model H, : 3 = (H,,,, H.,y,) 75 estimated by the switching algorithm described above. 'The maximized value of the
likelihood function is given by

2T rl . 12 -
max = ool [T (1—p;) T1(1—-A4).
i=1 i=1
where1 s Ay > . > Agare defined as the solutions to the eigenvalue problem forg, = g, :
AT : -1 —
|/’152 S11.8412 — Ha 310.51300_51501.5132| =0,
and\ > py > > ps, are defined by the eigenvalue problem for g, = By :
- r ! -1 _
|PH1311.,62H1 - H1S10.,62300_,62301.,62H1| = 0.
Theorem 7.4 can immediately be applied to calculate likelihood ratio tests for further restrictions on the variation of
the cointegrating relations. Thus in particular this is the test of over-identifying restrictions and also the test for the
identification as given by (5.7). There is no general simple formula for calculating the degrees of freedom for models of

this type, since it depends on how the matrices H, and H, are related and on their dimensions. We give without proof a
result for identified models with individual restrictions on the cointegrating relations.
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THEOREM 7.5 The model H, : B = (H,,, . . ., H,,) where His p X sand ©zs s, X 1 is estimated by the above switching algorithm, and
the asymptotic distribution of the likelihood ratio test statistic for this model, in the general model of B unrestricted, is y’with degrees of
Sreedom given byX -\ (p—r—si+ 1), provided that B is identified.

The degrees of freedom can be calculated from Lemma 7.1 and are simply the sum of the number of restrictions in
each equation, that is p — 5, + 1 less the number of restrictions r needed to just identify the parameters.

7.2.4 Structural error correction model

The structural error correction model is given by (5.10). Instead of estimating the restricted short-run and long-run
parameters simultaneously it seems reasonable, in view of the super-consistency of the estimated long-run parameters,
see Chapter 13, to estimate first the restricted long-run parameters from the reduced form error correction model with
no restrictions on the short-run parameters. Next for fixed values of the long-run parameters apply the usual
maximum likelihood procedure (FIML) to estimate the restricted structural error correction model since all regressors
entering the error correction model are now stationary. An algorithm for performing the FIML estimation can be
constructed as the algorithm for estimating the identified long-run parameters, see Johansen (19954), but of course a
general optimizing algorithm can be used if more complicated hypotheses are considered, see Doornik and Hendry
(1994) and Boswijk (1995). In Johansen and Juselius (1994) an analysis of the IS-LM model is given from this point of
view using Australian money data.

7.3 lllustrative Examples

7.3.1 The Danish data

In this section we analyse the Danish data using model #, (r), since inspection of the plots indicates that the data have
no deterministic trend, which means that the constant term should be restricted by o,'u = 0. A formal test of this can
be performed using the result of Corollary 11.2.

In this model, the value 1 is appended to the data vector and a set of coefficients to the 3 matrix, see (6.29), and then a
reduced rank regression is performed. Hence p = 4 and p1 = p + 1 = 5. The result of the analysis is given in Table 7.1.

From Table 7.1 we find that there is no clear evidence for cointegration. The hypothesis » = 0 gives a test statistic of
49.14, which corresponds roughly to the 90 per cent quantile from Table 15.2. We choose to maintain the hypothesis
that » = 1, that is, that there is one cointegrating relation.
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Table 7.2 contains the estimated long-run coefficients and Table 7.3 the adjustment coefficients.

113

From these tables we see the cointegrating relation as the first column. In this case it seems natural to normalize on

72.

This makes it straightforward to interpret the cointegrating vector in terms of an

‘é *¥7=(1.00,-1.03, 521,—-4.22,-6.06).

measuring the excess demand for money, where the equilibrium relation is given by

The corresponding o is

m2=1.03y— 521 + 4.224°

+6.06.

Table 7.1 The Eigenvalues, Trace Statistic, and 95% Quantiles for the Danish Data

error correction mechanism

r h- Trace 95%
0 0.433 49.14 53.42
1 0.178 19.06 34.80
2 0.113 8.89 19.99
3 0.043 2.35 9.13

Table 7.2 The Estimates of the Long-Run Parameters 8 For the Danish Data

B; B}: f?a.'; B—; 1?3;
w2 —21.97 14.66 7.95 1.02 11.36
b 22.70 —20.05 —25.64 -1.93 —7.20
7 —114.42 3.56 4.28 25.00 19.20
7 92.64 100.26 —44.88 —14.65 —21.53
1 133.16 —62.59 62.75 —2.32 —91.28
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Table 7.3 The Estimates of the Adjustment Parameters o« (X 10°) for the Danish Data

a a s ay
A 72 9.69 —0.33 4.41 1.98
Ay —5.23 1.35 6.28 1.08
A7 —1.05 —0.72 0.44 —1.53
A7 —1.34 —2.06 —0.35 —0.05

The normalized coefficients of « can now be interpreted as adjustment coefficients with which excess demand for
money enters the four equations of our system. A low coefficient indicates slow adjustment and a high coefficient
indicates rapid adjustment. It is seen that in the first equation which measures the changes in money balances, the
adjustment coefficient is approximately 0.213, whereas in the last two equations the adjustment coefficients are lower.
Note, however, that the interpretation of the coefficient a is the effect of a change in the disequilibrium error corrected
for the lagged differences, and hence involves all parameters in the model. The cointegrating linear combination 3'X is
plotted in Fig. 7.1, together with B'K,. It is seen that the processes appear considerably more stationary than the
original variables, and that there is little difference in the behaviour of the two processes in this case.

The hypothesis of weak exogeneity is tested below, but first we test the hypothesis that money and income have equal

coefficients with opposite sign.

With the notation 3*'

a*’=(—0213, 0.115, 0.023, 0.029).

8., B B Bi Bs) the hypothesis becomes:

Hof1= — B2

In matrix formulation this hypothesis is expressed as

The test of B, + B, = 0 is determined by the first eigenvalue with and without the restriction, see (7.2), and we find

1 0
10
B = o 1
0 0
0 0

under this hypothesis the eigenvalues

The eigenvector is

B*'=(—2155 2155,

o = O O O

o, ¢ (4x1)

- o O O O

A= (0.4327,0.1721,0.0436,0.0056,0).

— 11422, 92.45,

134.99),
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with the adjustment coefficients

a*’'=(-983, 499, 105 —1.38).

=l

The test statistic becomes

—2 log Q(By+B2=0lH, (2))=53 log{(1—04327)/(1—0.4332)} =0.043.

The asymptotic distribution of this quantity is given by the x* distribution with degrees of freedom npl — ) = 1(5 — 4)
= 1. Note that $ is (p + 1) X s since the constant is adjoined to the process X, when we analyse the model with the
constant term restricted such that no trend can appear. It is clearly not significant, and we thus accept the hypothesis
that for the Danish data the coefficients to 72 and y are equal with opposite sign.

The second hypothesis is that the coefficients for bond rate and deposit rate are equal with opposite sign. This
hypothesis implies that the cost of holding money can be measured as the difference between the bond yield and
the yield from holding money in bank deposits. Since 3, + B, = 0 was strongly supported by the data, we will test {3, +
B, = 0 within the hypothesis that 3, + 3, = 0. We then impose the restrictions on 3 given by the matrix

1 0 0

-1 0 0
g* = 0 1 0],

0 -120

0 0 1

where @ is a 3x1 vector. Solving the eigenvalue problem we get the largest eigenvalue 0.4231. The test for the
hypothesis is given by

—2 log(Q) =53 log{(1—0.4231)/(1—-0.4327)} =0.89,

which should be compared with the ¥* quantiles with n(s, — 5,) = 1(4—3) = 1 degree of freedom. Again this is not
significant and we conclude the analysis of the cointegration vectors for the Danish demand for money by the
restricted estimate

é*’ =(1.00, —-1.00, 588, —588 —621).
The corresponding estimate of o is

a*’=(—0.177, 0.095, 0.023, 0.032).

If we want to test that we can restrict further the coetficients o, = a, = 0, that is, test the weak exogeneity of the two
interest rates, we can
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calculate the likelihood ratio test and find that the largest eigenvalue is A, = 0.350, such that the test statistic is given by

—2 log Q(a3=0s=0|f1+ 2= 3+ PBsa=0)
=53 log {(1-0356)/(1—0423)} = 58I,

which compared with the quantiles in the ¥*(2) distribution gives a p-value of 5 per cent.

7.3.2 The Australian data

We first determine the cointegrating rank, and then test some hypotheses as discussed above. The eigenvalues and the
related test statistics and quantiles are given in Table 7.4. The asymptotic distributions of the test statistics given in
Theorem 6.1 are derived in Chapter 11, and the relevant tables are given in Chapter 15. Here we shall just use the
results without comments on how they are obtained. The asymptotic distribution of

F -
-2 log QUH(N|H(p))= ~TY  log(l—4A)

i=r+l

depends on the fact that the linear trend is present, hence Table 15.3 is chosen and the quantiles also depend on the
number of common trends p — 7 in the model being tested.

It appears that 7 = 0 is rejected, » = 1 is rejected, and that » = 2 can be accepted by the data. See Chapter 12 for a
discussion of the rank determination. This is of course a rather formal test, since we only have the asymptotic
distribution and not the actual distribution of the test statistic. Furthermore if we choose a 90 per cent quantile we can
reject » = 2 but accept » = 3. Thus there is no clear-cut decision to make about whether » = 2 or 3. We started out
looking for two cointegrating relations: the real exchange rate and the interest differential. These combinations are
probably not stationary themselves, but we seem to have found two other combinations that are stationary.

Table 7.4 The Eigenvalues, Trace Statistic and 95% Quantile from Table 15.3 for the Australian Data

r Ay Trace 95%
0 0.484 101.38 68.91
1 0.268 51.78 47.18
2 0.215 28.43 29.51
3 0.074 10.24 15.20
4 0.058 4.45 3.96
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Fig. 7.2. The unrestricted cointegrating relations for the Australian data
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We continue with the model H(2) which assumes » = 2, and now illustrate some of the test procedures for hypotheses
on B and a. Note that the calculated eigenvectors are normalized by gs;,8= diagonal matrix. The chosen
normalization from Theorem 6.1 is supplemented by choosing the coefficient to p™ to 1.00, and the adjustment
coefficients are normalized similarly. If » = 1 the maximum likelihood estimator is the first column of the long-run
coefficients @, and the first column of the adjustment coefficients then gives the estimator of the corresponding
adjustment coefficients in model H(1). If » = 2, then the maximum likelihood estimator for the two cointegrating
relations is given as the space spanned by the first two B-vectors etc. Thus the estimation problem for all the models is
solved simultaneously. It must be emphasized that the estimates in Table 7.5 are the unrestricted estimates, because we
have analysed the general cointegration model. If we have prior assumptions on the cointegrating vectors we must
incorporate this in the estimation method as discussed in this chapter.

The two cointegrating linear combinations 3,'X and 3,'X, together with 3,'K,, and B,'R, are plotted in Fig. 7.2. Note that
the latter which are corrected for short-term dynamics and seasonals appear more stationary.

Since we can only estimate the cointegrating space and not the individual vectors (without further restrictions) we
should be prepared to take linear combinations of the vectors into account before we interpret them,
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Table 7.5 Estimates of the Long-Run Parameters § For the Australian Data

Hypothesis Testing

B B B B Bs
P 1.00 1.00 1.00 1.00 1.00
P —0.95 —1.98 -1.12 —1.65 —1.01
exch 0.38 0.76 —0.81 0.14 —0.35
" —11.75 2.77 4.16 0.42 —0.98
J" 9.34 3.88 2.03 3.28 —1.39

Table 7.6 Estimates of the Adjustment Parameters « For the Australian Data

& & & ay as
A pt —0.030 —0.013 —0.007 0.012 —0.018
A pe 0.004 —0.034 —0.001 0.028 0.008
A exch —0.035 —0.124 0.159 0.043 —0.064
A 0.028 —0.043 0.005 —0.007 —0.009
Aix —0.008 —0.052 —0.000 —0.027 0.018

or rather formulate the questions in terms of the cointegrating space. Note that it does not look possible to take linear
combinations of the first two vectors and obtain the vector (1, —1, —1, 0, 0), but that it seems that the two prices enter
with equal coefficient with opposite sign. If they do so in the chosen representation they will do so for any linear
combination, hence such a question is a question that involves the whole cointegrating space. Thus we would expect
that the hypothesis that the coefficients to the prices sum to zero is accepted, but it looks as if the hypothesis that the
real exchange rate is stationary is not satisfied.

Similarly with the interest differential which seems to enter the first relation but not the second. Note that we can
always find a linear combination of the first two vectors that have exactly the coefficient 1 and —1 to the interest rates,
hence this hypothesis is not testable. The hypothesis that the interest differential enters both relations, however, is
testable. Next note that the third vector seems to contain the real exchange rate together with a linear combination of
the interest rates. The proper formulation of this observation is that a vector of the form (1, =1, =1, ¢, }) seems to lie
in the space spanned by the first three cointegration vectors. Thus rather than becoming a question about the third
vector, which is identified in a peculiar way, we formulate it as a question about the cointegrating space, which is

identified.

First note that the interest rate in US has some very strange behaviour around 1980 which has resulted in an ARCH(2)
which is far too big. Somehow the US interest rate is not well modelled by the chosen set of data, and it is tempting to
check if some of the variables can be assumed weakly
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of a and B For the Australian Data When R = 2 and I* and P* Are Weakly Exogenous

];31 ];32 &1 &2
P 1.000 1.000 —0.027 —0.005
e —0.776 —1.055 0.000 —0.000
exch 0.399 —0.968 —0.036 0.153
7" —14.444 4.296 0.022 —0.004
7 10.541 1.878 0.000 0.000

exogenous, in particular the US interest, as it is not modelled so well by the chosen information set, and p* which also
needs a different information set to get a relevant model. We formulate this as a hypothesis on «, namely the
hypothesis of weak exogeneity of /* and p* or in matrix formulation that rows 2 and 5 of « are zero, see (5.8). The
likelihood ratio test for this hypothesis is 7.34, and should be evaluated in a * (4) corresponding to a p-value of 12 per
cent. Thus it is not against the data to assume that 7* and p* are weakly exogenous, and we continue the analysis under
this assumption. The interpretation of the weak exogeneity is that some rows of « are zero, but that means that the
corresponding unit vectors are contained in o, which again means that the cumulated ¢ from these equations are
common trends. Thus we find that the cumulated unexplained variation from the interest and price equation for US
are two of the common trends. This question will be treated in detail in Chapter 8.

Table 7.7 gives the restricted estimates for » = 2 and under the assumption that 7 and p* are weakly exogenous.

Note how the new estimates contain the real exchange rates in the second vector, or more precisely the cointegrating
space now seems to contain a vector with coefficients corresponding to the real exchange rate together with a
combination of the interest rates. The first relation is quite close to the interest differential, which means that we can
now formulate a hypothesis about restrictions on both the cointegrating vectors in the form (5.5).

Strictly speaking the previous cointegration analysis where 7 was determined and the test for weak exogeneity rested on
the assumption that the model actually fitted the data, that is, that even the US interest rate could be described by the
model. We shall continue the analysis in the conditional model given current values of p* and 7, that is, under the
assumption that the corresponding rows of « are zero.

We can then test various hypotheses about the cointegrating vectors. First consider the hypothesis that the interest rate
differential is stationary. We formulate this as the hypothesis that (0, 0, 0, 1, —1) is a cointegrating vector. The
likelihood ratio test, assuming the restriction on a, is calculated to be 11.61 which is significant in a * (3) distribution.
Theorem 7.3
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contains the limit result and the degrees of freedom s(p—r) = 1(5-2) = 3.

Note that the degrees of freedom can also be found as follows. We can easily find a cointegrating relation with
coefficients to the interest rates summing to zero, just by taking a suitable linear combination. This is no restriction, but
the moment we require the first three coefficients to be zero as well we get genuine restrictions, that is, we get three
degrees of freedom.

Another hypothesis that can be tested is that one equation contains the interest rate differential and the other the real
exchange rate. This is formulated as a hypothesis on the individual cointegrating vectors see (5.5). One vector is
restricted by the requirement that the coefficients to the interest rates sum to zero, and the other is restricted by
requiring that the real exchange rate enters. The first restriction is given by the matrix R' = (0, 0, 0, 1, 1) and R, has
two rows (1, 1, 0, 0, 0) and (1, 0, 1, 0, 0). Thus g = (H,,, H,,) where

1 00 O 1 00

010 -1 00

H=| 001 0|, H-= -1 0 0
0 00 1 0 1 0

| 00 0 —1] 0 01

In other words

B'1 =(011. 021, ©31, Pa1, —Pa1),
B2 =(012, —¢r12, — P12, 02, Oxn).

The likelihood ratio test is 0.1 which is not significant in a x* (1) distribution.
7.4 Exercises

7.1

Consider the model
1
AXy = E(Xlr—l —Pr1Xy )+ €qp
1
AXy = E(Xlr—l —P2Xyq) + €2

wheree, #=1,..., Tare 1.i.d. N, (0, Q). Find the maximum likelihood estimator of 3, and {3, and derive the likelihood
ratio test of the hypothesis B, = f,. Discuss the properties of the process X, when B, = B,, and when B, # B..



8 Partial Systems and Hypotheses on a

This chapter contains a brief discussion of partial systems, that is, systems which are formulated as conditional models
of some variables, the endogenous, given others, the exogenous. We discuss such models in the framework of the full
VAR model and focus on the notion of weak exogeneity in section 8.1, and use that in section 8.2 as an example of
hypothesis testing on a. There is an interesting similarity, or duality, between the interpretation as well as the estimation
procedure for § and that of «,. This is explained in section 8.3.

8.1 Partial Systems

When choosing the information set or the variables for an econometric investigation there are often some variables of
primary interest, the endogenous that we want to describe by means of others, the exogenous variables. Sometimes it is
easier to model satisfactorily the conditional model of the endogenous variables given the exogenous variables, and the
marginal distribution of the exogenous variables show an irregular behaviour which is difficult to model using a VAR.
It is tempting in such a situation to make inference from the conditional or partial model (8.3) and leave the exogenous
variables unspecified or at least modelled less carefully. Thus one would like to make inference on the cointegrating
rank in the partial system, to estimate § in the partial system and finally to test hypotheses on (.

It turns out that such an analysis can only be valid if the assumption of weak exogeneity is satisfied, see Engle ez a/.
(1983). The reason for this is that the asymptotic distribution theory for the estimate of B becomes very difficult, not to
say impossible, without the assumption of weak exogeneity. This problem is discussed in some detail in Johansen
(1992¢), Boswijk (1992), and Urbain (1992). The assumption of weak exogeneity, however, is an assumption about the
full system.

The problem of rank determination in partial systems is discussed in Harboe ¢# a/ (1995) where it is shown that even if
weak exogeneity is assumed the deterministic term makes it difficult to determine the rank without modelling the full
system. Thus in the following we work in the full system, and assume weak exogeneity and that the value of the
cointegrating rank is known.
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Let the process be decomposed as X, = (X!, X,))' and the matrices decomposed similarly, that is,
ay rlj' O8]

a= I= P =
az [2; ®,

The basic model equations can be rewritten as

k-1
AXy = X+ Y TuhX, ;+P1Ds+ 6y,
i=1

(8.1)
k-1
DXy = f Xy + D TohAX, +PoD;+ £y
=1
.. . . . . (8.2)
Here the ¢ are ii.d. Gaussian with mean zero and variance matrix
Q1 Qi
Q= .
Qpn Q2
The conditional model for A X, given the past and A X, is found from these equations:
k=1 . ~ ~
DXy = WAX e+ (O — WA B X g+ TLAX,  + Py D+ €y,
=1
(8.3)

whete = 0,058 My = - W) = &) — wd,y»> A0d =6 —we,e With vatiance Q=0 - 0120,;0 . It is seen that {8 enters
both equations (8.2) and (8.3) and there can be a considerable problem, as well as a loss of information, in the analysis
of the conditional equation (8.3) without taking into account the second equation (8.2).

We formulate a simple result about a condition for when the analysis of the conditional model is efficient.

THEOREM 8.1 If o, = 0, then X, is weakly exogenous for the parameter (3, o), and the maxinmum likelihood estimator of B and o, can
be calcnlated from the conditional model.

PROOF Under the assumption that o, = 0, equations (8.2) and (8.3) become

k-1
DXp= Y TulX; ;+PoDs+ e,
i=1
(8.4)
k1 . . .
AXp = WAXy+ a1 X, 4 + Zrls'/—\Xr—: +®D; + €.
=1

(8.5)
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It is seen that the parameters in the marginal model (8.4) are
em = (r213' ' '3r2k—13¢)23022)3

and the parameters in the conditional model (8.5) are

O = (UG M1l 15 1.P 10,011 2).

It is clear that the parameter space with parameters
8 = (Gljﬁjrlj . 'Jrk_13¢30)3

is decomposed into a product space of the parameters in the marginal model 0, and the parameters in the conditional
model 0. This is seen by selecting arbitrary values for 0, and 6, (satisfying that Q,, and Q,,, are positive definite) and
then constructing 6 which satisfies that € is positive definite. We have here used the fact that for the multivariate
Gaussian distribution the parameter €,, is variation independent of the parameters (o, €2,,,), see Barndorff-Nielsen
(1978). Since finally the parameters of interest, (x,, 3), are functions of the parameters of the conditional model we
have proved that X, is weakly exogenous.

This shows that the likelihood function factors as
L(8) = ML f(AXuAX; 1, DX 41,60

x T f:lf(AX1r|AX2r,X:—1=AXr—1=---,ﬁXr—kﬂ,ec),

which shows that the maximum likelihood estimator 8., and hence (a,.8), can be calculated from the second factor,
the partial likelihood.

O

Another interpretation of the hypothesis of weak exogeneity is the following: if o, = 0 then §p((0, 1)) is contained in
sp(a,) which means that £_ ¢, is a common trend in the sense that the errors in the equations for X, cumulate in the
system and give rise to the non-stationarity. This does not mean that the process X, cannot cointegrate, in fact it can be
stationary, see exercise 4.3.

If in particular X, is univariate then (8.5) consists of a single equation which is an error correction model for the
changes in X, as explained by simultaneous values of A X, the lags of A X and the error correction term ' X | as well
as the dummies. What the theorem states is a condition which guarantees that for inference concerning 3 and o, we
only need to do a single equation analysis, which is easier since usual regression analysis will provide estimates for the
parameters. It therefore becomes important to have a test for the adequacy of single equation analysis, and this is
treated in the next section. See also Corollary 8.3.
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8.2 Test of Restrictions on a

This section discusses estimation of § when « is restricted by hypotheses like (5.8) and (5.9).

8.2.1 The Same Restriction on All a

Consider the hypothesis (5.8) where « is restricted by H, : « = A} in model H (7). Here A is a (p X m) matrix with
7 2 1. As a special case we get the situation considered above where A4 = (I, 0), that is, weak exogeneity of X, for the
parameters of interest (x,, B). The hypothesis H, can be expressed in indirect form as .4'a = 0.

The concentrated likelithood function will be expressed in the form of two regression equations derived from (6.9).
Recall the notation A = A(A'A)", with the property that A'A = I. We then get from

Ror= 0B’ Ry + &= AYP' Ry + €,

the equations

A'Rys = YB' R + A’ €,

(8.6)

A '"Rpg=4 "€
(8.7)

In the following we apply the same trick as above of analysing first equation (8.7) and then equation (8.6) given (8.7).
That is, we first factor out that part of the likelihood function which depends on A" R,, since it does not contain the
parameters ¢ and f. To save notation we define q,, = 4040, = 44, Q= 4,04 .01 = Q05 00w = Qp0;! and finally

Sya, =Sy—Sind L (41" Seed1 ) A Soinj = 0,1

We then get the two equations

A'Rge = WH' Ryr + WA | 'Roe + A — w4, '€,

(8.8)

Al'Roe=A] "€,
8.9)

which have independent error terms. Note that the properties of the multivariate Gaussian distribution imply that
W, B, v, ,,,), the parameters of (8.8), are variation independent of the parameters from (8.9) given by €2,,. Thus the
two equations can be analysed separately. Strictly speaking these calculations should be performed in equation (6.2)
before correcting for the variable Z,. That is, first one should derive the conditional and marginal models and then
eliminate the regression parameters W. The result is the same, however. We next find the two factors corresponding to
the marginal and the conditional distribution.
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The factor of the likelihood function corresponding to the marginal distribution of A'R,, in (8.9) is given by

' lT _lT 1 - ' Oy '
A "AL (2 Q) 27exp{ - EZ(AJ_ Ro)' Q5 (41" Rer) }
i=1
which gives the estimate (8.10)
Q=4 "Sood 1,

. - . . o (8.11)

and the maximized likelihood function from the marginal distribution

max = |41"Sood 1|/ 141" A1 |

(8.12)

The other factor of the likelihood function corresponds to the conditional distribution of A'R,, conditional on A,'R,
and R, and is given by

)t

_:_ lT _lT 1 T _J' ! ' '
A'A|27 Q2] 27exp{ — §Zz=1(‘4 Ror— W' Ry — WA | ' Roy)

x Q1_11.2 (A'"Rot — Y Ry —wA ) 'Ror) }

(8.13)

The analysis of (8.13) or (8.8) is seen to be performed by reduced rank regression of A' R, on R, corrected for A' R,
Hence the estimator of w=0;,Q,1 is found by regression for fixed ¢ and @ giving

W(Y,B) = (4'Soo— W' S10)A 1 (A" Sopd ) ™,

(8.14)

and new residuals defined by

Ror = Ror—Sood 1 (A1'So0d 1) 4, " Ry,

Ryt =Ry —S10d) (A" Sood ) A 'R

In terms of g, and g, the concentrated likelihood function has the form (6.8) which means that estimation of 3
follows as before by reduced rank regression. It is convenient to calculate the relevant product moment matrices as

T oo o~
Sya, =T ReRf.ij=01.
t=1

The results are formulated in Theorem 8.2, where we also state the asymptotic distribution of the test statistic.
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THEOREM 8.2 Under hypothesis H, : o = A, the maximum likelihood estimator of 3 is found as follows: first solve the equation
AS114, —S104 A4 Sgpa , A) A S01.4,| =0,

(8.15)

SO Ay > Ay Ayar = ... = Ay = 0404 = (0,0, Hormalized bying, V=1

The estimator of the cointegrating relations is

B= (150,
(8.16)

The estimators of the other parameters can be found by regression from (8.8) and (8.9) for - g. The maximized likelibood function is

Lok (Ho) = |41 AL Al AL So0A L[4 S00.4,4| 1 (1= A)
I:

(8.17)

The likelihood ratio test statistic of Hin H (r) is

~2log(Q(HlH(r)) = T log { (1-A) / (1-A)},

i=1
which is asymptotically distributed as ’with (p — m) degrees of freedom.

Notice that equation (8.9) does not contain cointegrating terms, such that inference on 3 can be conducted from
equation (8.8) given (8.9), as explained in Chapter 7. If further » = r then the restriction « = A corresponds to
choosing sp(x) = sp(A), that is, the space of the adjustment coefficients is known. The degrees of freedom are found
from Lemma 7.1, since evidently I'T = AYB' or rather {f' contains mp — (m — r)(p — r) parameters, which compared to
P — (p — 1’ gives np — m) degrees of freedom.

COROLLARY 8.3 If m = 1, that is, the adjustment coefficients are known up to normalization, then the maximum likelthood estimate of
B is found as the coefficients of X, _ in the regression of A" A Xon X, , A'AX, AX,_,...,AX ,and D.

PROOF The estimator for 3 is found from (8.8). If 7 = r we absorb the » X 7 matrix { into § and it is seen that the
coefficients 3 can be found by regressing A'R, on R, corrected for A'R,. Thus in particular if « is proportional to
(1,0,...,0) and » = 1 then ordinary least squares analysis of the first equation will give the maximum likelihood
estimator of the cointegrating vector.
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8.2.2 Some Adjustment Coefficients Assumed Known

Next we consider the situation where the restrictions on « are given by « = (4, 1), where @ (p X 5) is known s < rand the
remaining vectors T are to be estimated. It is not so easy to give an interpretation of this model as it stands but
spla) csp(a) s equivalent to sp(a) 2 sp(o), that is, o, = @, ¢ for some matrix & Thus these hypotheses are
concerned with testing the same restriction on all common trends. Again we only need to consider vectors 1 in sp (a),
and define T = a,0.

We concentrate the likelihood function, see (6.8), and obtain the equation

Ror=af'Ris+a) Wy Ry + &,

where 8 = (3,, 8,). Now multiply by a' and a,' to obtain

a'Ro:= B1'Rys + a' &y,

(8.18)
ai'Ro:= Yh'Ru+a, e
(8.19)
The conditional equation for a' R, given a,' K, and the past is given by
a'Roe = (By' — WP YR1: + Wa | 'Ry + G' € — Wa | ' E:.
(8.20)
where w=0,Q.},, such that the errors are independent in (8.19) and (8.20). Moreover the parameters

(B By w' wQuss ) from (8.20) are variation independent of the parameters (Y.8:.Q.,.,) from (8.19). Hence the
marginal distribution (8.19) gives rise to estimation of the parameters ¢ and B3, by a reduced rank regression. We find
the regression estimate for ¢, see (8.19),

W(B2) = @, 'So1P2(By'S11B2)

and then B,(p = (r5)) solves the eigenvalue problem

‘»’\311 ~Soay (a'Sea ) a, ' Sn|=0.

Finally (8.20) gives a solution for 3, by regressing a'R,, on R, and a,' R,. We formulate the results in a theorem.

THEOREM 8.4 Under hypothesis H, : o = (a, a, ) the estimate of B is found as the eigenvectors corresponding to the largest r — s
solutions of the equations

AS11 —S1oa 1 (@) 'Seoa ) ra ' Ser|= 0.

The remaining parameters are found by regression from equation (8.19) and (8.20). The asymptotic distribution of the likelibood ratio test
s y'with s(pp — 1) degrees of freedom.
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8.3 The Duality between 5 and .

The two hypotheses considered above are both solved by an eigenvalue problem. The restriction sp(a)sp(4) gives rise
to conditioning on A,' R, whereas the assumption that sp(«) contains sp(a) implies that one should transform by a,' R,..
This is the opposite of the corresponding result for 3, see section 7.2, and we add some remarks to explain this,
thereby gaining some insight into the estimation procedure considered in (8.19) and (8.20).

The duality in the estimation of «, and B is really a consequence of Lemma A.9 but we formulate it as a theorem:

THEOREM 8.5 The estimator of the unrestricted 3 is found as the eigenvectors corresponding to the largest r eigenvalues of the problem
AS11 — S10850 01| = 0,

and the estimator of the unrestricted ois found as the eigenvectors corresponding to the p — r smallest eigenvalues of the problem

ASOO - SOISiISIO =0.

PROOF The statement about {3 is contained in Theorem 6.2. The dual problem, see Lemma A.9, is

ASoo — 30151_11310 =0,

. . . EN . 1
which has the same cigenvalues but cigenvectors W which can be chosen as §, = 3 3g-1gy5,=1,. p- But for

- - 1
i= 1,50 = Souf = Soyv;, such that § - A isilap and

1 1
D RN

Note that the vectors (W, . . ., W) are orthogonal to q, since

1
"l"i"jrqj = ﬁv’j’Sooﬁf;/’\Iz = 0,.?‘: 1,...,?‘ aIld j =7 + 13...3p3

by the normalization of W. Thus a, is directly estimated by (W, ..., W).

With this formulation one can see that the analysis of the hypothesis
sp(b) csp(f) csplH),

which consists in conditioning on /' K, and transforming by H' R, is mathematically the same as the analysis of the
hypothesis
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sp(a) csp(a) csp(A),
since this can be formulated as
sp(A1) cspa) caplal).
Now a, is found as the solution to an eigenvalue problem just as g, hence in this dual problem one conditions on A4’
R, and transforms by a,' R, and hence solve

=0

2

_ 4 _
Aa )" (Soo.a; —So1a,511.4, 5104, )01

which again shows that g should be found as eigenvectors of the dual problem

=0.

o _ -
‘f\SnAi—S10Alai(ai’500Aiai) al'Sora,

One can interpret § as determining the variables that are cointegrating whereas «, determine the coefficients of the
common trends. Thus the two concepts of cointegration and common trends that have been created as economic
concepts, and defined precisely in the VAR model, are estimated in this dual manner, see also Gonzalo and Granger
(1995).

It is now clear how in principle one should analyse the rather complicated model where both restrictions on o and 3
are imposed.

One conditions the levels on the known cointegrating relations (/' R,) and conditions on the equations which are
known to contain no cointegrating relations, i.e. A" R,. Similarly one transforms the levels to the linear combinations
which are postulated as the only possible cointegrating relations (H' R,) and restricts attention to the equations that
contain the cointegrating relation, i.e. transforms to a,' R,..

Finally one can get a different formulation by calculating the likelihood function concentrated to be a function of «
alone. We go back to (6.9) and derive the two equations

U'Ror = B'Rys + ' €,

(8.21)
A 'Ree=0a, "€,
and then condition (8.21) on (8.22) and get (8.22)
o' Roe = B'Rie + WA | 'Ry + O/ & — Wa | ' &,
(8.23)

for w=Qua,Q, q, -

For fixed o the analysis of (8.22) and (8.23) is performed by regression leading to two contributions to the likelthood
function. Equation (8.22) gives the contribution
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L (@) = |0u’3000u|/|0u’0¢|

and equation (8.23) leads to a regression of o KR, on R, and o' K, which gives the contribution

2Ty = 1 pelli 1 —
Linax” (@) = 10" Sgo.a, @~ &' So1.a, 511 ¢, S10.0, Ol / |0’ Ql,

and B is, for fixed a, given by the regression estimate

B(a) = Spiq, S10.0, 0

The maximized likelihood function is found from
21T _ PR
max (9) = [Sq o Saq1,a, |/ 100 "al.
From the identity

Soa Sacci Sa1

aa,;) 0 Soo So1 a.a 0
( ] J_) ( ] J_) - SC(J_C( SC(J_C(J_ SC(J_].

0 I'|| Swo Su 0 7
St Sy A1

it follows that

Lise” (@) = |Soo.1||0¢'3000¢| / |0i'(300—3013ﬂ1310)0¢ :

Hence

_ ,n‘ _ ; ; _
Linge (00) = 1Sgo 11101 " Soo0 1 1/ 101" (Sop — So1571S10)0 1 |.

Thus L is maximized by maximizing
-1
|0u’ (Soo — So1S3 S10)0u| / |0u'30c-0u |
i.e. by choosing «, to be the eigenvectors corresponding to the p — r smallest eigenvalues of

|ASOO — 80181_11810| =0.

This explains explicitly why a, is found as the solution to an eigenvalue problem.
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8.4 Exercises

8.1

Consider the model
AXy =0 ( Xy~ X))+ €15
AXy =0p( Xy 1— Xy q)+ €24

where €, 7=1,..., Tare i.i.d. N, (0, Q). Find the maximum likelihood estimator of «, and «, and derive the likelihood
ratio test of the hypothesis o, = o,. Discuss the properties of the process X, when o, = a,, and when o, # «,.



9 The /(2) Model and a Test for /(2)

We consider again equation (4.1) with deterministic term D,

k-1
AX;=TX; + > TAX; ;+PD+ e
=1

9.1)

The I(2) model is defined by two reduced rank conditions, see (4.4) and (4.5), and it is therefore convenient to
reparametrize the model such that the matrices involved in the reduced rank conditions are displayed directly. We
rewrite (9.1) as

=2
NXi =X, —TAX,  + > WALX, ;+OD+ €,
i=1

9.2)

where r=7-5/]r,, as before and W= -Z2}, Mi=1,... 4-2.

In this chapter we define in section 9.1 the I(2) model as a submodel of the general VAR and discuss various
modifications of the model by restricting the deterministic terms. In section 9.2 we derive a misspecification test for
the presence of I(2) components, in order to check the validity of the I(1) model and in section 9.3 we analyse the
Australian data in order to see if the data indicates the presence of an I(2) component.

The statistical theory of the I(2) model is much less developed than the theory for the I(1) model, and we do not
attempt to give a genuine statistical analysis of the I(2) model here. The discussion given is only sufficient for an
introduction to the problems. We refer to Johansen (1992¢, d) for illustrative examples and to Juselius (1992), (1995)
for applications of the I(2) analysis.

9.1 A Statistical Model for /(2)

The I(2) model H, | is defined as the submodel of the VAR (9.2). We shall not analyse the model in detail, since the
theory is quite involved. Instead we shall give a simple two step procedure for estimating the model and deriving test
statistics for the presence of I(2) components in the data.
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DEFINITION 9.1 For s = 0,1, ..., p=rnr=0,1,..., p=1 the I(2) models H are defined as submodels of the VAR by the two
reduced rank conditions

MN=ag,
9.3)
where o and B ate p X r matrices of full rank with r < p, and
a gL =4n,
9.4

where & and v are (p — 1) X s matrices, with s < p — 7.

Thus the model is defined by two reduced rank conditions but the remaining parameters vary freely, that is, the
parameter space is described by the parameters

(avﬁ:wlp CERE :LIJR.’—ZDCD:Q):

where the only restriction is (9.4). It is convenient to have a notation for the submodels #° of H(7) defined by o and {3
having full rank 7. Similarly we define #;. as the submodel of H, , where also ¢ and 7 have full rank. In Table 9.1 it is
shown how the I(1) and I(2) models are nested.

Many other models can be defined by specializing the variable D, In particular if @ D, = y, it is seen from (4.28) that p
gives rise to a quadratic trend with a coefficient 3C;¢. Thus a submodel of H,, can be defined by the restriction o,/ =
0, which corresponds to assuming that there is no quadratic trend in the process. Similarly a further submodel is
obtained by assuming that o,'u = 0 too. We shall use the notation H, * for the submodel of H, with @ D, = p and a,'u
= 0, such that no quadratic trend is present. The likelihood analysis of these models is given in Johansen (19954, 1996)
and Paruolo (19954, 1996). The likelihood analysis is not easy in the sense that there are no simple algorithms for the
calculation of the maximum likelihood estimator, and we do not have any information about uniqueness and existence,
see, however, Johansen (1996) for an algorithm. The asymptotic distributions are derived in the above references and
they are more complicated than those that are valid for the I(1) analysis.

The next section contains a simple analysis of the likelihood function that leads to manageable calculations consisting
of repeated applications or reduced rank regression and a test for the presence of I(2) components, that can be
analysed using the tables given in Chapter 15.

Table 9.1 The Relation Between the I(2) Models and the I(1) Models for P = 3

r The The

12) 1(1)

models models
0 Ht),u = H(m = H(J,z = H(),s = H .'Op c H (O)
1 Hm = H1,1 = H1,2 = H? c H(l)
2 H,, c H,, = H, c H®2)
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9.2 A Misspecification Test for the Presence of /(2)

In (9.2) only IT and I" enter the reduced rank conditions and the remaining parameters ¥ = (¥, . . ., W _,, @) are
untrestricted. It is therefore convenient to introduce the short-hand notation

Z’f = (AZX’ fels - - - ,AZX’ f—k+2:D’ f),
such that the equations are written as
AX,=NX,_ —TAX, (+¥Z;+ e 4

9.5)

Let us now assume that we have performed an I(1) analysis which in view of (9.5) is a reduced rank analysis of A>’X on
X,, corrected for lagged differences and second differences and the dummies as collected in Z. We want to guard
ourselves against the presence of I(2) components which will invalidate the conclusions from the I(1) analysis.

Before performing the (1) analysis we have calculated the roots of the characteristic polynomial, and noted that some
of them are close to g = 1. We can also calculate the roots using the coefficients estimated under the I(1) model, that is,
after having imposed p — 7 unit roots. It may turn out that there are still roots close to ¢ = 1. This can now have two
explanations, the first is that we have not imposed enough unit roots and have determined the rank incorrectly. The
rank determination tests should have taken care of this possibility. The other possibility is that there are I(2)
components in the system, since we know, see Corollary 4.5, that for an I(1) process the number of unit roots plus the
cointegrating rank should be the dimension.

Since it is difficult to assess the uncertainty of the roots of the characteristic polynomial we propose here a test derived
from the likelthood function.

The test is based upon an analysis of the I(2) model as defined in section 9.1, in particular the reduced rank condition
(9.4) under the assumption that («, 3, 7) are known.

If («, B, 7) are known we can reformulate model (9.5) by multiplying by (&, o) and we find the equations
a’ J_ﬂng = - TAX, +a | WZ;+a' | e

9.6)
AN, = X, O TAX;  + X WZ+a ey
9.7

Next define 4= a'00Qqq, = @Qa ;. Q4 a, = 100 Quaa, = Qaa~Qaa, A o, Qa,a> A0d @ =Qaa, Q' o, and subtract w times
(9.6) from (9.7) to obtain

o ALY, =wo [ AZX+ B X, — (o —wo OITAX,

O —wa IWZ + (@ —wo’ e
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The equations (9.6) and (9.2) have independent error terms and parameters (&' I, o' ¥, €2, ) and (o, (&' —w o)l
(o —wa,') P, Q) respectively, and it is seen that the two sets of parameters are variation free, in the sense that for any
value of the respective sets of parameters one can reconstruct the original parameters (I, ¥, . .., ¥, ,, @, Q) still for
known values of a, 8, and 7 Thus the equations can be analysed independently as long as no cross-equation restrictions
are imposed. It is furthermore seen that the reduced rank condition (9.4) is a restriction of the parameters for (9.0)
only, and that the maximum likelihood estimator of equation (9.2) is found by a regression analysis of o' A’X, — ' X |
ono' A°X, AX ,and Z,

In order to analyse (9.6) we introduce the new variables 3' A X,_, and Eﬁ A X, , through the usual trick of writing I =

BB' + B.B., such that

o (A2X;= —a TRBAX,  —a [T B'AX,  +a | WZi+a' | e,

From (9.4) it follows that

o [ APXp= —of  TRBAX, 1 — &P AX, y+a | WZi+ O | ey

(9.8)

Equation (9.8) is an equation for the differences of the process which explicitly contains the parameters § and 7. This
shows that the likelihood analysis of (9.6) or (9.8) can be performed by reduced rank regression of o' A’X, on B, '
A X, | corrected for B' A X, | and lagged second differences and dummies as collected in Z.

What is achieved here by the analysis of (9.8) and (9.7) is to derive an equation in differences (9.8) using the
information in the levels matrix IT = af'. Thus model H, , is analysed by reduced rank regression if (a, 3, 7) were
known.

The likelihood ratio test @,:= - ZIogQ(ff,v¢|H,‘-’) of H ,in n? (or H(7) is found by analysing (9.8) for the value s as well as
for the value s = p — rand comparing the achieved values of the maximum. Note that the contribution from equation
(9.2) is the same for the analysis of H,, as for the analysis of #,,_,= &7, since the parameters in the two equations are
variation free. Hence the contribution from (9.2) to the maximized likelihood function cancels when calculating the
likelihood ratio statistic.

This shows that the likelihood ratio test has the form (6.18) where the coefficients ), are calculated from an eigenvalue
problem like (6.15) where S, equals the product moments of 8' A X, S, equals the product moments of o' A”X
and 5, the mixed moments all corrected for B' A X _, and lagged second differences and dummies.

Notice that this analysis can easily be modified if we want to restrict the constant term in the analysis of the differences,
thereby ruling out the possibility of a quadratic trend. The modification is described in Chapter 6, section 6.2.
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Thus for instance if @ D, = , the analysis of (9.8) will involve correcting for the constant term. If we want to restrict
this we assume that §' o' . = 0 and perform a reduced rank regression of ' A2X, on the stacked vatiable (A X, '8, 1)
corrected for lagged second differences, see (6.29).

We now give a misspecification test for the presence of I(2) variables in the system. We give it in the case where we are
willing to assume that there is a trend in the system but no quadratic trend. Thus the analysis, which is illustrated in the
next section, runs as follows: first we perform an I(1) analysis as described in Chapter 7 and determine (a,8,7) using the
test statistics O, = —2log Q(H(r) | H(p)). Next we analyse equation (9.8) using (a,8) = (a,8) but this time with a
restricted constant in order to avoid the presence of a quadratic trend. This gives the test statistics
Oy = — 20gQUH, |H),s=0, . . p-r-1,

THEOREM 9.2 Consider model (9.2) with ® D, = p. Let Qdenote the likelihood ratio test (6.18) of H(r) in H(p), and let ¢, (3)
denote the 1 — & quantiles as derived from (6.20) with I given by (6.21).

LerQ,’; denote the likelihood ratio test statistic 0B, inii® of the form (6.18) caleulated with the estimated values of (o, B, 1) from the 1(1)
analysis, and leic, , [(8) denote the quantiles as derived from (6.20) with F given by (6.32).

We choose to accept r cointegrating relations and no 1(2) components on the set A defined by

Orzcp_i(0),i=0,. .., r—1,0,<c,_,(0),
* * .

Qzc, , ;(0),i=0,.. p—r—1

This procedure has the properties

lim P(4,)=1-0 if Hy,_, holds

T—yea
9.9)
and
lim P(4,) =0 if H(p)\H(r) holds
T—oa
(9.10)
and
lim P(4,) <8 if H,, holds fors=0,....p—r—1.
T—oa
9.11)

Thus if the rank of IT is 7 and there are no I(2) components the procedure picks out the true value of » with a high
probability (1 — &) in the limit. It picks out a too low value with limiting probability zero. Finally if there are I(2)
components the procedure will under #,; accept no I(2) components with a small probability. A discussion of the
proof of this result will be given in Chapter 12.
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9.3 A Test for /(2) in the Australian Data

The I(1) analysis from Chapter 7 gives the estimated values of («, 3, 7). The transformed equations leading to (9.8) can
then be solved and we do this for each value of » = 0, 1, ..., 5. The likelihood ratio test statistics are calculated as in

(6.30).

Note that we choose in the initial /(1) analysis to have the constant unrestricted, but prefer to restrict it in the second
analysis in order to avoid the possibility of a quadratic trend. The test statistics are given in Table 9.2.

Based upon the I(1) analysis from Chapter 7 we have chosen » = 2 and then proceed by comparing ¢, ,.s=0,1,2 with the
quantiles ¢, , ; (5%) from Table 15.2. It is seen that there seems to be evidence of I(2) in the data, since s = 0 is
rejected, as is s = 1, but the hypothesis that s = 2 gives a test statistic of ~2/gQ(/1;, |1.!§’ ) =4.21 which should be compared
with the (asymptotic) 95 per cent quantile of 9.09.

The evidence for I(2) that we find is the following: the test statistics seem to indicate that s = 2, and the plot of 4p* in
Fig 2.4 suggests that the inflation rate is non-stationary and drifts like a random walk. There is of course the possibility
that the shift in inflation rate after 1980 is better described as a deterministic shift. But for now we shall continue with
the idea that the shift is random and indicates a persistent shift corresponding to the I(1) nature of the inflation rate.

It is noteworthy that the graph of g x, looks more non-stationary than the graph of gr,, see Fig. 7.2. This is also
evidence of I(2) since the result of Theorem 4.6 shows that ' X, corrected for A X is stationary even if X is 1(2),
whereas ' X, is not in general stationary by itself.

The final piece of evidence is that when calculating the roots of the characteristic polynomial for the estimated values
we see from Table 9.3 that apart from the three imposed unit roots there is a root close to one with the value 0.83. If
this corresponds to a unit root we seem to have a case where the number of unit roots cannot be calculated from the I'l
matrix alone.

Table 9.2 The Likelihood Ratio Statistics ¢, and Q, Together With the Critical Values C_, (5%) and ¢, , , (5%).

r O 1z -
p—r—=s 5 4 3 2 1

0 261.50 157.44 95.96 45.86 10.91 101.38 68.91
1 178.48 84.48 32.61 9.18 51.78 47.18
2 82.26 28.10 4.21 28.43 29.51
3 28.82 10.04 10.24 15.20
4 8.84 4.45 3.96
- 75.33 53.35 35.07 20.17 9.09




138 The I(2) Model and a Test for 1(2)

Table 9.3 The Eigenvalues of the Companion Matrix for the Australian Data. the Cointegrating Rank Is R = 2 and § Is
Unrestricted and o Restricted as in Table 7.7.

Root Real Complex Modulus
o, 1.00 0.00 1.00
0, 1.00 0.00 1.00
0, 1.00 0.00 1.00
0, 0.83 0.00 0.83
0, 0.72 0.06 0.72
0, 0.72 -0.06 0.72
o, 0.11 0.00 0.11
0, -0.02 -0.21 0.21
0, -0.02 0.21 0.21
0 -0.29 0.00 0.29

Taken by themselves these pieces of evidence are perhaps not very convincing, but taken together they seem to point
towards the conclusion that there is I(2) in the data.

The question then arises to what extent this invalidates the I(1) analysis and the conclusions reached.

It is somewhat surprising that hypothesis tests on a and 3 remain valid in the sense that inference is still asymptotically
x’. What is no longer valid is the interpretation of these hypotheses, since ' X is no longer stationary, and «, = 0 is no
longer a hypothesis about weak exogeneity.

Thus there is a need for the analysis of the data from the point of view of I(2).
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10 Probability Properties of / (1) Processes

In this chapter we discuss basic properties of I (1) processes given by the autoregressive model (4.1) allowing for a
constant term, thatis, @ D, = . The process is by (4.6) given as a mixture of a trend, a random walk, and a stationary
process:

¢
X;=C) &+ Cur+ Ci(L) (& + ) + Pg, Xo,
i=1
(10.1)

where C = B, (o' I'B)™" . We discuss the behaviour of the process in different directions, and apply these results to
find asymptotic properties of various product moment matrices needed to derive properties of likelihood ratio tests
and estimators in Chapters 11 and 13.

All estimators and test statistics are derived under the assumption of Gaussian errors, but we prove limit results for the
process under the slightly more general assumption that the errors are independent with the same distribution with
mean zero and variance €2, such that A X, becomes a linear process.

First, however, we discuss some useful identities between variances and covariances of the various stationary
processes. The results are taken from Johansen (19914).

10.1 Finite Sample Results

There are very few exact results in the theory of autoregressive processes. The main ones that we use here are relations
between the second order moments conditional on the past values of the process. Under the assumptions of I (1) and
cointegration we have that 3'X) is stationary and that A X is stationary, see Theorem 4.2. We define

200 z10,6]
Zpo Zgp|

AX:
Var ,
B'X: 4

and the first result concerns relations between these variance-covariance matrices and the parameters « and {3 in model
H, (.

AXe g, .. -aAXt—k+1] = [
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LEMMA 10.1 Under the I(1) assumptions and the assumption of i.i.d. errors the following relations hold

200 = GZﬁO +Q,
(10.2)
Zgﬁ = GZﬁﬁ,
and hence (10.3)
200 = C(Z]G]GCIJ +Q
(10.4)
Theses relations imply that
(@ Zgeo) o get = (' Q 7ty tar Q7
(10.5)
st osdaarsloy o gl = o) (o | S0 ) e
00 00 00 00 4 1 =00M | 1
=07 -0 a(@ Q') QT =0y (o Qa ) e
1 1 1,041 (106)
2pe(Zpozgy o) Zpp—Zzpe= (A'Qa)”
(10.7)
a0 = (Zgg+ (@'Qa) )
. . . . (10.8)
ZB,G — (Zﬁﬁ— Z,GOZ(;O 20,6)_ = -a'Q a
(10.9)

PROOF From the model equation
-1
AX;=af X+ Z:=1 FAX, ; + + e,

one finds immediately the results (10.2), (10.3), and (10.4) by calculating the conditional variances given lagged
differences A X, ,, ..., A X .. To prove (10.5) multiply first by o from the right, and both sides become the identity,

—

then multiply by 2, = Qu,, see (10.4), and both sides reduce to zero. Since the p X p matrix (x, Qo) has full rank the
relation (10.5) has been proved.

The relation (10.6) is proved by applying the identity o' X, = «,'Q, see (10.4), and by multiplying by the matrix (a,
Z()Uai) = (a’ Qak)'

The relation (10.7) is proved by inserting a=zogzgg such that (10.7) becomes
(') T = Zgg= ('Q ') 7.
This relation can be proved by multiplying (10.5) by

Seoa(a’a) ! = (aZgpa’ + Qa(a'a) .

The proof of (10.8) follows by noting that the p X p matrix K = (Q7'«, «,) has full rank, such that we can write,
see (10.4),
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oS0 = ' (Q+aSgea’ ) o= K (K’ (Q+0Sgga )K) 'K'a

, -1
[ aolq aQ o+ a'Q lazg Q7 0 aQla
0 0 a;'Qay 0

= (Sgg+ (@Q 'y ™

Finally (10.9) is proved as follows: first note that

Zpp— Zpp(Tpp+ (0'Q 7)) T
= Zgp(Zgpt (@O 7)) (gt (@ Q) - Zgp)
= Zgp(Zpp+ (Q ) ) (@ Q)T

Then we find

z}g}s— (Zgs— Zps(Zpp+ (@Q o) ) ' Sgg) ™
= z}g}s — (' Q ) (Spp+ (q*Q—la)—l)z}g}s = —(a Qo).

This completes the proof of Lemma 9.1.

10.2 Asymptotic Results

The process generated by the autoregressive equations has the property that X, is a linear process, see Chapter 2. We
have given in Theorem B.13 some basic limit results for such processes, and here we apply them to the process X, The
asymptotic properties of the non-stationary process X, are described by a Brownian motion W in p dimensions on the
unit interval. This Brownian motion is the weak limit of the random walk £{_ ¢, which appears in the representation
(10.1) and can be found by rescaling the time axis and the variables as follows:

[Tu]
1 W
Spu)=T72) &—>W(u), ue[01].
=1

We apply the results in Theorem B.13 in order to find the asymptotic properties of the test statistics and estimators
derived from the cointegration model. We have only given the results in Appendix B for C[0, 1] but here we apply the
results for D|0, 1], since the normalization above leaves S,(#) a piecewise constant function rather than a continuous
function.

From the representation (10.1) it follows that X is composed of a random walk (cz'_ ¢, a linear trend (1 7= Cu. 7), a
stationary process which
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is a linear process with exponentially decreasing coefficients and the initial values Pg, . The asymptotic properties of
the process therefore depend on which linear combination of the process we consider. If we consider 7' X it is clear
that the process is dominated by the linear trend, whereas if we take vectors y which are orthogonal to t and linearly
independent of § then the dominating term is the random walk y'cz!_ ¢ since y' v # = 0. Finally if we take the linear
combinations $'X] then both the trend and the random walk are multiplied by 8'C = 0, and B'X is stationary since the
initial values cancel. Thus let y(p X (p — » — 1)) be chosen orthogonal to t and 3, such that (B, y, 1) span all of R”. We
give some examples which illustrate the choice of t and y.

EXAMPLE 10.1 We consider the two-dimensional process given by the equations
AXy =+ e
AXy =pp+en

The equations are solved to give
_ <
Xy = 2o €+ 1 + X,
_ <
KXo =226+ 1+ Xao

Thus both processes are random walks with a trend, and the processes do not cointegrate. It is, however, easily seen
that the linear combination

t £
M2 X1p— ph X g = ,Uzz £1i — ,Ulz €2; + [ X10 — H1X10,
=1 i=1

is a random walk with no trend. Thus the trend can be eliminated by multiplying by t, = (u,, — @) In this case there is
no cointegration and we can take 3 = 0 and y = 1..

EXAMPLE 10.2 We next consider the three-dimensional process given by the equations
AXy =ai(Xypg—Xpq) + i+ e
AXy =jhtey
AXs =3+ ey,

where —2 < «, < 0. These equations are solved to give

£ oo |
Xy = Zﬁz.f + at+ X + Z (1+01) (Eys— Exs_;) — ql_l(pl — 1),
i=1 i=0
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It is seen that X, X, and X, have a linear trend, which in this case is eliminated by the cointegrating vector 8 = (1,
—1, 0). This is an instance of a general result that ' C = 0, which annihilates both the stochastic and the deterministic
trends. We find that t = (w,, W, wy)' and y = (W, ps, —24,)" which together with 3 span the whole space.

We next give the asymptotic behaviour of the process in the directions 1 and y. Recall the definition ; = vy(' gamma)™'.

LEMMA 10.2 Let the process X be given by (10.1), let v = C . and choose y orthogonal to 3 and © such that (3, <, y) has full rank p.
Then as T — © and n € [0, 1]

- w o=
T 2y Xiry = V' CW (u),

(10.10)

T X
T [Tx] — 4.

(10.11)

L . . . .
We define the normalization matrixBr = (Y\T - f] and combine the results into

1 _
T72B 7 X (7] — Y Go(w)=| Y CW () |.
i)

It then follows for x .= 5T Xy that

P _’C ‘W) — I;"
Go(u) — Go = G(u) = y'C( (ul) ) |

U——=

2

1 -
T 2B 1(Xny-X1) —

(10.12)
where Go = J '[]}Go (w)du-

PROOF We apply Theorem B.13. From the representation (10.1) we see that X is decomposed into a random walk, a
linear trend, and a stationary process. Weak convergence of 7 i;,g([)..“] now follows from (10.1). The random walk
term gives y' CIV (#) in the limit, the trend term vanishes since y' © = 0, and the stationary term disappears by (B.17).

Weak convergence of 7 X, follows from (10.1). The random walk part tends to zero by the factor T™', the linear
term converges to #, and the stationary part vanishes by (B.17).

Finally weak convergence of the average
1 - TN |
B sXs=T E I 2B 7X; 4
t=1
follows from the continuous mapping theorem, Theorem B.5, since the mapping x— [§ x(u)du is continuous.

Note that the limiting behaviour of the non-stationary part of the process is completely described by the matrix C, see
(10.1), the direction 1 = C y, and the variance matrix of the errors €.
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Using these results one can describe asymptotic properties of the product moment matrices and S, defined in
Chapter 6, which are basic for the properties of the estimators and tests. Recall that the residuals K, and K, are defined
by regressing A X, and X, respectively on lagged differences and a constant, and that

T
Sy=1 "> ReR g j=0,1.
=1

LEMMA 10.3 Under the assumptions of Lenma 10.2

P
Sono = Zo0s
(10.13)
P
BSnuf— ZpB,
(10.14)
P
B'S10 = Z0,
(10.15)
W 1
T B pSnBr— ] GG'du,
0
(10.16)
W 1
B'781e = B' p(S10-Supfa’) = ./ Gawy',
0
(10.17)
B'pS1ife Op(1).
(10.18)

PROOF We apply repeatedly the results of Theorem B.13 about the proper normalization of product moments. In the
following we use [ | to indicate that a product moment has been normalized such that it converges in distribution. The
basic rules are that if Y, is a process that is I(j), / = 0, 1, then

s ve, misl sl Yot TS L Yo, TR 1y

are all normalized to converge weakly.

We apply the notation Z, = (A X, ', ..., A X ") from Chapter 6, and let px =1 157 ax,- Since the process A X is a
stationary and ergodic process it follows from the law of large numbers that the different product moments in the
expression

Soo = San—SaSz'S.a,
where
T _ —
Saa =T (AX;—AX)(AX:—AX),
=1

T _ pors
'S&Z = -7 IZ(&Xf_&X)(ZZf_ZiJ”
t=1
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and
T _ —
$z=T7Y (Zu Z2)(Zx Z)',
t=1

converge in probability to the corresponding population values. Thus

p
Soo = Var(AX)) — Cov(AX,Zy)Var(Zy) Cov(Zy,AX))
= Var(&XdZH) = 200.

EXERCISE 10.1 This proves (10.13). In order to prove (10.14) we use the notation
i T _ -
Sa=T) (X0 Xr)(Xo X7),

t=1

and write with an obvious notation
B'S118= [B'SuBl — [P SeSz'SxP].

Since the process B' X, is stationary and ergodic it follows again from the law of large numbers that 3' 5,8 converges in
probability towards its population value

P
B'S1uf— Var(B XilZy) = Zgp.

The proof of (10.15) is similar.

For the proof of (10.16) we investigate the matrix §,, in the directions given by§ = y@'y) " and T= 7(t't)". We find

Tl Sy = [TV Suy] — Ty SeS2 8ay].
(10.19)

The convergence of the first term follows from (10.12) together with the continuous mapping theorem applied to the
mapping X= ftl'x(.-.*)x'(u}d.-.f.

We find

- - _1- - - - 1
T Say =T8T 2y (X — X)) (X —X0)Y'T 2]

1 _ _ _
- v y*CO(W(u) WY(W (1) W)'duC'y.

It next follows from Theotem B.13 that ,.g ¢ 1¢ , is of the order of 1, since Z, is I(0) and ;’ X is I(1). Thus the extra
factor of T ensures that the first term in (10.19) is dominating and gives the required limit. In the direction t we find

S S ST e P |
TS = [T 71Sur | —T [T 27"SxSz S 1T 2.
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The terms in brackets have been normalized to converge in distribution, see Theorem B.13, and the extra factor of T"'
makes sure that the first term is dominating, giving the limit

[au—1/2)2du=1/12.

The term T-°7 § H; is treated in the same way and the results are collected to prove (10.16).
The result (10.18) follows from Theorem B.13 in a similar way.

The proof of (10.17) follows from

_ — - 1 = _ 1
V' (S10—S11B0") = ¥'S1e= [V Syl — T 2 [V’ SS%'S,T2].

The extra factor p-3 in the second term makes sure that in the limit the first term is dominating and we find from

(10.12)
— w — —
! ! ! 1 r
V' (S10—Sufa’) =y Clo(W —W)(dW)".
In the direction t we find

1-— 1-
T 21" (Spo—Snupa’) =TI 21'8y;
1_

1 1—- 1
= [T‘E r*Sﬁ] -T2 [T‘E T‘SﬂSzngstEI .

As before the first term is dominating and we find the limit

[au—=1/2)(dW)".

Combining these results we have finally proved Lemma 10.3.
O

EXAMPLE 10.3 As an application of the above results consider the test for no cointegration IT = 0 in the model

AX3=|-|X3_1+E}, t=1,...,T

Under the null hypothesis X, is a random walk ;= X, + Zj.,¢ . In this case there is no trend and no cointegration under
the null hypothesis, hence we can take § = t = 0 and y = [ in the above results. Thus we find from (10.10) that in this
very special case we have

[7]
1 1 W
T2X[r)=T2) & —W(u).
=1
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From (B.13) we find
T w [l 1
T2y XXy —>f W ()W (u)' du =f WW' du,
t=1 0 0
and finally from (B.14) we get

T w [l
T‘lz)@_ls’fef W(dW)'.
t=1 0

These are the three basic results needed for the asymptotic behaviour of the test statistic for the hypothesis that IT = 0.
The general problem will be taken up in Chapter 11.

10.3 Exercises
10.1

Consider the model

&Xf=nXt_1+r1AXf_1+Ef, =1 T.

PR

In Chapter 2 it is mentioned that the likelihood ratio test for I', = 0 in the unrestricted VAR model is asymptotically
distributed as y* with p* degrees of freedom.

With the notation
Zog=AXy, Zy=Xeq, Zy=AXi,

we define

T
My=1" 242"y, i,j=0,12.
t=1

1. Show that the estimator of Q in the unrestricted VAR is given by

- My [ My Mp] 7 My
Q=Moyp12= Moo — .
Mo My My Mo

whereas the estimator under the null hypothesis that I', = 0 is given by

Qo= Myp1 = Moo — M01M1_11M10-

2. Find an expression for the likelihood ratio test statistic for the null that I', = 0 expressed in terms of g and Q.
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3. Show that if also IT = 0 such that the process X is a random walk, then 7(Qy - Q) has the same limit distribution
as TM oM, My, which implies that —alog & O(r = 0) = x*(p%) - Hence the asymptotic distribution does not depend

on the presence of I(1) variables in this case.

10.2

Let the I(2) process X, be given as a cumulated random walk:
4 i
Xe=) > &
i=1 j=1

where as usual the € are i.i.d. with mean zero and finite variance. Consider the mapping from C[0, 1] to C[0, 1] given

by associating to every continuous function f'its integral r(- )= [, f (u)du.

1. Prove by the continuous mapping theorem applied to this functional that

_3 W
T2 Xy = o W(s)ds.

2. Use the result in 1. to show that

T W
™ XX = [ofo Wisds)([y W(s)ds)du

=1

10.3

Consider the regression

Yi= X+ €,

where {e} is as before, and X, a random walk with finite variance, which is independent of the €. 1. Find the limit

distribution of the regression estimator for 3

. T T
Bos= O _ X' X7 (DX,

=1 t=1

2. Solve the same problem if X, is an I(2) process given as a cumulated random walk, but still independent of the €.



11 The Asymptotic Distribution of the Test for
Cointegrating Rank

In this chapter we give various forms for the limit distribution of the likelihood ratio test for cointegrating rank. The
limit distribution depends on the model for the deterministic terms, and we give the different formulae that can be
obtained for a constant and a linear term in the equation even when there are restrictions as discussed in Chapter 6.
The proofs and concepts are rather technical, and we therefore first give some special cases which introduce the basic
notation and illustrate the type of analysis that is necessary for understanding the limit theory of test statistics in the
presence of unit roots and cointegration.

11.1 Testing [] = 0 in the Basic Model

We assume here that ¢, are independent identically distributed with mean zero and variance Q in p dimensions.

Consider first the situation from Example 10.3, where
AXi=T1X; g + &,

and we want to test that IT = 0, that is, we are testing model H, (0) in model H,(p), see (5.15), where the hypothesis
without deterministic terms is defined. The test statistic is given by

F -
—2 log QUHAO)H2(p))= —TY  log(1-A),
=1

(11.1)

see (6.18), where Ay,. ..., solve the equation
-1 _
AS11 — S10S; Sm| =0,
(11.2)
These Product moments were investigated in Example 10.3, where it was found that
W 1
TS - f WW' du,
0

(11.3)
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W 1
SlO —)f W(dW)’,
0

(11.4)

P
Soo — Q.

(11.5)

With these results we can now discuss the limit behaviour of the test statistic (11.1). We first note that S, is O, (1)
whereas S, and S, are O, (1) such that the roots 4, of equation (11.2) converge to zero like T™'. This on the other hand
implies that

r R P
~T log(1-A)=T> A +0p(1).
=1 i=1

The sum of the eigenvalues can be found as follows:

ASqq — SIOS£S01| =0 if and only if |A7 — S71-S10Sq0 01 | = 0,

which shows that
¢ " 1 1
T A= Ttr {81 S10550So1 }
=1

From (11.3), (11.4), and (11.5), we find that the limit of the likelihood ratio test statistic is given by

—2 log Q(H2(0)|H2(p))

_ . v rr{[/IWW'du]_I/IW(dW)’Q_lfl(dW)W’}.
0 0 0

If we define the standard Brownian motion p= -3, we get the result
v 1 ! a [t
-2 log Q(HR(0)|H2(p)) = tr{JO(dB)B’ [f BB’ du| f B(dB)'}.
0 0

(11.6)

If the null hypothesis is not valid, and we have cointegration, then one of the eigenvalues will be positive in the limit. In
this case
- P
-2 log QUH(0)IH2(p)) = =T log(l—A1) = e,

which shows that the asymptotic power of the test is 1.

Note that the limit distribution does not depend on the parameter €2, but only on the dimension p or the number of
random walks.
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If p = 1 the limit distribution is the squared Dickey—Fuller distribution see Fuller (1976) and we shall call the
distribution (11.6) the Dickey—Fuller distribution with p degrees of freedom, DF, The reason that we get the squared
DF distribution is that we test the hypothesis IT = 0 against IT # 0, whereas the univatiate problem is usually
formulated as IT = 0 against IT < 0, which is a one-side test. One should be aware that a significantly large value of the
test statistic (11.6) which rejects IT = 0, could mean that the process is stationary, but of course also that the process
has explosive roots.

It turns out in the following that we get various versions of this fundamental distribution, and we illustrate this in the
next case that we consider, namely the modification of the basic model with a constant term added in the equation. In
this case the process is a random walk with a trend under the null hypothesis IT = 0:

{
Xi=pt+» g+Xo
=1

The test statistic is calculated in the usual way with the product moments corrected for a constant term. In order to
find the limit distribution we assume first that u # 0, such that there is actually a linear trend in the process. The
component X, of the process X, grows lineatly if p, # 0. If, however, we consider X in the p — 1 directions p, then the
process has no trend since

t
MoXe= Z,U’ﬂ?: + ') Xo.

i=1

Thus the directions applied in Chapter 10 become 3 = 0, y = p,, and © = w. In the direction g we have

4
WXi= sy pe + X,
=1

The asymptotic behaviour of the process is given by

U ey 1
e Xiyyg =T 2) oy

I_r _l_i - ¥ _n
Mg+ T 2p ) Xo P W (u)
T Xy =T Tu] + T‘IZfi’:] WE+T VW Xg— u,

since the trend dominates the random walk. Lemma 10.2 implies that

- — W
T (X (g~ A7) = (@-1/2),

and that
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_1- - W - -
T2 | (X —Xp) 2> LW () —W),

Applying these results to the product moment matrices we find from Lemma 10.3 that the asymptotic behaviour is
different in different directions. Thus

, 1
T2WSal — 2 f (u—1/2)du,
0

= = 1 =
T syl — [ (u—1/2) 0 () ~ W',
Jo
and finally

iog - [ . B o= -
T7u ) Sup) = i/ (W (u) =)W (u) —W)' dup | .
0

Using the same arguments we find
1

e 1 L= . b W = ; o .
M 1S10=1 E FJ'L(X:—l—XT)Ef'—)N'i] (W (u) =W)(dw)',
(=1 0

and

= 1 Lo . eiherss v ‘1. ) :
IS Y g (X - XDET? > | @=1/2)(aw),
=1 0

and finally g Lo

We combine these results by introducing the matrix g = ¢y 777 and the process G = (G, G.)' with components

Gr() = (W () =),
Ga(u)y =u—-1/2.

We then get the results from Lemma 10.3
. 1
T pS11Br— ] GG du,
0
1
B 7810 — [ Gdwy'.
Jo

It is seen that again S, tends to infinity which implies that the eigenvalues 4, of equation (11.2) tend to zero, and that
the test statistic has the same limit distribution as

-1 -1 = —1 n; 15, -1
Ttr (S5 S105aSo1) =t { [T 8 1811B7] 1B 181080 So1Br)

1 1 1
. » h{l / GG"du]‘l / Gdwy Q™ / (dH’)G’}_
0 0 0
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This quantity is invariant under linear transformations of G and V. We therefore define the standard Brownian motion
B = (B, B)' as follows

By(w) = (W Qu L) IR (),
By(w) = Q7w I Q7w (),

such that B is a linear transformation of W and has variance I. Similarly we define the process F' = (F, F'))' by

- - I
Fi(u) =B1—-B= (" Qu,) 2Gi(u),

Fo(u) =u—o=Gu).

1
2

Note that Fis a linear transformation of G. Applying these transformations and using the invariance of the test statistic
under linear transformations we find that the limit distribution of the trace test statistic where we correct for the

intercept has the form
1 1 1
tr f (dB)F’[f FF’du] fF(dB)’
0 0 0

(11.7)

This limit distribution is the most general form we get in the context of testing for cointegration and it depends on the
degrees of freedom but also on the choice of F The distribution is non-standard and has to be tabulated by simulation,
see Chapter 15.

The process I reflects the properties of the process X, in the sense that in one direction it behaves like a trend and
orthogonal to this it behaves like a random walk. The process is corrected for its mean as is X, in the statistical
calculation. Thus the presence of the linear term in the model changes the statistical calculations by correcting the
processes X, and A X, for their mean and it changes the limit process F by making it linear in one component.

In the univariate case only the linear part of the process F is present and we find an expression which is just a y* (1).

t fl(dB)F’[leF’du] /IF(dB)’
] 1] 0
I 1) ]2 fl 112
= ~LYeamy| s _ 12,
e g)am] o [[e-gpa

Note that if we investigate the limit distribution of the test statistic (11.1) with the parameter value u = 0, then the
process X, has no linear trend and the above argument has to be modified. The limit distribution is given by (11.7) but
now with F=g B, since X is corrected for an

-1
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intercept. This limit distribution has broader tails than (11.7), which is unfortunate since it means that under the
hypothesis IT = 0, there are two different limit distributions, which means that not even in the limit the test is similar.
This leads to complications in the procedure for testing for cointegrating rank which will be dealt with in Chapter 12.

Next we turn to the formulation of the general result for the test for cointegration.

11.2 The Limit Distribution of the Test for Cointegrating Rank

In this section we consider the full model

k-1
AX =TXe o + Zr:ﬂXﬁ—: tHgt it €4
=1

(11.8)

and the hypothesis IT = « ' for « and B of dimension p X ras well as the submodels discussed in Chapter 5 defined by
restrictions on g, and y,. We find the limit distribution under various assumptions on the process X, the main one
being that there are no I(2) processes present, see Theorem 4.2, that is, that o' I' B, is of full rank. The limit distribution
is independent of the choice of I', . . ., I, , as long as the assumptions of Theorem 4.2 are satisfied, but depends on
the rank of o and 8 and to some extent on the value of p, and p,. We apply the notation from Chapter 6 for the various
models defined by restrictions on the deterministic terms. In order not to overburden the notation we assume
throughout that « and § have full rank  and that the process X, is I(1). We can then prove

THEOREM 11.1 The limit distribution of the likelibood ratio test statistic for the hypothesis I1 = o 3" where o and 3 are p X ris in
general given by the DF distribution with p — r degrees of freedom
1
f F(dB)' 3,
0

tr fl (dB)F' [leF’du]
0 0

where B is a p — r dimensional Brownian motion on the unit interval and F depends on B and on the model in which the hypothesis is
being tested. If the deterministic term is p, = p, + wt, and if o', ., F 0 then

-1

(11.9)

Fiu)y =Biu)y—a;—dbui=1,... p—r—1,
Fp_(u) =ut—a-bu,

(11.10)

where the random coefficients (a, b, a, b, =1, ..., p —r— 1) are found by correcting ’and B, (u) for a linear trend and a constant.
The distribution
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is tabulated by simulation in Chapter15, Table15.5. If o', w, = 0, there is no quadratic trend and we define F, = B, — a, — bu, i =
1,...,p—n

If the deterministic term is p, = w, + o .t then
Fi(u) =BI'(M)_aI'3i= 1:- RIPY £
Fpornu) =u-a,

(11.11)

where the random coefficients (a, a, i =1, ..., p — 1) are found by correcting u and B, (u) for a constant. The distribution is tabulated by
simulation in Chapter5, Table15.4.

If the deterministic term is b, = P, and o', p, # 0,
Fiuw)y =Bu)—ai=1,....p—r—1,
Fo_ () =u—a,
(11.12)

where the random coefficients (a, a, i =1, ..., p — r— 1) are found by correcting u respectively B, (u) for a constant. The distribution is
tabulated by simulation in Chapterl 5, Table15.3. If o' w, = O there is no trend in the process and we can take F,= B, — a,i=1, ...,

p—r
If the deterministic term is u, = o o then
Fiuy =Bi(u),i=1,... ,p—r,
Fop () =1L

(11.13)
The distribution is tabulated by simulation in Chapterl5, Tablel5.2.

If the deterministic term is u, = 0, then
Fiw)=B(uw),i=1,...,p—r.

(11.14)
The distribution is tabulated by simulation in Chapterl5, Tablel5.1.
Finally all tests are consistent, in the sense that if the parameter is a point in the alternative then the power tends fo 1.

The proof will be given below, but some comments will be given here. Note that the limit distribution has the same
form (11.9) in all cases. Note that the statistical model H (7), say, has freely varying parameters but that the limit
distribution of the test statistic depends not only on the number of common trends but also on whether o'y, = 0 or
not. We have chosen to simulate the asymptotic distribution only in the generic case of full rank of o and 3 and such
that o' .y, # 0, and o' p, # 0. Take for instance the test for H (7) in H (p). The test statistic is calculated by first correcting
for a constant and a linear term, and it is defined as the sum of the smallest p — r eigenvalues of a suitable eigenvalue
problem. If in fact a or 3 has rank
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5 < r, then the limit distribution is not given by (11.9) but rather as the sum of the smallest p — r eigenvalues of an

eigenvalue problem
1 1 1
‘,Of FF’du—f F(dB)’f (dB)F" =0,
0 0 0

where I consists of a p — s dimensional Brownian motion and where the last component is #, all corrected for a
constant and a linear term, see exercise 11.3 for an example. Similarly if in fact o',u, = 0, such that no quadratic trend
appears, the limit distribution again has to be modified, since the quadratic trend does not appear. These exceptional
cases form a small subset of the parameter set defined by the model, and we discuss in Chapter 12 how they influence
the determination of the cointegrating rank. Basically we assert that if there is any doubt in practice if, say, a',u, = 0 or
not this should be tested and included in the determination of the cointegrating rank.

PROOF We next turn to the proof of Theorem 11.1, that is, we want to focus on the proof of (11.9) in the case where F
is given by (11.12) since the other cases are entirely similar. The likelihood ratio test statistic of H, () in H, (p) is given
in the form

p -
~2 log QUHY(HIH(p)) = —T > log(1-4A),
i=r+l1
(11.15)
where the eigenvalues A4y,....A, are the smallest solutions to the equation

AS11 — 31050_01501| =0,

(11.16)

see (0.15). Let S(A) = ASyy - S10S5080 - We apply Lemma 10.3 to investigate the asymptotic properties of §' (A) and use the
fact that the ordered solutions of (11.2) are continuous functions of the coefficient matrices.

We then find from Lemma 10.3, that for g - ¢, 7727y and 4. = (g1 iBy) We get

w || A8 0 S poSiSos O
A" 7(S(A))Ar| > 1 _ | #Bo%00 %08
0 /’\f GG du 0 0
0

A/ﬂGG’du
1

This equation has p—7r zero roots and r positive roots given by the solutions of

AZgs—Zp0%00 208

(11.17)

|Azﬁﬁ— % g% zoﬁ| =0,

(11.17)

This shows that the r largest solutions of (11.2) converge to the roots of (11.17) and that the rest converge to zero.
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Next consider the decomposition

(B.Br)'S(A)(B.Br)|=

BSA)B  BSA)Br
B rS(A)B B rS(A)Br

>

= |ﬁ*S(A>ﬁ||B* 7 (S(A) — S(H)BLB S(AB] B S(A)} Br

(11.18)
and let T'— o and A — 0, such that o = TX is fixed. From Lemma 10.3 it follows that
BS(B= P B S118~ B S10500 S01 = — ZpoZo0 Zop + 0r(1),
(11.19)

since the first term tends to zero, which shows that in the limit the first factor in (11.18) has no roots. In order to
investigate the next factor we note the following consequence of Lemma 10.3:

B 1S(MB = pT ™ B 15118 B 1510850 S018
=B TSIOZEéZOﬁ+0P(1)-

(11.20)
Inserting (11.19) and (11.20) into the second factor in (11.18) we find

B 7 {S(A) —S(ABIBSAB] ' BS(A)) By
= pT ' B’ 181187 — B' 1S10NSqB 1 + 0(1),

where N 1s a notation for the matrix
N=st sy c[SesiSog] 12 gosm
= <00 00 0,6[ B0<=00 0,6] BO<00 -
By Lemma 10.1 this matrix equals
! _1 ! —_— ! _1 !
ay(a Qo) a' ) =ay (Var(a' (7)) a’ |,

which shows that the limit distribution of B'.S,, o, = B', (§,, — S, B &) o, can be found from Lemma 10.3, that is,

w [l
B’TSIOC(J_ %fG(dW)’Gl.
0

Finally Lemma 10.3 implies that
w o [l
T B 2811 Br— f GG du.
0

The above results imply that the p — » smallest solutions of (11.2) normalized by T converge to those of the equation
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1 1 1
‘pf GG’du—f G(dW)'a | (Var(a' | W)) e if (dW)G:‘ =0
0 0 0

(11.20)

In order to simplify this expression note that the roots are invariant to linear transformations of G and of o',V Define
therefore the standard Brownian motions

j— j— 1 j—

By =(y'CQCy) 2y'CW,
1
- t t -1 . BCET ' -1
By =(pay(a’ Qa ) o ju) 2pa (a1 Qo) al W
It is seen that B = (B', B')' is a standard Brownian motion since the covariance between B, and B, contains the factor
! r _1 ! ! _— ! ! _— ! o
prap(ar Qo) o QCy=wly=r1y=0,

where the last equality follows by the choice of y. The process B = (B', B))' is a linear function of o', I and can be
inserted instead of this process into (11.20). We also see that with the definition 7y = 8, - B, and F, = G,, we can express

the equation (11.20) as
1 1 1
‘,Of FF’du—f F(dB)’f (dB)F" =0,
0 0 0

where Fis given by (11.12). This equation has p — r roots. Thus we have seen that the p — 7 smallest roots of (11.2)
decrease to zero at the rate T and that 74 converges to the roots of (11.21). From the expression for the likelthood
ratio test statistic (11.15) we find that

(11.21)

2 log QUN(HIHI(PY) =Ty [ yA+op(1) — ! R iy

{ 1 1 -1
=ir f(dB)F’ {/ FF'du] /F(dB)’ ;
0 0 0

which is the desired result.

Next note that if o', = 0 there is no trend in the process and we need not take it into account in the discussion of the
derivation of the limit result. Thus we can take y = 3, in the proof above and find the same result but with =25 5.
The proof of the results for H (r) where I is given by (11.10) is similar. The same holds for the proof of the result
about H, (r) where the constant term is absent. As a final remark note that if the parameter is a point in the alternative
then we have more than 7 cointegrating relations, and Avap 1S positive in the limit. Hence

- P
=2 log QUHI(NIH(p)) = —T log(l—Ary1) = e
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This shows that any test based upon {—2 log O (H, (/) | H, (p)) = ¢} will have asymptotic power 1.

COROLLARY 11.2 The likelihood ratio test in H(r) that the guadratic trend is absent. &' ., = O satisfies

2 log QW (DIH()) = X2 (p—1).

The likelihood ratio test in H, (r) that the linear trend is absent. o', p, = O satisfies

2 log OUH; (NIHL(P) = x2(p— 7).

PROOF We prove the result for H, (). We first note that the parameter space of #,'(p) is dense in that of H, (p). In
order to see that, take any parameter value p, and I'Tin H, (p). If IT has full rank then o, = 0 such that the condition o',
t, = 0 is satisfied. Hence (u,, IT) is a point in #; (p). If IT has reduced rank, we can find a full rank matrix p as close to
IT as we wish, but then ((po,M)) is a parameter point in #," (p) which is close to (w,, IT). Thus maximizing over H, (p)
will lead to the same maximum, since the parameter points which are in H, (p) but notin #,"(p) comprise a very small
set.

This proves that
2 2

P N T T *
N (1= A) = Luix (H1(P)) = Lanix (2 (p)) =

* P *
I =

i

Next consider

O H (HH(r)) = LT (H) (7)) ] L  (H1 ()

=0T, () |H{" (23 1 Q¥ T (| (p))

_ T P *
= Mispa (1=A) T o, (1= A ).
This shows that

-2 log Q(Hl* (r)[H1(7))

=2 log QUH(M|Hi(p)) -2 log QH, (m|H, (p))

=TY [op log((1-A) /7 (1=A).

By the results in the proof of Theorem 11.1 we find that the limit distribution can be expressed by the p — r
dimensional Brownian motion B as
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q = ] = i -1 1 =
—/ (cw)(ﬁ—m*[/ (zf—ﬂ)w—ﬁ:}*] ] (8- B)(dB)
1] 1] 1]

-1
+/1(d8)(3’,1)[/1(8’,1)’(B’,])du] /I(B’,l)’(d}?)’
0 0 0

-/ an] [ ] B [

We have here used the identity (11.22)
Xi1|,[4 BN
Xa| |8 D Yy
= XA + (X - B A Xy (- A TNy, - ATy,
Taking the trace of (11.22) the right hand side is ¥* (p — 7). The proof for H (7) is similar.
O

THEOREM 11.3 The likelthood ratio test of H, (r) in H* (1), that is o' ., = 0, or that the trend stationary linear combinations are in
fact stationary, satisfies

-2 log OH1(MHIH (1) i) XA,

The likelthood ratio test of H, (r) inH, (r), that is o' ., = 0, or that all stationary linear combinations have mean ero, satisfies

-2 log QUHA(P)IH] (1)) = X*(r).

PROOF The model H* (7) is given by the equations
k-1
AX: =af' Xy + g +apif+ E o TAX e+ €y
* * k-1
= Gﬁ ;Xg_l thHot E i=1 r.t'AXf—.t' t €

where 8*' = (8', o) and x,”, = (x’; 1.). Thus the test of H, () is the test that o, = 0 and is really a test §* of the form *
= H ¢. Thus the test statistic is given by

-2 log QUA(NIH () =T log(1-A)/ (1-AD),

=1

where A solves (6.15) and A" the corresponding eigenvalue problem based upon x,”. The asymptotic distribution is
then found by the same methods as explained in Chapter 13 in the proof of Theorem 13.9.

O

The difficulty in understanding and applying these results is in keeping the distinction between the statistical model as
defined by its parameter space and the data-generating process as specified by the parameter value.
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In constructing a statistical test we apply the maximum of the likelihood function over the parameter space with and
without parameter constraints, but when calculating the distribution of the test we need to specify the actual parameter
value. Unfortunately it turns out that the same statistic can have not only different distributions under the null
hypothesis, but also different limit distributions. Thus the statistic derived allowing for a linear trend has a different
limit distribution if the trend is actually absent. This should not be confused with the fact that if the statistical model
specifies the absence of the trend then cleatly a different statistic is derived.

11.3 Asymptotic Properties of the Test for /(2)

We want to give an indication of the properties of the test for I(2) as derived in Chapter 9, by discussing the proof of
Theorem 9.2. Let us first consider the situation where («, 3, 7) are known, just as in the derivation of the test statistic.
In this case ¢, will have the limit distribution given by (11.13) since the analysis of (9.3) is an I(1) analysis with
restricted constant term. It turns out that this result holds even if (x, ) are estimated by an I(1) analysis disregarding
the possibility of I(2). We shall not give the proof of this result which requires that we go into the asymptotics of I(2)
processes, but refer to Johansen (19954) and Paruolo (19950) for a more complete discussion.

In the proof of Theorem 9.2 given now we thus assume that ¢, has the limit distribution as given by (11.13) if model
H,? holds. The set .4, on which we choose 7 cointegrating relations and no I(2) components is given by

Qich—f(a):j = 0:- NN ]'DQ.?" < Cp—?’(a):

*

Q,, chp_?,_s.(ﬁ),i= 0,....p—r—1L

PROOF of Theorem 9.2. Under #;, ., we have rank(x) = rank(3) = rand that o, I" 8, has full rank such that no 1(2)
components are present. It then follows from Lemma 12.1 that

P . P
¢ —=0e0i=0,...,r—1, m-—)oo,i=0,...,p—r—1.

Hence

lim P(4,) = Tﬁm P(Qr<cp_(8))=1-19,

TF—oa
by the choice of the quantile.

If H(p)\ H(») holds then the cointegrating rank is larger than  and in this case Q}_;a, « Which shows that
hm P(4y) = Im P(Q, < cp_r(0)) =0.

T oa

Finally assume that 772 and that there is no quadratic trend. Then #,; holds for some s =0,...,p — r— 1, and

lim P(4,) < lim P(Q, =c,_,_(8))=0
T oo

T—oa

This completes the proof of Theorem 9.2.
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11.4 Exercises
1.1

Consider the model
AXy=af X+t

and the test statistic of the hypothesis H, () in H, (p), see Chapter 5. In Chapters 10 and 11 the asymptotic properties
of X, S, and the test statistic —2log O(H,(r) | H,(p)) were discussed under the assumption that rank(x) = rank(@) = r
and that o', g # 0. In the following assume that o', u = 0.

1. Show that

1 w
T 2f Xy — B 1LCW ().
2. Show that

1 1 =
T'p 1SuBL — B.C f (W (1) =W (W (u) =W ) duC' B,
0

1
B .c[ W W) awya, .
J0

8 Swd, —

3. Finally show that

-1

1 "1
-2 log (,?(Hl(r)[f!l(p))i)rr[ / (dﬁ)F‘[ / FF’du}
0 0

1
/ F{dB)' 3,
0

where rF=5 B.

11.2

Consider instead the model
AXi=af' X, 1 +0po+ &
and the test statistic of the hypothesis #, (r) in #, (p), see Chapter 5.

Assume again that rank(x) = rank(@) = =

1. Show that

1 w
T 2f | Xy — B LCW (u).

2. Show thatif y=7-37 y, , and ax=7"'5” Ax,, then

. S
JF S X Lk x0
S5 = and 610=l_ e
X! 1 &X
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Hence

1 1
B C| WWduC'f, B iC/ W (2)du
0 0

1
/ W) duC’' 8 | 1
0

1
B LC ] ()
1]

1
] (@wya,
0

3. TFinally show that

1 1 -1 4
-2 log (,,?(Hl*{'r‘jlﬂf{p'j)i)tr{/ (dB)F‘[/ FF’(I::} ]F(a'ﬁ)‘},
0 0 0

where F' = (B, 1).
11.3

Consider the model
AXp=af' X, | + &,
and the test statistic of the hypothesis H, () in H, (p), see Chapter 5.

In Chapters 10 and 11 the asymptotic properties of the test statistic —2log Q(H,(r) | H,(p)), X, and §, were discussed
under the assumption that rank(e) = rank(@) = . In the following assume that rank(x) = rank(B) = 0.

1. Show that

1 w
T 2Xp — W(u).

2. Show that
T 1851 —s

1
/ W ()W (i)' du,
0

1
- /W(JW)'_
J0

3. TFinally show that
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a1 1 -1
-2 log QUIL(r)L(p)) i) 1y _r [] (dB)n’ [/ Bﬂ'du]
(1] 1]

1
/ B(dB)' ),
0

that is, the sum of the p — r smallest solutions of the equation

1 1 1
A[ BB'du—/B(dB)’/ (dB)B'
JO JO JO

where B is p-dimensional Brownian motion.

11.4

Consider next the model

=03

AXi=af' X+ U+ ®PD+ &,

where D, are three quarterly dummies, which have been orthogonalized to the constant term, that is, they sum to zero
over a year. Consider again the test statistic of the hypothesis H, () in H, (p), see Chapter 5, and assume that o« and 3
have full rank 7, and that o' u # 0. Granget's theorem shows that

t ; ; :
Xp=CY " (6+ P+ OD) +Co(L) (& + p+OLy) + P Xo,

for C=8, (&, B)" o Let1 = Cu # 0 and define the coordinate system (B, y, 1) which spans R’. The purpose of this
exercise is to show that the seasonal dummies do not matter for the asymptotics, once they have been orthogonalized
to the constant.

1. Show that (10.10) and (10.11) hold.
. Use this to show that Lemma 10.3 holds.
3. Finally show that

-1

1 1
-2 log QUNL(MHUT(p)) i)rr[/ (dp)r [/ FF’du}
0 0

1
/ F(dB)'y,
0

where F is given by (11.12), such that the conclusions of Theorem 11.1 hold.

11.5

Consider model H,(r), where @ D, = 0. Show that the asymptotic distribution of the test statistic A, see (6.19), is given

as the smallest eigenvalue of the matrix
1 1 1
[ (dB)B' [[ Bﬂ’du] [ B(dB)',
Jo Jo Jo

where B is a p — r dimensional standard Brownian motion.
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This chapter contains a procedure for determining the cointegrating rank in the vector autoregressive model. In some
cases there may be strong a priori beliefs about the value of the rank. In this case it is of course important to test this
assumption against the data. Another situation is when little is known a priori, and the rank has to be determined
mainly by the data. This situation can also be formulated as an estimation problem, see Theorems 12.3, 12.7, and 12.9.

In the presence of deterministic terms we meet the problem that the limit distribution under the null of cointegrating
rank 7 depends on nuisance parameters, namely the presence or absence of the trend and the value of the actual
cointegrating rank, see Theorem 11.1. In this case we suggest a procedure, based on an idea of Pantula (1989), which,
briefly explained, says that if the distribution of the test statistic for a given hypothesis depends on the parameter under
the null hypothesis, then subhypotheses should be identified where the distribution is constant and has broader tails,
and each of these should be tested. The hypothesis should then only be rejected if all the subhypotheses are also
rejected. This idea is known from statistical literature, see Berger and Sinclair (1984). The results are taken from
Johansen (19944).

Another problem that we meet is that the hypothesis H (7) is formulated as rank (IT) < 7, which makes the hypotheses
nested, but having found that H (7) is consistent with the data we still want to know what the rank is. We therefore test
successively the hypotheses H(0), H(1), . . . , and this gives a consistent way of determining the rank.

In section 12.1 we treat the simplest case where there is no linear term in the model, since then the hypotheses are
nested linearly. In section 12.2 we then give the general case of a constant term in the equation, and in section 12.3 we
deal briefly with the case of a linear term in the equation.

The inference conducted here is asymptotic and simulations show that one can easily find situations in practice where
the number of observations is not sufficient to apply the asymptotic results. One should also note that in testing for
cointegrating rank 7, one is testing for the number of common trends p — ras well. Thus the final acceptance of the
number 7 should allow an interpretation of the number of cointegrating relations, but also be consistent with an
interpretation of the number of common trends.
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12.1 Model Without Constant Term

The model

k-1
AX;=af X, 1+ AN, +&,
i=1

(12.1)

allows one to test H, (r) in H, (p) as described in Chapter 5. In Chapter 11 the asymptotic properties of the test statistic
are derived under the assumption that the rank of o and 8 is . If in fact « and 3 have lower rank s < 7, then one can
show, see exercise 11.3, that the limit distribution is different, that is, one can show the general result that

Qr = —2logQ(H2(7)|H2(p))

i)rrp_y{/lﬂ(dB)B’ [fsg*du}—lfxﬁ(dﬁ)’},

where #; , is the sum of the p — 7 smallest solutions of the equation
1 1 1
‘,Of BB’du—f B(dB)'f (dB)B" =0,
0 0 0

and B is p — s dimensional Brownian motion, since under the assumption that « and § have rank s there are p — s
common trends.

(12.2)

The hypothesis H, (7) assumes that the rank is less than or equal to » Thus when calculating the p—value

max PS{Q?"EC}:
Be Ho(

we also have to take into account the case where the rank is less than 7. Simulations show that the distributions we find
for rank of « and § less than 7 are shifted towards smaller values, and are hence not relevant for for calculating the
p—value, and we therefore only give the tables for the situation of full rank of « and .

Still if the test 0, is not rejected we only know that the cointegrating rank is < 7 Therefore we suggest here a procedure
which consists of first testing if the hypotheses H, (0), . .., H, (r — 1) give reasonable descriptions of the data. We
define the critical value ¢, = ¢, (8) from Table 15.1 by

Pﬁ{Qrch—r} -0,

when @ ¢ H, () and o and B have rank ~ Thus ¢ is the 1 — 8 quantile in the limit distribution given in Theorem 11.1,
see (11.14).

All the calculations in the following depend on the result in

LEMMA 12.1 If the cointegrating rank is r theng_ Seifs<r
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PROOF For s < r we have
b4 R r R P R
O;= —TY log(l-A)= —T> log(1-A)—-TY log(1-4A),
i=s+1 i=5+1 i=r+l
(12.3)

which shows that Q..ino SINCE Aggps...hr have positive limits, see (11.17).

THEOREM 12.2 The test that rejects H, (r) on the set
{QO > Cp:v"':vQ.?" > Cp—.?"} L]

has asymptotic size S

T]jin P‘L‘}{QO > Cp:---:Qr> Cp—?“} <—: 53 13‘6 HZ(r)s

where equality holds if rank (IT) = r. The asymptotic power is 1:

1”]jin Py{Qg> cp,...0r>cpp} = 1,02 Ha(7).

PROOF If & € H, (7 then the corresponding [T-matrix has rank s < 7. It then holds that

P‘B{Q0> Cp:--':er> Cp—}"} SPﬁ{Qg> Cp—s‘}:

which converges towards & by the constructions of ¢,_. If rank (IT) = 7, it follows from Lemma 12.1, that o o | .

Thus

lim Py {Qp > cpse. O > Cp—r} = hm Py {0, > Cp—r} =0.
T oo T oo
This shows that the size is 8. Finally if & ¢ H,(7) then rank(IT) > rand, by Lemma 12.1, Q(Js'-':Qri w0, Which shows that

]jIn Pﬁ{QO > cp:---:Qr> Cp—.?”} = 1:
T—oa

which shows that the asymptotic power for a fixed alternative is 1.

Another way of stating these results is that one can construct an estimator for the cointegrating rank as follows:

THEOREM 12.3 The estimatory of the cointegrating rank defined by
{r=r}={Qo>cps. 1> Cpr+l,0r=Cp_r}

has the property that for & € H, D\ H, (r — 1), that is, rank(IT) = r,
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0 i=0,...r—1
Pﬁ{?=i} 1-06 i=r,

=0 i=r+l,...p

2

PROOF If rank (IT) = r it follows from Lemma 12.1 that o . o li‘”’ such that for /=0, ..., r— 1,

Pylr=i} fp‘t‘}{focp—f} -0,

whereas

Polr=r} =Ps{0Q0> cp, 0r 1 Cppr1,0r S €p_r}
must have the same limit as P, {0, < ¢, } which converges towards 1 — & by the choice of ¢, . Finally for7=r+1,...,
p we find

Polr=iy <Py{Qo>cp,. .0 1> Cpi+1) SPs{Or>Cp r},
which converges to 5. This completes the proof of Theorem 12.3.

O

Thus in order to avoid the problem that the hypotheses of a given cointegrating rank are not nested, we suggest to
formulate the hypotheses of interest as rank(IT) < 7 and to test H, () by first checking if H, (0), ..., H, (r — 1) are
acceptable as descriptions of the data. Only if none of these can be used do we accept or reject H, (7) on the basis of
the test statistic Q.

12.2 Model With a Constant Term

If we consider the model with unrestricted constant term

k-1
AXi=af Xe g + Zr.:'ﬂXr—: tute,
=1

(12.4)

we need to discuss the test for cointegrating rank and the hypothesis about the absence of the trend (&', p = 0) at the
same time, since the limit distribution of the test of cointegrating rank in (12.4), see (11.12), depends on the actual
cointegrating rank and on the presence or absence of the trend, that is, on the condition o', p # 0. Hence we have to
discuss the hypotheses H, () and &, () simultaneously. These hypotheses are no longer linearly ordered in a natural
way, see Table 5.1, where we have

HO)yc..cHi(r)yc...cHi(p)
U V) U
Hl*(O) ... CHI*(?‘) ... CHI*(p).
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Another situation occurs if we consider the model with restricted constant term #," (r) (i = apy) , that is, if we are willing
to assume that there is no linear trend in the data. In this case the distributions of the test statistics do not depend on
0,, and the hypotheses are nested as in the discussion in Section 12.1.

We first consider the case of the unrestricted constant and define the test statistics

Or — 2logQ(H (r) [H1(p)),

O = —2logQ(H, (N|H, ().

We let ¢, , = ¢, (8) denote the 1 — & quantile in the limit distribution of Q. under the assumption that the rank of IT is »
and that the trend is present. That is, ¢, , is taken from Table 15.3.

*

Similarly we let ¢, , =¢, ,(8) denote the 1 — & quantile in the limit distribution of @ when the rank of ITis 7 and the
trend is absent, that is, taken from Table 15.2.

As stated in Theorem 11.1 the limit distribution of (), depends on the presence or absence of the trend. Simulations
show that the distribution of (), if the trend is absent, has heavier right tails than the distribution given in Theorem
11.1 when the trend is present. In order to test the hypothesis H, () we need to bound the size of the test, that is, we
want

max gerr, (s L Oy =},

(12.5)

to be 5 per cent, say. This way we make sure that for any parameter value in the null hypothesis H, (7), the probability
of rejecting the null is at most 5 per cent. Since the parameter values corresponding to o' u = 0 give the largest
probability we thus have to calculate the probability distribution of —2log O (H, ()| H, (p)) when in fact o' u = 0, that
is, the trend is absent. This is clearly unreasonable since it leads to too high critical values and hence very low power
against the alternative of more than r cointegrating relations.

In the following we denote by P, the probability measure under the assumption that the cointegrating rank is 7 and that
o, i # 0, such that the process has a trend. If o', u = 0, however, we denote the measure by /.

LEMMA 12.4 With respect to Pt holds that

* * # £
QO :'"':'Qr_l:'QOD"'DQI“—IDQ.?‘ — o9,
and with respect top; it holds that

P

* *
QO 3"'9Qr_13Q03"'3QJ‘”—1 — e
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PROOF In the first case where the trend is present, (12.3) shows that @, ..., 0., contain a contribution from a root

that is positive in the limit and hence that they all tend to % in probability. Since @ =@, the same holds for
*

0 =0, r-1.

From the relation

O, = 0, 200gQ(H, (r)H1(r)),

we find the result that »* % ., since the last term is the test statistic for the hypothesis of the absence of the trend. This
o, - P
shows the first statement.

In the second case, thatis, under p we find from (11.16) that even though t = 0, it still holds that the rlargest roots of
(11.16) converge to those of

A% g5~ Zp0%00 Zog| = 0,

such that 0, . . ., O, tend to ®© in probability. Since @, =@, the same holds for ¢ i=0, . r-1.
O

We propose only to reject H, (7) if it and all hypotheses contained in it are rejected, that is, H, (7) is rejected if the
observation belongs to the set

* * * *
R?"= {QO >cp:"':Q,?" >cp_lr:'Q0>Cp:v"':Q.?“:}Cp—.?”}:

and only accept H, (7) if the observation belongs to
_ * * * *
AJ‘”_ {QO >Cp:---:Qr >Cp_y:Q0>Cp:---:Qr—l>Cp—r+1:Qr£Cp—r}-

THEOREM 12.5 The test that rejects H, (r) on Rand accepts H, (r) on Ahas asymptotic size & and asymptotic power 1.

PROOF First consider the size of the test for & € H,(7). Then ve #; (s) for some s < rwith o', p = 0 or & € H,(s) with o',
w 7 0. In the first case, ve i, (s), we find

PSR <P (Qs > ¢y ),
which converges to 8 by the choice of ¢, .. In the second case, & € H,(s) and o', g # 0, we find
Ps(Ry) = Ps(Qs > cp_s),
which converges to & by the choice of ¢, .

Finally if 3 € H()\ H,(r — 1), o', p # 0 then by Lemma 12.4

P

* * *
QO :"':Qy_pQO:"'aQr—l:Qr —
such that
lim P(R;) = T]jin PO, > Cp—r) =0.

T oo
Thus the size of the test is 8.
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Next consider the power for & ¢ H, (7). In this case we must have the cointegrating rank s > 7 but then from Lemma
124 ¢, 0, as wellas 0, . . ., O, converge to infinity in probability for both P, and p., which shows that

X1, [a B!
Xo| B D ¥,

= X347 + (X -B AT X)) (D-B ATy (v, - B A7),

We next define the acceptance region for &, (r)
H (7)

The rejection region then becomes
=2 log QUHANIHL (1) = X*(r).

THEOREM 12.6 The fest that rejectsH, (ry onRr,’ and acceptsH| (ryona’ bas asymptotic sige & and asymptotic power 1.
PROOF First consider the size of the test for #e 77, (r) which means that #e 17, (s) for some s = 7.

Ifs<vo

lim P (R} < lim P {Qs > ¢, .} =0
Te

T—ea
J— P . *
If s = r we get Qo 01,0 Oy = 0> with respect to p] such that

+ 4 P
oo 1800 ™ Dy >
which show that the test has the asymptotic size 5.

Next consider the power. If 9¢ 11, (r) then either ve 11, (s) for some s> r, or & € H, (s) for some s > r, where o', u £ 0,
that is, #e t,()\H, (s) for some s = 7.

If s > r then it follows from Lemma 12.4 that with respect to p; as well as P, it holds that in particular

* L
QO:"':QI‘—I:QO o] %%

such that

lim P (R') = lim Po(R)=1.

T—ea T—en
If s = rand o, p # O then from Lemma 12.4 we see that not only do we have that ¢ ..o , 0! -0 4w, but also
0 ‘_D, w0, Such that

lim 2,(R) = 1.

T

This completes the proof of Theorem 12.6.
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The results can also be formulated as an estimation problem. We define the parameter x as 1 or zero depending on the

presence or absence of the trend.

THEOREM 12.7 The estimator defined by

(F=rKk=1) = 4,
and

(F=rk=0} =4,

Is consistent in the sense that if r is the cointegrating rank then

T—oa

Ifnw =1, that is, o' . # 0, then
limp_yoPr {(F=rk=1) =1-35,
lim p_ Py (7= r,k=0} =0.
Ifw =0, that is, o' p = 0, then
limy Py {7F=7K=0} =1-,
limy Py {(F=rKk=1} <.

im Pp{7=i} = Lim P, {#=i} =0,i=0,1,...r—1.
T—ca

(12.6)

PROOF Let the cointegrating rank be » If 7= 0,1, ..., — 1 then Q;im with respect to both P and p’, and

Prir= ij: 1} = Pr(d) < Pr{Q;<cpy}

0,

0.

- LT * * *
P?"{r=f:‘K=0} =P?"(A1')SP?"{Q§ Scp_j}
Similarly with respect to »” we have o £ and 0 A w,i=0,..r—1, such that

P {r=ik=1} =P (A) <P (Qi<cpy)

Pi{r=ik=0} =P (4 <P {0 < c;_l.}

which proves (12.6). If we take 7 = 7, and » = 1, then from Lemma 12.4

T—ea

and

lim P, {7=rk=1} = lim P, {Q,<c,_} =135,
T oo
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lim Py {7=rk=0} = lim P,{Qy <c. .} =0
T—es p=r

T oa

>

since o f, - Finally we let » = 0 and investigate the measure p;, where we find

lim P {7=rk=0} = lm P/ {Q, <c, .} =1-0

]
T—5en T —Sea

and

. L - . * * %
limr_yo.Ppr {r=rk=1} =hmr_ P {0, >cp_r3Q!”£Cp—?”}

<limy_ P {Q, >c,

o) =8

O

Next consider the situation where the constant is assumed to be restricted. In this case the hypotheses #, (r) are nested
and the distribution is invariant to the value of g,. Thus the results of Theorem 12.3 hold for the statistic ¢, and the

quantiles ¢, ,.

As a final comment, note that the above procedures are of course rather formal, and that in practice it is sometimes
quite clear that the trend is present, such that we need not worry about #, (r), or that the trend cannot be present such
that we can disregard H, (7).

12.3 Models with a Linear Term

Models with linear term can be treated along the same lines, see Johansen (19944). Thus if the possibility of a quadratic
trend is allowed one should consider simultaneously the models H(r) and H*(r) and determine the presence or absence
of the quadratic trend at the same time as the cointegrating rank, since the limit distribution in this case depends on the
presence of the quadratic trend.

If, however, one is willing to assume that the quadratic trend is absent, as one would normally do, one can see that the
distribution of the test statistic does not depend on p, and we can apply results like Theorem 12.2 and Theorem 12.3.
Thus if

O, = —2logQ(H (N|H " (p))

the limit distribution is given by (11.11), which only depends on the number of common trends p — 7. In particular it
does not depend on the values of w, and p,. If ¢, ,=¢, ,(8) denotes the 1 — & quantile as tabulated in Table 15.4 we
find
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THEOREM 12.8 The test that rejects H*(r) on
* # * *
{QO > CPD"'?QI” > Cp —¥ }
has asymptotic size & and asymptotic power 1.

THEOREM 12.9 The estimatory of the cointegrating rank defined by

- o * * * * * *
{r=i} = {G > cp-lp >Cp—r+1=Qf“ E'Sp—r}

has the property

0 i=01,...0—-1
Pg{r=1i} 1-06 i=r
=8 i=r+1,..p

Thus by allowing for a linear trend in the process even in the stationary directions one can avoid the joint
determination of the cointegrating rank and the presence of the trend as in section 12.2. Having determined the rank
one can then proceed to test for the absence of the trend in the stationary linear combinations by testing model H(r) in
H*(7) as described in Theorem 11.3. See also Perron and Campbell (1993) for a different discussion of the problem of
determining the rank.

Finally it should be emphasized again that all the results are asymptotic and that the amount of data in macro economic
series are not always enough to apply the results without a detailed simulation study of small sample properties. I do
not know how to improve the approximation, and see this as the most important problem for further work in this
area.

12.4 Exercises
12.1

In (6.19) the test of H(r) in H(r + 1) is given. This test statistic is sometimes called the A statistic. Discuss its
properties with respect to size and power as a procedure for selecting the cointegrating rank using A,_,..

12.2

1. Show that the distribution of the likelihood ratio test statistic

O, = —2logQ(H, (M|H, (p))

does not depend on the parameter g,, see (5.15).
2. Show that the distribution of the likelihood ratio test statistic

*

O, = —2ogQ(H (MH|H (p))

does not depend on the parameters yu, and p,, see (5.13).
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We treat in detail the model H, (r) where the deterministic term is given by @ D, = p, = p.. We assume throughout that
the trend is present, that is, o, g # 0. We also assume that the process is I(1), that is, that the conditions of Theorem
4.2 are satisfied.

One of the problems in the estimation of « and {3 is that they are not identified, as discussed in Chapter 5. We derive in
section 13.4 the asymptotic properties of the estimators for « and $ under the assumption that they have been
estimated unrestricted, and that they are normalized or uniquely identified by a p X r matrix ¢ that is, we find
propetties of the estimators g, = p(c'8)™*, which is normalized by ¢ B, = I, and a,=agc. We also state the asymptotic
distribution of g when it is estimated under identifying restrictions. We then find in section 13.5 the asymptotic
distribution of the remaining parameter estimators as well as some relevant parametric functions. In section 13.6 we
discuss the asymptotic distribution of the likelithood ratio test statistic for hypotheses on B and derive the limit
distribution in some cases. Since the asymptotic distribution of g is mixed Gaussian we start in section 13.1 with a
brief discussion of this distribution.

13.1 The Mixed Gaussian Distribution

The Gaussian distribution plays two important roles in statistics, namely as error distribution and as limit distribution.
In the first role it provides an error distribution for which, in some simple cases, the maximum likelihood estimator
equals ordinary least squares. We apply the Gaussian distribution in this role in this presentation, since we use the
Gaussian distribution to formulate a likelihood function and it is the analysis of the likelihood function that tells us
how to modify the estimators and test statistics when new information is incorporated in the model in the form of
restrictions on the parameters.

Most of the models we work with here are so complicated that no exact inference can be conducted, and we have to
do with asymptotic inference. Hence the emphasis in the following is on asymptotic distributions and asymptotic
Gaussian distributions which by transformation implies that some test statistics are asymptotically y* distributed. The
mixed Gaussian
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distribution appears in the present work as a limit distribution. By a mixed Gaussian distribution we understand the
following: let there be given two stochastic variables: X which is p-dimensional and Y which is a positive semi-definite
mattix of dimension p X p. We assume that the distribution of X given Y is Gaussian N, (G, Y), and call the marginal
distribution of X a mixed Gaussian distribution with centre § and mixing parameter Y. Note that if Y is degenerate
then X is actually Gaussian such that the Gaussian distribution is a special case of the mixed Gaussian distribution.
Typically the mixed Gaussian distribution has thicker tails than the Gaussian distribution. Thus the Student
distribution and the Cauchy distribution are mixed Gaussian distributions.

It is a property of the mixed Gaussian distribution that the statistic constructed by (X — €)' Y (X — &) is y* with p?
degrees of freedom, since for fixed Y the distribution clearly has this property, and since this conditional distribution
does not depend on Y it also holds marginally. This argument will be used many times in the derivation of the limit
distribution of test statistics in the following,

If one observed only X one would have to make inference in the marginal distribution of X and take into account
the fat tails. Thus for instance for a univariate variable X one could construct a confidence set for § of the form (X — ¢,
X + ¢) where ¢ was determined by P, (| X — &| > ¢ = 0.05. This would require a tabulation of the mixed Gaussian
distribution of X. If, however, one has measurements of both X and Y then inference is a lot easier, since we can
construct a confidence set of the form (y yl,);w f;'l) , and determine ¢ such that

1 1
Pe(1X — &l > c¥2) = Pg(|X — § > cY2|¥) = 0.05.

This last calculation only requires the Gaussian distribution or the y* distribution. Thus despite the heavy tails in the
distribution of X we can make inference using the usual Gaussian distribution by conditioning on Y. It is not difficult
to see that if the parameters in the distribution of Y are free of &, then the information about § in the sample as
measured by minus the second derivative of the likelihood function is given by Y™, such that if the data X and the
information Y are measured then inference can most easily be conducted conditional on the observed information or
equivalently the observed common trends. The conditioning argument is discussed in more detail in Johansen (1995¢).

We shall meet p X 7 matrices X with a mixed Gaussian distribution, and they all have the form that given Y (p X p) the
distribution of X is Gaussian with mean zero and variance Y ® €, meaning that v' X u given Y is univariate Gaussian
with mean zero and variance v' Y v p' Q p, for anyv € R and p € R.
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13.2 A Convenient Normalization of 3

The estimator g derived in Chapter 6 is found as the eigenvectors of equation (6.15) and are normalized in the natural
way for eigenvectors: g'§yf=7. This normalization is convenient for the calculations and clearly determines the
estimates uniquely but is often not the most natural way of interpreting the results.

We here discuss a different normalization which is convenient for the mathematical analysis and which is also not
natural for interpretation since it depends on the unknown parameters. We choose the coordinate system (B, vy, 1), see
Lemma 10.2, and expand

B=BBB+yyB+11p
where E = B (@' B)" etc. and define the estimator

B =BB B =p+yyp+Irp
=f+ '}_/UIT"'T_%;UZT: B+ B7Ur,

(13.1)

where

Br=(y.T 21), and Ur=(U'17.U'2r) = (v, T21)'B.
(13.2)

This way of normalizing is convenient for the analysis, since it has the property that 5 g is contained in the space
spanned by y and 1, and hence orthogonal to 8. Note that since g is just a linear transformation of the columns of it
also maximizes the likelihood function and hence g satisfies the likelihood equations. The normalization depends on 3,
so for practice it is not so useful, but it is convenient in the analysis. We define g - app SO that ap = af -

The normalization by ¢ denoted by 3, = B(¢ B)™, has the advantage that it can be used in practice and that a measure
can be given of the (asymptotic) variation of the individual estimated coefficients which can be used for Wald tests for
hypotheses on the coefficients. If in particular we take ¢/ = (I, 0) and decompose X = (X', X')' and g = (§', B')' then
B.= (1,B,' B2y . Whether this normalization is useful for applications is of course an empirical question. In general
structural equations look different and are not just solved for some of the variables. The estimation of coefficients
identified by restrictions within each equation will be treated in section 13.4.

We first derive the properties of 5 and then derive those of g, by the expansion

B. =B =B B

=Bl B+ [1- BB e | (BB (B + 0n( B B,
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Hence if § and g are normalized by ¢'g=¢' =1, we have

B-B=U—Bc)(B-B)+0x(18- B
(13.3)

Note that I — 8 ¢ = ¢ (§'c)" B

13.3 Consistency of the Estimators

We prove here that the estimators of o, 3, and €2 in model H, (7) are consistent and find some auxiliary results on the
order of magnitude of various product moments.

LEMMA 13.1 The estimators g = pp gy~ ,a = ap p» andQare consistent. Moreover g g o T'%) such that
~ ~ F
FSuf=pFSuftop(l) > Zgs,
(13.4)

~ _l Fa
B'S10=F'S1o+op(T 2) = Zp.

(13.5)

PROOF The estimator g is determined by the eigenvectors corresponding to the 7 largest eigenvalues of (6.15). We
multiply the equation by the matrix 4 - (g7-3y,7-17) and A, see (11.17), and find

A 1S11A T — A 181080 So1d 1| = 0.

(13.6)

This equation has the same eigenvalues as (6.15) and eigenvectors 4,'v, where [ are the eigenvectors of (6.15). For T
— © the ordered eigenvalues of (13.6) converge to those of the equation,

1
/\f GG'du
0

see (11.17), and the space spanned by the 7 first eigenvectors of (13.6) converges to the space spanned by the first 7 unit

:0,

""Zﬁﬁ - Zp0%50 Zop

vectors or equivalently the space spanned by vectors with zeros in the last p — 7 coordinates. The space spanned by the
first 7 eigenvectors of (13.6) is g 471p) = (471 p)» Where

-~ =1 ~ 1
AFB=(BT2Zy,Tr) B= (IT2U' 1),
(13.7)

see (13.2). Thus we find that ;-%UT‘_D, o- This shows consistency of B and moreover that
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(B B)c ox(T2).

Next consider the expression

B’SHB = (B+B7Ur)'Su(f+B7Ur).

From Lemma 10.3 it follows that B'S,,B, is O, (T) and that B'.S, 8 is O, (1), and since /¢ ox(7 1y, see (13.7), we find
(13.4). The proof of (13.5) is similar. Finally (13.4) and (13.5) imply the consistency of =g s(ps,,p "t Which
converges towards £ys%g5=a, see (10.3). The estimator of € is

Q= Sop — So1 BB S118) " B'S1o,
which by (13.4) and (13.5) converges towards
Z00 — Zo0pZgpZpo = oo — AZeat’ = Q,

see (10.4).

O

If instead of an unrestricted 3 we estimate 3 under restrictions, the proof of consistency is not so simple, see Saikkonen
(1995) and Johansen (1996). We shall not go into this problem, but whenever needed we assume that the estimator of
B is superconsistent in the sense above, that is, g gc ox(r ])

13.4 Asymptotic Distribution of 5 and

We next give the asymptotic distribution of the estimator g. and the corresponding a.. We give the details for the
proof of the normalized unrestricted estimator and quote the result for 3 when estimated under identifying linear
restrictions. But first we give a result for the normalized estimators 5 and a.

LEMMA 13.2 The asympiotic distribution o) gis mixed Ganssian and given by

. W -1
TU7= (T%T”r)*(ﬁ—ﬁ) — [ f IGG*du] f IG(dV’q),
0 0

henceg - e 0, (r "y The conditional variance of the limit distribution is given by

-1
[flGG’du] Q) @aay™
0

The asymptotic distribution of Q is given by

] i~
T2(a—a) - Npxr (0.2 Zgp).
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Here
G = | YOI @)

and V, (u) = (o' Q7" o)™ «'Q'W (n), see Lemma 10.2, are independent.

Note that the speed of convergence is different in the directions t and y corresponding to different behaviour of the
process X, in these directions as given in Lemma 10.2.

PROOF The estimators @ and p satisfy the likelihood equations, and we therefore derive expressions for the derivative
of log L («, B, €2), the concentrated likelihood function, see (6.8), with respect to 3 and « in the directions / and «
respectively:

DglogL(a,BQ)(b) =1tr {Q_I(Ziléﬁ’ by}

= Ttr (o' Q7 (S —aB' S11)b Y,
DglogL(a,BQ)(a) =1r {Q_I(Ziléﬁ’ B )}

= Ttr {Q 7 (So; —aB'S11)Ba’ ) .

From these results we can derive the first order conditions that atre satisfied at a maximum point. At the point (@, )
the derivatives are zero in all directions hence the likelithood equations are

~ —
a'Q  (Sor—af'S11) =0,
(13.8)
(So1—afS11)B=0.

Define (13.9)

T
Se1 = T_IZ ER'1: = So1 —af' S
t=1

Consider first equation (13.8) and insert S, = o ' S, + 5., to get
~ . - ~ . -
0 =a'Q (Spp—affSn)=a'Q (Sg+af'Sy—af'Sn)
~ g - N
=a'Q (Sg—-a(f-B)Sn—(a-a)fSn).
We next multiply by g = ¢y 7727y from the right and insert g_g= .1, We then get

~ . . -
0=a'Q (SgBr—alU' p[T B 7811B7] - (a—)B'S11B7).
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By Lemma 10.3 and the consistency of @ the last term tends to zero and the consistency of @ then implies that
TUr= [T7'B 7S1Br] B 18 1 Q a(@ Q7 'a)y ™ + op(1),

which by (10.16) and (10.17) converges towards

-1

[ f lGG’du] f IG(dW)’Q_la(u’Q_la)_l,
0 0

as was to be shown. This result implies that 5_ g¢ 0, (T 1y)- Next consider (13.9) and insert S, = « §' 5, + S.,. Then

0 =(Snq+af'Sn—af'S11)f

= Saf- (a-@)FSuf-a(B- B)'Sup.
Multiplying by 7 we find
[T%(Ex - a)]B*SuB = T350B-T7a(B- F)'SuP
= 79SaB+ T754(B—B) —T7a(B— B)'Suf

It was shown above that 5 g is O, (T™) such that it follows that the last two terms tend to zero, and the first converges
weakly by the central limit theorem to N, ., (0, Q ® X, ). Since also gg, 555 28 the result about @ follows.

We next give the result for g normalized by «

THEOREM 13.3 Letgand B be normalized by = ' p=1, then

. W r M -1 4
T(ﬁ—ﬁ)%(f—ﬁc’)v[ f Gl_szl.zdu] f Gra(dV" o).
1] 0

(13.10)
where

-1

1 1
Gra(u) = Gi(u) —f GlG'sz[f GzG'zd’M] G (u),
0 0
that is, ?’C W corrected for intercept and trend, and
Ve= (0 Qo) o Q7w

Hence the asymptotic distribution is mixed Gaussian with conditional variance
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| -1_
(f—ﬁc’)v[ fo GI.ZG*I.zdu] v (- e R @ ey,

which is consistently estimated by (13.11)

. -~ - _1 .
T - Be)SH T —efHR) (e oy~
(13.12)
The asymptotic distribution ojawhenpis normalized by ¢ is given by

1 -
T2(a—a) - Npxr (0.2 Zgp).

Note that if we consider the linear combination r (- ) then the limit distribution is singular since t'y = 0 and 7' = 0.
Thus a different normalization is needed. The results can be derived from Lemma 13.2 but will not be given here.

PROOF The expansion (13.3) implies that if g and 3 are normalized by ¢ then

T(B—B) = (I - B YT(B— B) + Op(TIB— BI%).

From (13.1) we then get that

T(B—B) = (I - B Y(YTU 7 + T2 1TUz7) + Op(TIF— BI).

Since |B- B[ is O,(T?) and TU, is convergent it follows that (- g) has the same limit distribution as (I — 8 c')?TU”,
that is, the marginal distribution of the first components as given by Lemma 13.2.

From the definition

a.=afc=a((B-B)c) +a,
it follows that
T2(a,—a) = TE(a—a) + TZa((f - B)'c),

B-p

which is seen to have the same limit distribution as T%L& a)» since
Lemma 13.2.

1s O,(T™). The result then follows from

O

The asymptotic results on the estimator should be interpreted carefully. The asymptotic distribution of g is mixed
Gaussian, that is, for fixed value of the mixing process G, the distribution is Gaussian. This means that the distribution
of the estimator has much broader tails than the Gaussian, with the result that once in a while an extreme value of the
estimator appears. Note, however, that when testing hypotheses one does not normalize by the variance of g, but by
the asymptotic conditional variance, or the limit of the inverse information, which even in the limit is random. This
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means that one does not apply the distribution of g for testing, hence the values of g have to be interpreted with a
‘variance’ given by (13.12) not by its population variance. Another way of saying this is that whereas one normally
applies the asymptotic distribution of the estimator for testing, in the case of 3 we need the joint limit distribution of g
and the information in the sample.

A general result about a smooth parametrization B (9), & € © is proved in Johansen (19914), Phillips (1991), and
Reinsel and Ahn (1992). This result implies that for any linear or non-linear restriction on the coefficients of the
cointegrating relations one can apply the usual result that § is asymptotically mixed Gaussian with an estimator of the
asymptotic conditional variance as would be found from the second derivative of the likelihood function. What
remains in such a general situation is to find conditions for the existence and uniqueness of the maximum likelihood
estimator and to find an efficient algorithm for the calculation of the estimators.

We give here a result from Johansen (19954) on the asymptotic distribution of g when it is estimated under identifying
restrictions. Let K, . . ., R be the restrictions, such that R'8, = 0, see Chapter 5.

We let H, = R, and use the formulation

B=(H01. ... .H0).

We also want to normalize the vectors, and a general version of this is given by
B:=hi+ H'y,
where 5p (b, H) = sp (H).

The limit distribution is most conveniently expressed in terms of the following notation. The block diagonal matrix
with blocks A4, 7 =1, ..., sis denoted by {1}, and the block matrix with blocks A, is denoted by {A,}.

THEOREM 13.4 The maximum likelihood estimator of the identified B is consistent and the asymptotic distribution is mixed Gaussian.
Abn estimator of the asymptotic conditional variance ojT(p - p)is given by

T{H'} {pH"SuH}) 7 {H) ) .p,=0'Q q,

The difficulty in the proof is the discussion of consistency. Since the maximum likelihood estimator is not explicitly
defined one will have to derive the consistency from the asymptotic behaviour of the likelihood function. This will not
be attempted here, but exercise 13.8 is a guided tour through the easy part of the proof, which involves the asymptotic
distribution under the assumption that the estimator is consistent. Here we illustrate the result by an example.
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EXAMPLE 13.1 Consider the basic model
AXf= G,G’Xf_l +e,t=1,...,T,

with p = 4, » = 2, and B of the form

SLo.wx.me R

€ 6 o~
I O — 3¢

It is seen that the rank condition is satisfied for B if ¢ # 0, in which case  is just identified. We define the matrices

h1= ,H‘l:

(==
(= = =
—_c O O
S S O -
_—c O O

Then the identifying restrictions can be expressed as

,61:»‘?1+HI[$],,62=:‘?2+H2[’;;]_

The asymptotic distribution of the estimators of (§, ¢, y, 1) is mixed Gaussian around the true values with an
asymptotic quadratic vatiation process for I((o,y,x,0) ~ (p,@.xn)) estimated by

. . -1
pul Y Sul' puH"SuH*

T .
PuHYSyH' ppHY S| H?

P5=aQ ay

Thus asymptotic inference concerning the parameters can be conducted as if they are Gaussian with the above
variance matrix, provided parameters are estimated by the maximum likelihood procedure.

Perhaps an even better way of writing the result is as follows:

¢

o=

T onHY SuH T praH Y S H?

a5 2 112 2 2 — Na(0.D).
T pnH7SnH T ppH™ S

S B S

Wy
X
Iy

If we would rather specify the asymptotic distribution of the estimated cointegrating vectors themselves we see that

ﬁrﬁﬁ=H1?_® ﬁrﬁﬁ=Hzx_X,

Y-y n=n
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which accounts for the extra factors {H'} and {H"}, with

_ 1
(#') = [H 02],
0 H

in the result of Theorem 13.4.

13.5 More Asymptotic Distributions

The results obtained in section 13.4 can be applied to find the asymptotic distribution of the remaining parameter
estimates. We first discuss the distribution of the estimator for the parameters & = (o, I', . .., I',)) and then find the
asymptotic distribution of . In deriving the asymptotic distribution of § we use the fact that they are all coefficients to
stationary variables, since both B' X, and A X are stationary. We define

Ze(B) = (B X 1) AX s, L AX t pyy),

and 7,p) = 37,70y - Note that E (A X) = C p and that the expectation of §' X, can be found from the model
equation (4.1),

k-1
Cp=E(DX;) = aB(BXpy) + ) TiCH+ 4
i=1
Multiplying by o, gives
- k-1 -
E(BX)=a(C-I-) MOp=a(FC-Np,
i=1

with r=7-2_]T,, see Theorem 4.2. Thus

E(ZAB) = {((C'T' =Dal,... 0"} =re,

say. We denote X = Var (Z, (8)). Clearly this can be calculated in terms of o, 3, I',, . . ., I',, and €, but this will not be
needed here, since we shall estimate it consistently from Zz,(g).

THEOREM 13.5 If B is normalized by ¢ 3 = 1 then the asymptotic distribution of the estimatord = (a,fy,. .. Fp_y) s given by

1. w _
T2(0=1) > Npupr-1p)(0.2Q) ™),

where 2 is consistently estimated by

T o .- P
T_IZ (Ze(B) —Z7(B)) (Ze(PB) —Z7(PB)) — Z = Var(Z(B)).

t=1
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PROOF The model can be written as

DX =DZ(f) + i+ e

For fixed B this is just a regression equation which determines the maximum likelihood estimator #(g) by the equation

1 - T - _
T2(3(B) - ) T_lz (Ze(B) —Z:(B))(Z:(B) —Z:(B))’

t=1

T _
- T‘%Z E(ZAB) —Z:/B))".

t=1
By Theorem B.13 this is weakly convergent to a Gaussian distribution with mean zero and variance & ® 2, such that

TZ(H(B) - 9) - N(0QR) ™).

Here X is the probability limit of

T _ _
TN (Z4B) ~ Ze(B)) (Ze(B) — Z(B))".

t=1

It is not difficult to see that we can replace B by g due to the relations (13.4) and (13.5), which shows Theorem 13.5 for
3=3(B) -

(]
THEOREM 13.6 The asymptotic distribution o)1 (js - ) s _found from
L - W _
T2 (U= ) = Np(0.QU §E75)
1 1 -1_
+W (1) — th (V)G |:f GG’du] Go,
0 0
(13.13)

where § 1. = E (Z, 8)), X = Var (Z, (),

Go(u) = V' CW () i
U

1
I ::p TX[TM] S

and G(u) = G,(u) — G,, see Lemma 10.2. The first term in (13.13) is independent of the last two termss.
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Thus

1 - W ~
T200 | (p— ) = N, (0.0 1 Qo) (&7 Eu+1)),

that is, asymptotically Gaussian, whereas
I i -1 -1
rza’Q - (- > N (0,0 Q au' &2 ¢u)
1 1 -1_
+a’' QW (1) — a’Q‘lotf (dV )G U GG’du] G,
0 0

is asymptotically mixed Gaussian with conditional variance given by

_ 1 -1_
a Qo esEu+1 +G’0[f GG’du] Go).
0

PROOF The likelihood equation for p is
T k1 T .
Ty AX;=af Xr+ > TT'Y AX, +u,
t=1 =1 =1
and the model equation implies

T _ k-1 T _
Ty AX,=af Xr+ Y TT') AX, +u+er
=1 i=1 i=1

From this we find since af af = a@ B (a apf
1 -
T2(p—H)
1 N k-1, 1 SN T AT
=T2(af —af)Xr+ Dy _TA-THTY  AX,  +T 2y &
1o - 1 - — 17T
= —T20(B-PB) X7-T2(D-NZ(P)+T 1Y —_ €
which we write
1 -
Tz(u—p)
T

= —&[TU’T] [T_%B’Tjj’] —T%(é—ﬂ)ij’(ﬁ) + T_%Zf=lsf'

(13.14)

From this expression we derive the limit distribution of 7: (- p)- From Lemma 10.2 we find that p~ip %, 2 g, . From
Theorem 13.5 we see that Tl(é_ﬂ)zr(ﬁ) 5 Neoouesteyy - Finally Lemma 13.2 shows that
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w7l 1
TU 7 —)/ (dV )G |:f GG’du]
0 0

Combining the results we find (13.13). It only remains to see that the contribution from the limit of 73(§—9) is
independent of the other terms. It is seen from the proof of Theorem 13.5 that the limit of 73(3- ) is derived from

-1

 [74]

T72Y el ZdB) ~Z7(B))".
t=1

This process converges towards a Brownian motion with covariance matrix £ & X, but the covariance with the

1 Tu . . . .. . . . .
process 7723 !7lg, is zero, implying that the two limit processes are independent. Since the contributions from
Tue]

(- p)x, and iy 14g, in (13.14) only depend on W the result is proved. Multiplication by o', and o' Q™ gives the
final formulation.

O

The reason for the final formulation with «, and o! Q' is that the asymptotic distribution of 72¢j-p) is not mixed
Gaussian in the sense that if in (13.13) we condition on G the expectation is not zero. If, however, we consider the
components in the direction o', and o' Q7', then we get mixed Gaussian distributions with conditional expectation zero.
The result implies that inference in the form of Wald tests is not so simple, but the hypothesis about the absence of the
trend o, p. = 0 is easily tested, see Corollary 11.2.

THEOREM 13.7 The asymptotic distribution of the estimators of I1 = o ', C =B, (@', I' B)" o', and © = C w are given by

1 - _
T2(N-M) — i Npxp (0.0(R) BZgsB),
1.
72(C-C) — v Npxp(0.00C" Q) 276,
1 - W
Te(r—=1 — CW(l),
with € = (CT' = Do, C, . .., C). An efficient estimator of © is T"X,

PROOF We let B be normalized by a matrix ¢ and apply Theorem 13.3. We find
1 - 1 - 1 - 1
TZ(M-N)=TZ(af —af) = T2(a-a)p +O0x(T ),

since the superconsistency of g implies that g ge 0x(r'). Thus the result about f follows from that of g and the
asymptotic variation of g plays no role in the asymptotic variance of fi due to the superconsistency
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of . Note that the asymptotic variance matrix is singular, and that hypotheses on § require investigation of this
singularity as indicated by the asymptotic distribution of g.

If we choose a, =a, a(aa)oa, then a'a, =0 and

Exl—al= —C_I(EI—G)’GJ_'FOP(T_I).

The superconsistency of g implies that we can replace g, by B, in the expression for C with an error of O,(T) and we
then get, apart from terms of O,(1™),

C =B, (o B )y a =6, T )",

=Bu[o TR+ (e -0 ) TR +a ((T-TB ] (o) +a; —a)
=C—B (a0 TR )Mo, —a, ) TR (a TR ) Mo

—Bua MR M (T-T)B (o TR ar

+B, (a0 TR )Moy —al).

Now insert ¢, q, = a(@ a)ya, +0pr") and use the definition of C, and we find

C—C=Cla-Na(TC—I)—C(T—M)C+ 0T = C(H—E+0p(T™),
with & = (CT" = Do, C, ..., C), since r=7-3%'r, and 9 = (@, T, ..., )
Thus the asymptotic distribution can be found from Theorem 13.5. This result can also be found in Paruolo (19954).

Next consider the estimation of . From the likelihood equation for j we find by multiplying by C that

o e k=12
Cu=CTr(Xr-Xo)—- > _ CTT (X7 - X))

—
1

I =1 _
=Crr'xr=) CNI ' (X —Xr—X ) +0p(T)
=TT X7+ 0p(T™,

since @ x,=0- From Granget's representation theorem we find

T
T7Xr=Cr') g+ Cu+0p(r™,
i=1

and hence that
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1 - 1 .- 1
T2(1—1)=T2(CTT X7 —CW) + 0p(T72)
. 1L 1
=CFC[T 2251-] +T2(CTC—C) i+ o0p(1).
=1

In the expression for ¢re we can insert g, =g, +0x(r™") and find apart from terms of the order O,(T™)

Crc=g (o' TR \ T, (o (B )Mo =C

13.6 The Likelihood Ratio Test for Hypotheses on the Long-Run
Coefficients 3

In this section we will exploit the mixed Gaussian distribution as obtained in section 13.4 to show that the likelihood
ratio test statistics of hypotheses on $ are asymptotically y* distributed. This follows since a Taylor expansion of the
likelihood function around the maximum value gives a quadratic approximation, and by conditioning on the mixing
parameter one obtains an asymptotic y* distribution.

We first derive a second order approximation to the likelihood function and then apply this to give the asymptotic
distribution of the test statistic for a simple hypothesis on B, as well as the test statistic for 38 = H@ and for general
tdentifying restrictions on f.

LEMMA 13.8 The likelihood ratio test for a simple hypothesis on B has the representation
~2logQ(BIH (7)) = Trr{(a*o‘la) (B-B)'Su(B- ﬁ)} +0p(T™),

(13.15)
which is asymptotically distributed as

-1
(' Q) fl(dVa)G'[ f IGG’du] flG(qu) i
0 0 0

where G is given in Lemma 13.2. The distribution of (13.16) is y’with r (p — 1) degrees of freedom.

(13.16)

PROOF The likelihood ratio test has the form

~2logQ(BIH(r)) = — 210 (Lmax( B) / Lmax( B)),

where
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L (8) = 1So0l1B (S11 — S10S50-S01) Bl / 18 S111,

(13.17)
see (6.14).

In the following it is useful to evaluate the order of magnitude of various terms. From (13.2) we have ;3_ B=BylUss and
the result of Lemma 13.2 is that TU, converges in distribution. Hence

(B—ﬁ)’Suﬁ =U' B rS11P e Op(TH),
(B—ﬁ)’su(fg—ﬁ) = U' B tSnBrUr € Op(T7h),
(B—ﬁ)’Slo = U rB' 1810 e Op(T™).

The remainder terms of the expansion (A.11) is given as O(ll4#), but in the expression for —2log I, (8) the remainder
terms contains apart from the factor T'a product of terms like (5 gyg,, (g p) and (g pys,p Which shows that the
remainder term is of the order of T™' in probability.

We now expand the logarithm of the expression for rz.(g) around the value B=p using the expansion (A.11). We find
that =2 log O (B |H (1) equals the difference between two terms: the first we get for 4=p;=(p p) and
M =8y - S1050Sm and the other with N = §,.. The second term is

Tr { (B S1) ™ (B— B)’ (S11 — S BB S11B) " B'S11) (B )
= T1r {Sgh (B~ B)'Su(B—F)) +0=(I").

In a similar way we find the first term can be reduced since

~ _ ~ P
B’ (S11— 810800 S01) B —

%86 — Zp0Z00 Zop:
(B—B)' (S11—S10800501) (B~ B) = (B— B)'S1(B—P) + Op(T D),

(B—B)' (S~ SiwSxSe)B= 0T,
Combining these results we find that —2 log O (3 | H (7)) equals
Tir{ | (Spp— TpoZop Zop) ™~ Sgp | (B~ B)'Su(B - -
r¢ | (Zpg— ZpoZgp Zop) gg |(B—PB)'Sulf-p)»+0p(I").

From (10.8) the first factor equals o' €"'a, which shows (13.15). Since g_g= g,1/,, see Lemma 13.2, we find
—2logQ(BIH(r)) = w{a'Q'a[TU' 7] [T7'B' rS11B7] [TU]},

apart from terms of the order of T in probability. By Lemma 13.2 this converges towards
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1 1 -1
r{aQla / (dV )G [ f GG’du] / G(dV ) Y,
0 0 0

which shows (13.16). Now notice that conditionally on G the 7 X (p — 7) matrix [jav )G is Gaussian with mean zero
and conditional variance (a'Q'a) ™' @ [GG'du, such that conditionally on G the distribution of the statistic (13.10) is
with 7 (p — ) degrees of freedom. Hence this result also holds marginally, as was to be proved.

O
Another way of expressing this result is as follows: conditioning on G, the integral [}(av G is Gaussian
1 1 !
pr(p_,,)(o,(a*o a) @/0 GG’du),
such that the variable
1
1 1 1 )
Z=(aQla) z/ (dV )G (/ GG’du)
0 0
(13.18)

is N,.,, (0, ]). Expressed in terms of this variable the limit is just #-{ZZ'} which is y* with » X (p — 7) degrees of
freedom.

The results of Lemma 13.8 is of course not enough for applications where one typically wants to test a composite
hypothesis on  as for instance B = H@, § = (b, }), B = (H, ,, H, ,) etc. For each of these hypotheses, however, the
method is the same. One obtains an expansion of the log-likelihood function around the maximum point with and
without restrictions, and by subtracting the expressions one finds an expression for the asymptotic distribution, which
turns out to be a y* distribution.

In order to illustrate the technique consider the simple situation where we want to test § = H ¢.
THEOREM 13.9 The asymptotic distribution of the likelihood ratio test for the hypothesis B = H &, see (1.2), is y*(rp — 9)).

PROOF For fixed § = H ¢ we found the maximized likelihood function in (13.17). The asymptotic properties of the
sample moments now depend on the asymptotic properties of the process

¢
H X;=H CZ g +H Cut+H'Y, + H Pg X,
i=1
where Y is a stationary process, see (4.2).

Let P, = H(H' H)'H' denote the projection onto the space sp(H), and define ry=Pyr=Ha'Cp. Then = H ¢ is

orthogonal to T, since
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B't,=p' P, t=p1=0.Lety, (p X (s — r— 1)) be chosen orthogonal to § and 1, such that (B, 1,, v,) span sp(H). Then
v, s also orthogonal to t, since y',t = ', Pt = ¥, 1, = 0, and this shows thaty, = y §, for some matrix §,, where y is p X
(p + r— 1) is orthogonal to (B, 7). Thus P,.X, will be stationary in the direction 3, dominated by a linear trends in the
direction t,, and finally behave like a random walk without trend in the direction y,. Thus in particular we find

W

_1- -
T2y gXiry — V' 2 CW (u),

T_l;’ HX[Tu] — .

From these results we can find the asymptotic behaviour of the product moment matrices and derive an asymptotic
expression for the log likelihood function of the form (13.16) except that G is now replace by

Gy(u) = VJHC(W(JL;)_W) =[(VHVH)0_1§’HVY 0 G,
y— <

2

The likelihood ratio test of § = H ¢ is now the difference of the two expressions like (13.16) with G and G,,. We want
to simplify this by conditioning on G (and hence G,), and introduce the » X (p — 7) Gaussian variable Z (13.18) and the

(s = 1) X p matrix
1
1 2
[ corau)
0

—2logO(B = H(p|H1(r)) S22y —r {ZM (MM M 2

M= [(V’HVH)_If'HV'V 0
0 1

We then get the representation

=1 (ZM (M M) M2
which is distributed as y* with np — s) degrees of freedom.
O

Finally we give the result for the case where the individual cointegrating vectors are identified by linear restrictions.

THEOREM 13.10 The asymptotic distribution of the likelibood ratio fest for the identifying restrictions 3 = (H, ¢,, . . ., H,)
normalized by B, = b, + H' s y’with degrees of freedom= -, (p—r—s;+1), where His p X s, provided 3 is identified.

PROOF We can write the hypothesis as

B= (... )+ H, . HY (W,
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where we have used the notation of Theorem 13.4, that is, {{,} is block diagonal with ¢, in the diagonal. By the
expansion of the log likelihood function around the maximum point g we find that the first order condition is

tr { (B’ (S11 — 810500 S01)B) B (S11 — S10500 So1 )k}
=tr {(B'S1B) " B Suk},
for all £ of the form &£ = (H', ..., H){£}. Thus at the maximum point we have
(B (S11— 5105005010 8) 1B (S11 — S10S00S01 ) H' = (B'SuP) B SuH’,

and the expansion to the second order around the maximum point has the same form as in the proof of Lemma 13.8
and we get an expansion of the test statistic. We find

~2logQ =Ttr{a@ Q7 a(B-B)'Su(B-P)} +0a(I™)
= Tor (o Q7 a (g — @) {H"SuHY) {w—w;) ) +0p(T ™Y
=Tor {{@i— i)' (PgH"SuHY (Y~ g} ) +0s(T7),
where o, = Q™" «. As in Theorem 13.4 we use the notation {4} for a block matrix with blocks .4,

From Theorem 13.4 we now see that the asymptotic distribution of this quantity is y*, and the degrees of freedom is
the number of parameters in a just identified system 7 (p — 7) minus the number of parameters in the identified model
which is 2, (s;=1) which gives the result.

13.7 Exercises

13.1

Consider the cointegration model
AXf = aTb’Xi,l =+ Et,

where @ and b are known p X r matrices, L is a known variance matrix, whereas 1 is the unknown parameter which
varies freely in the space of » X r matrices.

1. Find the maximum likelihood estimator of t.
2. Find the likelihood ratio test for the hypothesis © = 0.
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Under the null hypothesis X, is a random walk and we define the Brownian motion W by

[7Tu]
1 1 W
T %X = T‘EZ £ — W,
t=1

3. Show that under the null hypothesis, 77 will converge weakly towards a stochastic variable Z, and determine Z
expressed in terms of W, Find the distribution of Z given 4'W.

4. Find also the distribution of the likelihood ratio test for t = 0. Show that when 4'4 = 0, then the likelihood ratio
test is asymptotically y* distributed with 7 degrees of freedom, and when & = Q7'4, then the likelihood ratio test

is asymptotically distributed as
1 1 -1 1
i f (dB)B’ |:f BB’du] f B(dB)' 3,
0 0 0

where B is an ~~dimensional standard Brownian motion.

13.2

Let as before
AXi=af X;_ |+ &.
Let X, = (X, X)" where the dimension of X, is 7 and that of X, is p — . Let a and & be decomposed similarly.
1. Find the distribution /., , (A X, |A X,, X)) and find the partial likelihood function

T
Lpart(0,5,Q) = rUff aBQ(AX 1 AX 2, X; ).

(13.19)

2. Show that the partial maximum likelihood estimator of § based on (13.19) is given by reduced rank regression if
r = m, and find those functions of o and € that can be estimated. Show that if «, = 0 one can estimate «, and {3
and then the estimator of § is the maximum likelihood estimator.

3. In the model with rank(IT) = rank(x 3") < p find the likelihood ratio test for the hypothesis IT = 0 based upon
the conditional likelihood function and sketch the proof that the asymptotic distribution of the likelihood ratio

test is given by
1 1 1
tr /(dBl)B’ [/ BB’dui| /B(dB'l) s
0 0 0

where B is a p-dimensional Brownian motion decomposed as B = (B, B')' of dimension » and p — »

-1

respectively.
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In the above situation inference about § is difficult, and the next questions are attempts to find conditions for
inference to be easier.

4. Assume again that o and € are known. Show that § can be estimated by regression and find the expression for
the estimator of 3 based upon the partial likelthood function.

5. Show that the asymptotic distribution for r(g- @) is mixed Gaussian, but that the Brownian motions enteting
the asymptotic expression for the limit distribution are not independent.

6. Show that they are independent if a, = 0, that is, if X, is weakly exogenous for 3, and that this gives a possibility
for conducting inference on J.

13.3

Consider the usual model

AX; = qﬁ’Xf_l + £

1. Find the estimator of a for fixed  and €, and find the asymptotic distribution of
1 -
Tz(a(f) - a).

2. Find the estimator of 3 for fixed a and Q, and find the asymptotic distribution of

T8 L (Bla) — B).

13.4

In the univariate case the model is given by

&Xf = :'TXf_l + E;:.

1. Show that
1.
T2(r—m)
is asymptotically Gaussian when —2 < < 0.
2. Find the asymptotic distribution of
T(z—7),

for t = 0.
3. Discuss the above problems for the model

AX3= ?EXg_l + i+ e
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13.5

1. Show that in the model
AXi=af' Xy +u+ e

the likelihood equations for the parameters a, 3, and p when Q is known are given by
(@ S+ a(B— ) SecB+ (M~ X' 78= 5P,
GJQ—I(G _ G)ﬁ’Sﬁ + qu—lq(’G _ ﬁ)’Sxx + G:Q—l(,a._ ,U)i’ = O‘.:Q—ISEX’

Q- Xr+a(B—B) Xr+ (U—p)=¢.

Hete $n=7"%/0, 444y and x, =757 x, .
We next introduce the notation U,, U,, and U, for the limit distributions, that is

W

T'ia(a a) — Uy,
Tip-p) ’ Upn
U= (Ty (B- BT (B-B)) — v Ug

2. Show that in the limit we then have the equations to determine the distributions U,, U,, and U,:
UgE(f'XX'B) +al’ gGoE( X' B) + U (X' ) = Wo(1) + W(1)E(X' ),

_ 1 _
aQUEB X)G o+ ' Q lal” ﬁf GoG odu + ' Q™ UG g
0

1
= cm—lf (dW)YG' g,
0

UE(B' X) + U’ gGo + U= W(1).

| T

Here W (#) is the weak limit of 7733!™l¢, and IV, () is the weak limit of the process 7733 ™e,(x', 5 £(x",15)
and

Golu) = V' CW (u) |,
U

3. Show by eliminating U, that U, and U, are given by the results from Lemma 13.2. Note that although the
equations determining the limit distributions have to be solved simultaneously, the equations we get by
eliminating U, are block diagonal, indicating that inference concerning « and 3 can be conducted as if the other
were known.
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13.6

1. Find in the model described by (4.1) the maximum likelihood estimator of

EBX)=aC-Dy.

2. Find its asymptotic distribution.
3. Show that an efficient estimator is g y,.

13.7

Consider the model
AXi=af X, 1 +6&,
(13.20)

where § is identified by the restrictions

B=(Ho1 ... . 7o)

This means that rank (H',8) = r— 1, since H' .8, = 0 and the remaining columns are linearly independent. We normalize

B as B, = h + HY.

1. Show that the identification condition implies that there is no vector  # 0, such that Hn € sp(B).
Show that

. W - n .
T_IHI’SHHJ—)HI’[ CWW'C duH- .
0

3. Show that the likelihood equation for ¢, is given by

- A_]_ - .
G’I'Q (Sgl —Gﬁ’SH)HI =0,i=1,....r

4. Show by going through the proof of Lemma 13.2 that Theorem 13.4 holds.
Next consider model (13.20) with a constant term p in the equation. From Granger's representation theorem
we have

f
H'X;=H'CY g+H'Cut+H" Y, +H"Pg .

i=1

This gives rise to the directions 1, = H' Cy and vy, = 1, such that in the directions T, the processes H" X, are
dominated by the linear trends and in the directions v, the trends are eliminated, and the processes converge
towards Brownian motions.

5. Find the proper normalization of the matrix H'S, H' and determine the limit.

6. Show that the results of Theorem 13.4 hold in this case.



14 The Power Function of the Test for Cointegrating
Rank Under Local Alternatives

This chapter contains a discussion of the power of the test for cointegrating rank for local alternatives, see Johansen
(19914). The results use the formulation of local alternatives and near integrated processes as formulated by Phillips
(1988). In the next section we define a local alternative, and study in section 14.2 the properties of the process under
the local alternative. It turns out that the limit process is an Ornstein—Uhlenbeck process, and this means that product
moments involving the near integrated processes will have a limit different from the one under the null hypothesis. In
section 14.3 we then discuss the limit distribution for the likelithood ratio test under suitable assumptions on the
cointegrating ranks. Throughout we treat the model without short-terms dynamics and constant term. The model with
the constant term is treated by Rahbek (1994). The limit results do not depend on the short-term dynamics, and this
result is formulated as an exercise.

Finally the results are illustrated by a simulation in Chapter 15 of the local power.

14.1 Local Alternatives
We consider the model
Asz |_|Xt_1 + Eg,t= 1, C . ,T,

(14.1)

where ITis p X p and unrestricted and ¢, . . . , &, are independent identically distributed with mean zero and variance €.
We assume that the initial value is zero. We then consider the null hypothesis

H(r). N=af,

where « and § are p X rsuch that X is cointegrated with cointegrating rank < 7 A parameter point in the alternative
must then correspond to a process with more that r cointegrating relations, and thus has the representation
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M=ol +015:.
Here IT has rank » + 5, s > 0. We define a local alternative by
Hr(rs):Nr=af + T oy f 1.
(14.2)
The interpretation of this is that under the local alternative the process has s extra cointegrating vectors, 3,, which enter
in the process with very small adjustment coefficients, T"'a,, and are hence difficult to find. These extra components

are near integrated in the sense of Phillips (1988). We want to investigate the power of the test for cointegrating rank
under the local alternative and hence we first find the properties of the process under the local alternative.

Since the parameter depends on T'we use the notation x!" for the process generated by equation (14.1) with IT = IT,
and apply the notation X, for the process generated by the equation

AXi=af' X, ; + &,
(14.3)

with initial value X, = 0.

14.2 Properties of the Process Under Local Alternatives

In order to derive properties of test statistics under local alternatives we have to assume that the process is I(1) under
the null hypothesis, that is, that the eigenvalues of I + '« are bounded in absolute value by a number less than 1. See
exercise 4.12, and Theorem 4.2. Since we need this condition in the formulation we write it as

lelg (7 + B ay|<1.

A number of evaluations needed in this chapter are derived using the binomial formula for matrices. These have been
collected in the mathematical results in Appendix A, section 2.

THEOREM 14.1 If |eig (I + B'o)| < 1 then under the local alternative it holds thairg = p x'" - p x, satisfies
max | Var  (Rg) |l € or ™).
=

(14.4)

Furthermorer 2o lX[f;i] YKy, where K(n) is an Ornstein-Ublenbeck process defined by

K=o ifexp(d1ﬁ’1C(I—U))dW(ﬂ),
0

(14.5)
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and W is p-dimensional Brownian motion with variance matrix Q and C = B, (a', B,)" a,. The process K(u) satisfies the stochastic
integral equation

Ky =o W () +a LoufB(a 1B f K (s)ds.
0

If further |eigd + (B, B)' (o, o) | <1 then o', o, B', B.bas rank s. (14.6)

PROOF The process x!"” is given as solution to equation (14.1) by
@ _ i -
X, = Z(I+ af’ + 7018 1) €
i=0

(14.7)
In the direction 3 we find

Rg =pX, -BX
=N B drap T ) - BT+ ap) e
=3By - ADe
with 4 = I + o 8" and B, = T"'«,8'. This has variance
-1
Var (Rg)=» B ((4+B7)' —4)QB((4+B7)' —4)".

=0

In order to evaluate the norm we apply (A.22) which assumes that T || B, || is bounded, and that |eig(I + B' o) | <1, and
find

Ivar (Rg) Il <7 1Bz 12 1QN =T a2 1Ql,

which shows the result (14.4) about the process x” - x, in the direction 8.

We next investigate the process o .1;:] We find from (14.7)

(1)

1 -1 [Tu]-1 , _ N
TR0 | Xy =T 2000) o (U +ap + T ) e

_1 [Tu] _ —i
=T 20‘12;:1 U +ap + 7oy f e,

which by (B.15) converges towards
@, [ Cop@p =) dwG)
0

o, f exp(auf1C(u—s)) dF(s) = K (u).
1]

This follows from Theorem A.14 where it is shown that if |eig(I + B' )| < 1, then
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(7 +af + T oy I S Cexp(ay 10— 5)).

The limit process K(#) satisfies the stochastic integral equation

Ry=o' W) +o' jouf 1B (o (B[ K(s)ds,

0

ot equivalently the stochastic differential equation
dR (u) =o' | dW (u) +a' jonf 1B (0 1 B1) K (w)du.
If further |eigl + (B, B)' (@, )| <1 then

(ﬁ,ﬁl>*<a,a1>=[ﬁa ‘6“1]

pia B
has full rank, and since also B'o has full rank it implies that

r r _1 r r
Bia - Ba(fa)yBap =8, (o B0 oy,
has full rank, which again implies that o', o,3'3,, has rank .

O

From the asymptotic behaviour of the process X, we can derive asymptotic properties of the product moment matrices
needed in the treatment of the likelihood ratio statistic. Under the null hypothesis these results are given in Lemma
10.3. The only new result that is needed under the local alternative is formulated in the next lemma. We apply the

notation

T
Sy = T_lzyfinf’
t=1

for any stochastic process Y.

LEMMA 14.2 If

r =z + RO 5P ¢ 0p(1).2R) = 0,
and
max I Var(R.) | = 0,
t=T
then

P
55 -5 So.

PROOF From the identity

() (T) (7 (N ()
b)’)’ =8z + S8y 8+ 5y,
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and the inequality

(s < esDersp,

it is seen that it is enough to prove that ¢ % . Since the matrix g is positive semi-definite it is enough to show that
£(s) - 0, but

: T : T ;
(1) o @, _ .. ).
E(Sp)y=1 'Y ERSR =Ty Var(R ),
=1 t=1

which is bounded in norm by max | var(R") I which is assumed to tend to zero.

O
In the next result we use the usual notation
max I[Va.rl'_Rzm) I
t<T
and let 5{” be the corresponding quantities calculated from x(”.
LEMMA 14.3 If |eig(I + o' B)| < 1 then under the local alternative it holds that
n P
Sé:;j —_ 200,
(14.8)
ES PR
B8 B— Zpp,
(14.9)
RES I
,G .510 - Zm,
(14.10)
1 0. L [ e
0
i (14.11)
(s -nasiras S [ @mxe,
0
- (14.12)
a’' 18, Be Op(1).
(14.13)

PROOF From equations (14.1), (14.2), and (14.3), we have the relations
/-Uf;m= (ap' +1 101,3'1)11’;3 + €&,

and

AXi=af' X, + &,
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which show that for rg=p (x!”-x,)

2x? - Ax = aRg_ + Ty B X

To prove (14.8) we want to apply Lemma 14.2 with Y = A X" and Z” = A X. Since zax"y = r(ax,) =0, we have
s f) var(Ax,) - Hence it is enough to check that max I \-’nr(_&,i}m ~8X) I -0, and hence enough to show that Var(R, ) and
var(7'ayp X"y tend to zero uniformly in 2.

By Theorem 14.1, max,. , [[Var(R, )l — 0. To investigate the second condition we evaluate the variance of y as
tfollows

t—1 _ _
var(x(y =S+ npyau g,
=0

which by (A.21) is bounded in norm by a constant times 1. This shows that also var(r ‘a8, x""}) tends to zero
uniformly in 7 and hence the conditions of Lemma 14.2 are satisfied and (14.8) follows from (10.13) in Lemma 10.3
combined with Lemma 14.2.

T%Pﬁf e ( 1 f.l%)we apply dL@mma_ 14{1_2 with ¥y = px and 7" = gy, and use the result (14.4) about the variance of R,
~ Pinally . 1s proved 1n a similatr way. ) !

The result (14.11) follows from the result about the process x” in the direction «, and the continuous mapping
theorem applied to the functional x — [jxx'du. The result (14.12) follows from (14.1) with IT = IT, and X = X since

(7) (7) (1)
(Sor —MzSyy)a =8,7ay,

which converges as stated in Theorem B.13.

Finally the result (14.13) follows by applying Lemma 14.2 together with the results in Theorem B.13.

14.3 The Local Power of the Trace Test

If we consider a fixed alternative IT = a ' + o, B', (rank(I1) = r + 4) then it follows from the proof of the asymptotic
properties of the eigenvalues of

AS11 — S10850 So1| = 0,

that the largest 7 + s of these converge to positive limits. Hence the likelihood ratio statistic - TZ/.,,,lg(1 A) which
contains s of these will tend to ®. This shows that for fixed alternative the power of the cointegrating test tends to 1.
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THEOREM 14.4 The asymptotic distribution of the likelibood ratio test statistic —2log Q (H (r) | H (p)) for the hypothesis H(r) : IT =
o B' Zs investigated under the local alternative H (r, 5) : 11 = o ' + T 'a,B'. If | ezg(I + o' B| <1 the asymptotic distribution is given by

-1

1 1 1
tr f (dK*)K*’[fK*K*’du] fK*(dK*)’
0 0 0
(14.14)
Here K* is the p — r dimensional Ornstein—Ublenbeck process given by
—ab’fK *(w)du+ K * (1) = B(f), te [0,1]
0
B(#) is standard Brownian motion in p — r dimensions, and the coefficients a and b are defined by
1 1
= ' T U = ' o ' -1
a=(a",Qa,) 20" j0p,b=(a" 1 Qa;)2(f 1a,) " F 11
(14.15)

PROOF The proof here mimics the proof in Chapter 11 for the distribution when I'T = « 8" applying the results about
the product moment matrices derived in Lemma 14.3. We define as in Chapter 11, S(A) = ASyy - 1050501, but choose
Ar= (BT lql), and find from Lemma 14.3 that

Zﬁﬁ 0 .
y _
A pS(AAp| > |4 1 _ | Zpo%0020p O

0 fKK’du 0 0
0

1
= ‘Azﬁﬁ— % 80Z50 Zog A/O KK’ du

This polynomial has r positive roots and p — r zero roots. Thus the rlargest eigenvalues converge towards the positive
roots, and the p — r smallest converge to zero. We next consider the decomposition

(B0 ) SN (BAL)|
= |BS@Bla L(S@) —SNBESHB B ShaLl.

and let T'— o, A — 0 such that p = T\ is fixed. From Lemma 14.3 we find

il
BS(MB— —ZpZenop

such that the roots have to be in the second factor. We find

o | S(A)B= — ' | S10Zg0Zog+or (1),

and
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a’ | (S(A) —S(AB(FSMB) B S(A))ay
=pT a1 Sy —a' | S10NSo0 ) +op (1),
where N is given in Chapter 11 as the matrix o, (o', € o)™ o'.. This shows that we need the limit distribution of

Q' Spay =T Spfohag ol S0

=77 Spa (B 1a) B fiota) +a  Sia) +op (1)

1 1
— / KR du(f 1a))7'B  pratiay + f K(dW)'a,
0 1]

1
= [ K(dK)",
JO

where the convergence follows from Lemma 14.3. Combining these results we find that in the limit the roots p have to
satisty the equation

1 1 1
‘p/ KK’du—/K(dK)’(a’lQal)_I/ (dK)K"=O.
0 0 0

As in Chapter 11 the asymptotic distribution of the test statistic is now given as the sum of the roots times T which
shows the result:

—2log QH(r)|H(p))

1
> o Ir |:f KK‘du]
0

If we define the process g * = (o | Qa ) lk, we find the result of the Theorem.

1

1 1
/K(dK)'(o‘lQal)‘I/ (dK)K’}.
[¥] Q

O

It is seen that the asymptotic power only depends on the parameters z and 4, but due to the invariance of the Brownian
motion and the test statistic under orthogonal transformations one can show that in fact it only depends on the
matrices d'a, #'b, and V'a. In order to see this consider the orthogonal transformation O = (O,, O,, O,) defined by

1
O1=b(b'D) 72,
1
Oy = (a—b(b'bY W ay(a@a—ab(b'b) ba) 2,

and choose O, to be orthogonal to O, and O,, and such that O is an orthogonal transformation. Further define
k'=ox*,and B, = O'B, then the equations for k" are given by
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—(b*b)‘%b*a(b*b) %fﬁl"‘ ($)ds + K| (u) = By(u),

0
(14.16)
—(@a-ab(b'b) Wy (bb)? f Ky (s)ds + K, () = By(u),
0
(14.17)
Ky (u) = B3(u).
(14.18)

It is seen that only the matrices d'a, £'b, and 4'b enter in the equations. If s = 1 this result simplifies further, and will be
applied in the simulation study of the power function in Chapter 15.

COROLLARY 14.5 Under the local alternative I1, = o 3' + T 'o,B,, where o,and B,are p X 1 vectors, the asymptotic power depends only
on the parameters through the numbers

f=ba=p1Ca; <0,
and
g =aabb-(ab)’
= (a'1a (@' 1 Qa ;)7 ar  ay) (B1CQC" By) — (B'1Car)7,
where C = B, (o0, 8) " ol

PROOF This follows from (14.16) and (14.17) since /'b cancels in (14.16) and (14.17) only depends on g. The
expressions for fand g are found by inserting the expressions for « and 4.

Oa
14.4 Exercises
14 .1
In the model
k-1
AX;=(af +T'mPB )X+ Y AKX, +&,
=1
(14.19)

define y, = (x,.. x', > and = (,0,...,0) -

1. Show that y, satisfies the equation

ﬂ;fr: HT}NQ—1 + &,

and find an expression for  in terms of the other parameters.
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2. Show that g =g (7. ,and @, =o' (I, =T, ..., —T,), and hence that
at " a ~ _1~
_— ! ! _— ! _1 !
C‘ﬁi(q iﬁi) a'y =pu(a"  MB) "oy,

where r=7-3"!r,. Find expressions for @, 3, &, and |

3. Next apply Theorem 14.1 to the process i- ) and express the results for the process X, @ _px, and o .)ﬁ[;:
in terms of the original parameters and processes. Find the equation for the process K, and show that the results
of Theorem 14.4 still hold with the same definition of # provided 4 is defined as 3= (o', Qa, )2 (ﬁ Fa)'p B

Thus the limit result for the power function only depends on the short-term dynamics through the matrix I'.
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The stochastic integrals that appear in the expressions for the limiting distributions really only serve the purpose of
showing that we have normalized the statistics correctly.

The functionals obtained are so complicated as functions of the Brownian motion that no explicit results seem to be
available. It turns out that for the limiting distribution of the test statistics, the main dependence is on the dimension of
the problem, more precisely the number of non-stationary components. The only point where the parameters appear is
through conditions like o', w, = 0, or o', y, = 0, which were shown to influence the limiting distribution, see Theorem
6.1 and Theorem 6.2.

15.1 Simulation of the Limit Distributions

The conclusion of the limit results is that the asymptotic distributions of the test statistics of H (7) in H (p) are the same
as those of H (0) in H(p—r) in a p — r dimensional system, that is, a test of IT = 0 in the model

AXf = |_|Xf_1 + Es,

where [Tis (p — ) X (p — 7). Thus when one wants to simulate the limit distribution under the null IT = 0 one simply
simulates the (p — 7)-dimensional system

AXs=€nt=1,...T,

(15.1)
where ¢, are independent N, , (0, I). Summing over #we find the solution X; = I, & + Xp.In thesimulations we
take T = 400, and X, = 0.

The limit distribution (6.20) given by
-1
tr /Q(dB)F’ Uﬂﬁ*du] /QF(dB)’ ,
1 1 1
(15.2)

is approximated by

T T -1 7
fr ZE;S’;[ZS;S’f] ZSgE’f
=1 =1 =1

(15.3)
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for suitable choices of §. If D, = 0, then F is given by Brownian motion in p — r dimensions and S, is chosen as the
random walk X .

In case D, = 1, and o', u, # O then F is given by (6.21) and we define g,=(x’,, x4 , where y= 75 x,, fora
p — r— 1 dimensional random walk. Finally if D, = 1 and o', p, = 0, then F is given by (6.32) and we define S, =
(X', 1) for a p — r dimensional random walk.

The modifications needed to obtain the limit distribution where F is given by any of the other formulae in Theorem
0.1 and Theorem 6.2 should now be obvious. This section contains five tables for the asymptotic distribution of the
trace test for the cointegration rank, and one table for the power of the cointegration test in a simple situation. The
tables for the asymptotic distributions have been calculated by Bent Nielsen using the program Disco, see Johansen
and Nielsen (1993), based on 100,000 replications of (15.2) in which B is replaced by a random walk with 400
observations and Fis described below. With the notation from Chapter 5, see (5.11) — (5.15), an overview of the tables
is given as follows:

Model F Table
=0 B,...,B) 15.1
m = aQ, B,...,B.,1 15.2
®o= B,...,B, ., #u corrected for a constant | 15.3
u =, + oot B,...,B,, corrected for a constant | 15.4
®o= B,...,B, ., 7 corrected for (1, #). 15.5

15.2 Simulations of the Power Function

In this section we shall simulate the asymptotic power function in the case when only one cointegrating relation is
missing, that is for s = 1. In this special case the equations (14.18), (14.19), and (14.20) are of the form

* *

(15.4)
- /ﬁ K, du+K,, = By,
4
(15.5)
K, = B3
(15.6)

The functional (14.14) gives the asymptotic power of the trace test. The distribution of this functional is too
complicated to find analytically but it can be found by simulation.
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In order to simulate the processes we apply the discrete version of these equations

* _ *
Klf = (1 +7 lf)Klg_l + €y,

(15.7)
* * _ *
Ky =Ky +(T 18)K1z—1 + €2
(15.8)
Ks*r = K3:;—1 + &3,
(15.9)

t=1,..., 7T starting with &, =0.

Note that the actual expression for the limit distribution is not so important. What is being used here is only the fact
that the parameters of the original model (14.2) with IT, = « ' + T ' «, ', only enter through the dimension p — r
and through the parameters fand g Thus the system we simulate consists of the last p — r equations of model (14.2)
with « = B = (1, 0)' and

a; =(0,...,0,f,.0,...,0)", 5, = (0,...,0,1,0,0,...,0)",

where both vectors start with 7 zeros. Thus in order to simulate the system we choose the simplest possible system
compatible with the given fand g

We then easily solve the equations (15.7), (15.8), and (15.9) recursively and form the T X (p — 7) matrix M with
elements am, = k,; . Then we calculate A M and M , i.e. the differences and lagged variables respectively and find the test
statistic

Test=tr {AM' M (M’ (M _)7IM _JAMY.

The number of observations T has to be chosen so large that the approximation of the random walk to the Brownian
motion is sufficiently good. We have chosen T = 400.

We find the results for stationary alternatives and p — » =1, 2, and 3 in Table 15.6. It is seen that, not surprisingly, the
power decreases as the dimension increases, i.c. if there are many dimensions to hide in. This means that it is difficult
to find the cointegrating vector, if it has a small loading, It was found that the non-stationary alternatives (not shown)
are readily picked up by the test with large power. The test appears unbiased when considering fand g close to zero.

The table gives the limit distribution of (14.14) for the process defined by (15.4)—(15.6). If we apply the results for the
approximation defined by (15.7)—(15.9) one can for a large value of T interpret the coefficient 1 + T/ =1 + T o' 3,
as the autoregressive parameter, see (15.7), in the stationary (or near-integrated) relation we are trying to find. Hence
we can apply Table 15.6 as follows: assume we have T'= 100 observations and an autoregressive coefficient of 0.79
say. Then the relation 0.79 =1 — 21/100 = 1 + T"'/shows that we can use Table 15.6 with / = —21. Now the power of
finding such a process depends on the relation between the adjustment



214 Simulations and Tables

coefficients and the cointegration vector. If «, and B, are proportional, so that g = 0, then, if the number of non-
stationary components is p — 7 = 1, we have a probability of 0.998 of rejecting the hypothesis of non-stationarity, and
hence of finding a stationary relation. If, however, the system has p — » = 3 non-stationary components, then the
probability of rejecting the non-stationarity hypothesis is only 0.346. For a given angle, that is, for fixed //g, it is seen
from the table that the larger the vectors the easier it is to find them.

The asymptotic power of the likelihood ratio test at 5 per cent for » cointegration vectors among p variables under the
local alternative of one extra cointegrating vector is given in Table 15.6. The quantities fand g are defined in Corollary
14.5. The number of simulations is 5,000 for p — r = 1 and 2,000 for p — r = 2, 3, and T = 400.

15.3 Tables

Table 15.1 Quantiles of the Likelihood Ratio Test for Cointegrating Rank (6.20) With Constant Term Zero and F = B
p—r 50.0% 75.0% 80.0% 85.0% 90.0% 95.0% 97.5% 99.0%
1 0.60 1.56 1.89 2.32 2.98 4.14 5.30 7.02
2 5.47 7.77 8.41 9.22 10.35 12.21 13.94 16.16
3 14.31 17.85 18.83 20.00 21.58 24.08 26.42 29.19
4 27.14 31.86 33.10 34.62 36.58 39.71 42.59 46.00
5 43.75 49.71 51.25 53.11 55.54 59.24 02.68 00.71
6 04.37 71.44 73.27 75.48 78.30 82.61 86.36 91.12
7 88.73 97.02 99.12 101.67 104.93 109.93 114.24 119.58
8 116.81 126.20 128.61 131.49 135.16 140.74 145.80 151.70
9 148.76 159.27 161.98 165.22 169.30 175.47 181.20 187.82
10 184.44 196.13 199.11 202.65 207.21 214.07 220.00 226.95
11 223.98 236.82 240.09 243.88 248.77 256.23 262.69 270.47
12 266.92 280.71 284.36 288.47 293.83 301.95 309.08 318.14
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Table 15.2 Quantiles of the Likelihood Ratio Test for Cointegration (6.32) With Restricted Constantand F = (B,, . . .,
B,,1)
p—r 50.0% 75.0% 80.0% 85.0% 90.0% 95.0% 97.5% 99.0%
1 3.43 5.28 5.85 6.54 7.50 9.13 10.73 12.73
2 11.34 14.45 15.31 16.39 17.79 19.99 22.07 24.74
3 23.15 27.50 28.65 30.05 31.88 34.80 37.56 40.84
4 38.90 44.39 45.86 47.60 49.92 53.42 56.57 00.42
5 58.47 65.19 66.92 69.01 71.66 75.74 79.60 83.93
6 81.85 89.71 91.75 94.13 97.17 101.84 106.07 111.38
7 109.11 118.12 120.52 123.26 126.71 132.00 136.69 142.34
8 140.01 150.10 152.75 155.86 159.74 165.73 171.18 177.42
9 174.65 185.99 188.92 192.27 196.66 203.34 209.28 216.08
10 213.14 225.67 228.81 232.63 237.35 244.56 250.86 258.31
11 255.33 269.01 272.44 276.46 281.63 289.71 296.70 304.89
12 315.69 319.50 323.90 329.51 333.26 338.10 345.77 354.32
Table 15.3 Quantiles of the Likelihood Ratio Test for Unrestricted Constant (6.21) and
F=(by=brobp oy~ by_pyt=1)"
p—r 50.0% 75.0% 80.0% 85.0% 90.0% 95.0% 97.5% 99.0%
1 0.46 1.32 1.64 2.07 2.71 3.84 5.02 0.64
2 7.59 10.29 11.06 12.03 13.31 15.34 17.24 19.69
3 18.65 22.63 23.72 25.03 26.70 29.38 31.76 34.87
4 33.52 38.68 40.08 41.73 43.84 47.21 50.19 53.91
5 52.21 58.55 60.23 62.25 64.74 68.68 72.21 76.37
6 74.62 82.14 84.10 86.41 89.37 93.92 97.97 102.95
7 100.93 109.61 111.79 114.40 117.73 123.04 127.59 133.04
8 130.89 140.66 143.19 146.17 149.99 155.75 160.87 166.95
9 164.61 175.58 178.33 181.66 185.83 192.30 198.19 204.64
10 214.07 217.18 220.86 225.49 228.55 232.60 238.69 246.17
11 256.44 259.80 263.79 268.72 272.03 276.37 283.24 291.58
12 302.23 305.85 310.17 315.53 319.21 323.93 331.22 339.64
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Table 15.4 Quantiles of the Likelihood Ratio Test for Cointegrating Rank With the Linear Term Restricted (6.28) and
Hence No Quadratic Trend in the Process, and g = (p, - YT —— 1y

p—r 50.0% 75.0% 80.0% 85.0% 90.0% 95.0% 97.5% 99.0%
1 5.62 7.92 8.59 9.43 10.56 12.39 14.13 16.39
2 15.68 19.24 20.22 21.40 22.95 25.47 27.87 30.65
3 29.56 34.30 35.58 37.11 39.08 42.20 45.04 48.59
4 47.19 53.16 54.73 56.56 58.96 62.61 66.04 70.22
5 68.70 75.87 77.65 79.85 82.68 86.96 90.87 95.38
6 93.88 102.16 104.29 106.79 110.00 114.96 119.43 124.61
7 122.99 132.35 134.77 137.55 141.31 146.75 151.70 157.53
8 155.60 166.08 168.85 172.10 176.13 182.45 187.80 194.12
9 192.11 203.70 206.64 210.21 214.72 221.56 227.61 234.65
10 232.31 245.06 248.24 252.18 257.08 264.23 270.90 278.80
11 290.06 293.60 297.73 302.88 306.47 311.13 318.03 326.73
12 338.46 342.33 346.88 352.61 356.39 361.07 368.75 377.54

Table 15.5 Quantiles of the Likelihood Ratio Test for Cointegrating Rank With the Linear Term Unrestricted Allowing

for a Quadratic Trend and F = B, = A, = Bu,...,B ., — A ,—B U U - A — Bu

p—r 50.0% 75.0% 80.0% 85.0% 90.0% 95.0% 97.5% 99.0%
1 0.46 1.32 1.64 2.07 2.71 3.84 5.02 6.64

2 9.65 12.69 13.53 14.56 15.94 18.15 20.26 22.78
3 22.75 27.10 28.28 29.69 31.57 34.56 37.21 40.61
4 39.57 45.14 46.61 48.36 50.67 54.11 57.41 61.28
5 60.19 66.96 68.76 70.90 73.62 77.79 81.57 86.11
6 84.56 92.41 94.43 96.83 99.97 104.76 109.04 114.23
7 112.66 121.65 123.95 126.81 130.39 135.66 140.49 146.05
8 144.47 154.66 157.25 160.32 164.24 170.15 175.38 181.62
9 179.93 191.21 194.07 197.53 201.83 208.53 214.51 221.47
10 219.25 231.72 234.82 238.55 243.29 250.53 256.96 264.52
11 275.58 279.01 282.96 288.17 291.51 296.02 302.86 311.41
12 323.14 326.82 331.22 336.81 340.54 345.27 352.98 361.69

Table 15.6 The Power Function

p—r g /=0 -3 =6 -9 -12 -15 -18 =21
1 0.052 0.141 0.350 0.620 0.820 0.945 0.987 0.998
2 0 0.060 0.069 0.105 0.175 0.272 0.416 0.565 0.714
2 6 0.615 0.335 0.269 0.298 0.390 0.513 0.642 0.772
2 12 0.944 0.850 0.760 0.716 0.717 0.760 0.830 0.874
3 0 0.054 0.059 0.073 0.105 0.136 0.187 0.266 0.346
3 6 0.510 0.211 0.143 0.142 0.188 0.233 0.305 0.383
3 12 0.834 0.694 0.536 0.424 0.407 0.429 0.476 0.543
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Some Mathematical Results

THIS appendix contains some results from various branches of mathematics, that I consider useful for the analysis of
the autoregressive models. Most are concerned with classical results about eigenvalues and eigenvectors, see Magnus
and Neudecker (1988) but some are more specialized, like the results on the binomial and exponential functions in
section A.2, which are used in the discussion of the local power of the cointegration test. Finally I have collected a few
results about regression and multivariate statistics in section A.3, see Anderson (1984).

A.1 Eigenvalues and Eigenvectors

Let M be a pX p matrix. We let | M| be the absolute value of the determinant of A, and let I be an identity matrix. The
norm of M is denoted

F
o =3

Note that IM + NJ < M} + NI and that IMNJ < IMIINY. The trace of M is denoted #{M}. The eigenvalues of M are

the solutions to the equation
|/’J - M | = 0.

It is well known that the equation has p solutions A,, . . ., A, which may be complex. There are not necessarily p linearly
independent eigenvectors. As an example the matrix

11

0 1

has two eigenvalues of 1 but only 1 eigenvector. The Jordan canonical form represents the matrix as
M =AJA™,

where A is pX p of full rank and ] is pX p and block diagonal with a typical block of the form

[ T T V)
o - =

Al 0
J1(4) = [A],Jz(f\)=[0 A],J3(/\)= Ll
A

where ) is an eigenvalue of M. If M is symmetric then the eigenvalues are real, all the blocks are 1 X 1, and the columns
of A are the eigenvectors. Moreover A is orthonormal such that A" = A, see Lemma A.3.
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LEMMA A.1 Let M be pX p with eigenvalues A, . . . , N Then there exists a polynomial P, , (.) of degree at most p — 1, such that
H M”| < lTlﬂgip‘A,lr’Pp_l(n).
(A.1)
PROOF The Jordan representation is
M=A4J47",
which implies
M"=47"47"
For a typical Jordan block of size 3 X 3, say, we find

AT At L %n(\'n—l)}i” 2

J3(A)H: 0 An P’t‘f\”_1 »

0 0 A"

for which the norm is bounded by |\
Jordan block of any size, hence the result holds for M.

" times a polynomial of degree at most 2. A similar argument can be given for a

O
COROLLARY A.2 If the eigenvalues of M are inside the unit disk then, for |N| = max, |A,|, # holds for some ¢ > 0
1
|M” < clA|2" = 0,1 — oo,
(A.2)
Moreover
S Mi=-myt,
i=0
A.
and for any p X p matrix € (A-3)
HZM‘QM”I L,
=0
(A4)

PROOF From the inequality

1 1
”M"l < ’.-’L "Py_i(n) < [A|2"sup AlZ",
R

1y
/\|2 Pyy(m)=c

we find the first statement. It follows, since A, # 1, that we have

"
S M= g-M"YHa-myt,
i=0
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which converges towards
(I -M)7,

since M" — 0. Finally we evaluate the sum (A.4) by

S| =c
=0

o

X Ji -
=0

O

Now let M be symmetric and positive semi-definite, that is, M = M' and x' Mx = 0. In this case the following well-
known spectral decomposition of a symmetric matrix holds.

LEMMA A.3 The equation
|/’J - M | =0,

has p solutions N, = A, = "+ = N, = 0, the eigenvalues, with corresponding eigenvectors v,, . . . , vsatisfying

f‘njvj = MVI',I. = ]., - ,p,
and
v'wv; = 1if i = jandOotherwise.
In matrix notation we let

V=(v1,....p),
A =diag(Ag, ... Ap),

hen VA =MV, VAV =M, V"MV =A 1"V =1= 11"

If the eigenvalues are different and positive then any invariant subspacer. = R® (i.e. such that y € L implies My € L) has the property that it
15 Spanned by a subset of the eigenvectors.

PROOF The proofs of these results will not be given, since they can be found in most textbooks on matrices. The last
result deserves a comment, however. If L is invariant, then also L, the orthogonal complement, is invariant. To see
this take y € L, such that y'x = 0 for all x € L. Then also y’Mx = 0, since Mx € L. But yMx = (My)' x = 0, shows that
My € L, and hence that I, is invariant.

Next we show that if I, is a one-dimensional linear subspace, then either Ly<Z, or Lyci,. Thus take x € I, and
decompose x = x; + x,, where x; € L and x;, € L. Then Mx = Mx, + Mx,, but Mx = A x for some A > 0, which shows
that Mo, + Mx, = Mx =X x = A x, + A X,
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Since the decomposition of A x is unique, it follows that Mx;, = A x;, and Mx, = X x,. This shows that x, and x, are both
in L, since the eigenvalues are different, and hence that one of them must be zero, which proves that either L1 or
LycL, . If Land L have dimensions 7 and p — m respectively, then if L,cZ we have L =1, + L N L, where L N L,
has dimension 7 — 1, or else a similar decomposition is possible for I,. In both cases we can peel away a linear
subspace, a process that will terminate after p steps.

O
DEFINITION A4 We define pgs = ppsy  and if M is positive definite then yg=% = pp—2p -
LEMMA A.5 Let M and IN be symmetric such that M is positive semi-definite and IN is positive definite, then the equation
|/’\N -M | =0,
: . S (A.5)
has p eigenvalues ., =\, = = = A, = 0, with corresponding eigenvectors v, . . . , v, such that
N/’\;‘V;‘ = MVS'DII = ]'D P Dpj
. : : (A.0)
or in matrix notation
NVA=MV,
(A.7)
VNV =1,
(A.8)
VMV =A.
(A.9)

PROOF Define 4= y~ipsn-3, then A is positive semi-definite and symmetric, and

|/’-.N—M| = |N||/U—A| =0
has solutions A, = X, = *** 2 A, = 0 with corresponding eigenvectors E = (e, . . . ¢), such that EA = AE and E' £ = I,
see Lemma A.3. Now define y= y-ig, then NIV A = MV, 1" M1V = A and " NIV = L.

O

Note that [”is not orthogonal, and that N™'M is not symmetric, so that although A is a solution to |A I — N7'M| =0,
this formulation does not guarantee that A is real. We shall refer to the problem solved in Lemma A. 5 as the basic
eigenvalue problem. These eigenvalue results solve a number of extremum problems, of which we shall now give a few.

LEMMA A.6 Let M be symmetric and positive semi-definite and N symmetric and positive definite. The function

FAD = {NTMY —log

N_1M|

zs minimized by M = IN, and the minimum value is p.
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PROOF We decompose M with respect to N by solving (A.5) and find from (A.7) and (A.8)

M =vlar,

Ntl=pp,
such that
Nl =y iart=yar,
|N—1M| - |A| = N7 A,
-1 _ _ ?
r{NTMY =AY =) D A
Hence
P
F (M) =tr{A} —loglAl = (A —logh),
=1
which is minimized by the choice A,=1,i=1,...,p, and therefore by N'M = I'I"' = [ or M = N.

LEMMA A.7 Let M be symmetric and positive semi-definite and IN symmetric and positive definite. The function
fix)y=x"Mx/x'Nx

zs maximiged among all vectors x € Rby% = y, and the maximal value of f is N, where N.and v.are the maximal eigenvalue and the
corresponding eigenvector in the equation

AN — M| = 0.

PROOF We apply Lemma A.5 and define y by x = 1), then

F F
XMx/xNx=y'Ay/y'y= Z/’h‘y;‘z/ Zys'zv
i=1 i=1

which is clearly bounded above by the maximal eigenvalue A,, and equality holds if y, = 1, y, = --- =y, = 0. This choice
of y implies that %=y, the first column of [7 Note that the maximizing value of x is not uniquely defined. One can
always multiply by a constant different from zero and, if A, = X,, one can even choose % = y, or some linear combination
of » and v,



224 Some Mathematical Results

This result is now generalized:

LEMMA A.8 Let M be symmetric and positive definite and N symmetric and positive definite. The function
f(x) = |x"Mx|/ |x Nx|

is maximized among all p X r matrices by3 = (uy.....v,), and the maximal value is N = A:, where again Nand vare solutions to the

ezgenvalue problem
|AN — M| =0,

(A.10)
where we assume that ., > **+ > N, > 0. We can also chooses times any non-singular r X r matrix as the maximiging argument.
An expansion of log flxx + h) around?is given by

log/(x+h) =logf(x)
+ir { (X M%) 7 (M — M3(5 M3 7% MORY
—tr { (X N3) W (N — N3(% NX) % Nk
o
(A.11)

PROOF We first expand the determinant

|f + h‘l
(1+hy gy - My ]
hn  1+hp - Iy

: E E 3
1+ Z;‘=1hﬂ D e ptifi— D i<l t O("h" )
- P 1 r D 1 D p
=1+ Zz‘=1hf‘f+ 52-1:12 .j=1hx'.t'hﬂ'_§§ .g=1§ .Jr-=1hzj'hﬁ'+o(|

h

By

=1+ 1r(h) + %rrz(h) - %rr(hz) + O(‘ 3.

Here |4 = max lfqlhul. Taking logarithms we find
log (I + Al) = tr(h) — %rr(hz) +O(IhP).

Next we expand the function
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log|(x + /) M (x + h)|

=log T+ (x'Mx) N Mh+ R Mx + W MR

x’Mx| + log

= log

x’Mx| + 200 { (' M) N MB) ) +tr { (' Mx) (W M)
—%tr (M) N Mh+ W M) (5" Mx) (X Mh+ W Mx) )
+odfil.

(A.12)
where the last term simplifies to
—tr { (x' Mx) I Mh(x' Mx) I MR
—tr { (2" Mx) T Mx(x' Mx) Ix' Mh}

The function log f{x) has a stationary point % if the derivative at § in the direction 4 is zero for all /, hence the first
order condition

M3 (¥ Mx) ™ = Nx(¥ No) .

(A.13)

This is easier to interpret if we let y= y23 and 4= y~3asn-3, since then the result is that Ay () Ay~ = y (/). This

means that Ay is in the space spanned by j, and hence that the space sp (y) is invariant under the linear mapping 4 and
therefore a union of invariant one-dimensional subspaces spanned by the eigenvectors ¢ of A, see Lemma A.3. Thus
sw(y) =sw(e.....e,) for some choice of 7, . . ., 7. This gives w(%) =p(v,.....»,) and the value of the function
f(x)=M,_,A,, which is clearly maximal if we choose 7, = 1, ..., 7 = r, corresponding to the largest r eigenvalues of A,
which gives the first result, since the eigenvalues of .4 can be found from (A.10).

From (A.12) we find the expansion of logs (i +#). Note that when considering
logl (G + /) M (% + )| — logl (G + 1) N (& + B,
the first order terms vanish, but so do the second order terms involving
(¥ M%) 3 Mh= (N Nh,
which holds at the maximum point, see (A.13). The non-vanishing second order term is
—tr { (X M%) W (M - M35 MO I MORY
—tr { (X N3) W (N = N3(¥ NX) '3 M)A,
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which gives the required result, see (A.10).

O
LEMMA A.9 Let the symmetric matrices M (p, X p,) and N (p, X p,) be positive definite and let A (p, X p,) be such that the matrix

M A
A N
is positive semi-definite. Assume that p, = p, = r. Then the function

flxy)= |x’Ayy'A’x| / |x’Mx IIy’Ny|

is maximied among p, X r matrices x and p, X r matrices y as follows:

First solve
|AM _ ANl | =0,
(A.14)
givingh = = = Ay, =0 and eigenvectorsV = (i, ... vp,) normalized as V' MV = 1. Next solve
|/\N - A*M‘1A| =0,
(A.15)
givingh = = = :

Apy =0 and eigenvectorsW = wis . .. wp,) normalized as W NW = 1. Note that (A.14) and (A.15) have the same positive
ezgenvalues.

Then the maximum of fx, ) is attained fory = (u,,.. v,y and § = (w,, . . ., w) and the maximal valne isT-yA:. The solutions can be
chosen such that,, = A‘._%M'l_zmhf =1
PROOF Let us first maximize for fixed value of 5. The function
gy (x) = |x" (Ayy' A" )x|/ |x' Mx|
is maximized by Lemma A.8. The corresponding eigenvalue problem is
|/\M—Ayy’A’| =0.

Now the rank of the matrix Ay’ A' is at most 7, which shows that at most r eigenvalues A = diag (A,, . . ., ) atre
positive. The corresponding eigenvectors I, = (v, . . . , v) satisfy

MVA=Ayy AV,

which shows that 1/, has the form M Ay for some r X r matrix ¢ = yA'T7 A", Inserting this we find
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max f (x.3) = |y 4'M " Ayl / 1y Nyl

Again this is maximized by Lemma A.8 by solving (A.15). Note that if y, is an eigenvector for the problem (A.15) with
A >0, then , - A_‘% M4y, is an eigenvector, properly normalized, for the same eigenvalue but for the dual problem
(A.14). Thus we }eaﬂy only have to solve one of the eigenvalue problems. The maximum value is found by inserting
the normalized eigenvalues = pr-14yA } in the expression for flx;, ).

That (A.14) and (A.15) have the same positive solutions follows from the matrix relation, see (A.26)

‘,oM A

= |oatl|on - 4* M‘1A|= P1-P3
” pN\ Joad| o 1 orey 4] =

M||,02N—A’ (M) ‘1A|

= |pN||pM—A(pN)‘1A*| = pPe P

N||,02M—A(N)_1A’ |

O
LEMMA A.10 Let now both M and IN be positive semi-definite symmetric matrices of dimension p X p such that Nx = 0 zmplies Mx =
0. Let rank(M) = m and rank(N) = n. Let x be p X r, r < n. The function
f(xy=Ix"Mx|/I|x’Nx|,|x’ Nx| £ 0,
is maximized as follows: first solve |0 I — N| =0 foro, = ** 2 0,> 0,,, = " =, = 0 and eigenvectors w, . . ., w,, and define the

matrix

C=(wy,...,wy)diag

_1 _1
2 2
pl I D)O.P’I E]

such that C" NC = 1 (n X n). Next solve the eigenvalue problem |\ I — C' MC| = 0 for eigenvalues h, = *** 2k, = 0 and eigenvectors
Uy o ooy 0. The solution of the maximization problem isk = c(u,,... u,) and the maximum value isf(x) =Ty The solution is
orthogonal to the null space for IN.

PROOF Since
N =W'diag(py,....0p)W
= (wi,. .. wy) diag (P, .. on) (Wi, . o Wa),
it is seen that the null space of N is spanned by (.., . . ., »,), and that
XMNx=x"(wy, ... wy)'diag(Pr,....0n)0 (W1, ... . Wy)x

only depends on x through the projection onto the orthogonal complement to the null space of N as spanned by IV, =
(w, ..., w). Since ¥N = 0
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implies that ¥’M = 0 it is seen that in order to maximize f{x) it is enough to consider f{x) only on the space spanned by
W, or C. For x = Cy we find

f(x) =1y’ C"MCyl /1y yl,

which is maximized as indicated by Lemma A.8.

A.2 The Binomial Formula for Matrices

Let A and B be p X p matrices. The binomial formula states that
(A+ B)"
= Zf:ozfl gy =H_rA‘fIBAQB---AI’“BAI”1
=4"+ Z;‘+J'=n—1AIIBAJ + Z.:‘+J’+k=n_gAI-BAJBAk + -+ B
"

The number of terms in the rth summand is (r], and if A and B commute then

(A+B)' = i (f)A’“B”"’.

r=0

The exponential function is given by the expansion

exp(4) = ZAr/r!.

¥=0

The basic relation between the binomial formula and the exponential function is given in the classical result.

THEOREM A.11 Let A be a square matrix, then for T —> 0 it holds that

I+ 717 = exp(4).

PROOF The binomial formula gives

T T T
T+T7' 7= 104 /T = AT+ > @O/ -1)4"

=0 r=0 =0
T N T
=y A+ @O -nA e > @i -1n4" .
¥=0 r=0 r=N+1

The norm of the last term is bounded by » "/~ ., Ili /r!, independently of I Hence we can first choose N such that
the last term is small, and then T so large that the first term is close to exp(A) and the second term is small, since it
only has finitely many terms.
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In the following we shall give various refinements of this result using the binomial formula. These results resemble the
well-known inequalities for the exponential function

e*—1 <xe®, x>0,

ef—1—-x< %xzex,.x> 0.

PROPOSITION A2 If T/[B,,is bounded then for some constant ¢ the following inequalities hold

|(I+BT)T| =,

(A.16)
|(1+3;)T-1| < TIB;lc,
(A17)
(I+B7) —I-TB|| < %Tzuﬁr .
(A.18)
PROOF The binomial formula gives
B T fp T
“(Hgf)f = Z[r)g; < ZJ”'BTII’N-! Sexp('j'lb'-r 3
r=0 =0
which is bounded by the assumption on [IB, |l Next we get
[RGB Sty o o
< exp(1]B2]) ~ 1 < T|Brexp (]2 < 1)1,
by the inequality ¢ — 1 < x¢* and the boundedness of T/B, |l. Finally we find
"(H By —1- TBTl = |Zf;g({)ﬂ? < Ziflﬂf“ "rA
< exp(7] BTI) -1 —1"“BT < %1’2 Br|*exp(7|B 7).
by the inequality e*-1-x=< %.\'Ze".
m
In the following we consider equations of the form
AXi=(ap' +Br) X1 +e,
where the solution is given by
=4
Xe—(I+ap +Br)'Xo=) (I+ap +Br)e;
i=0

(A.19)
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LEMMA A 13 Let A= 1+ o B, o and 3 (p X 1), and assume that the eigenvalues of I + B' o are less than 1 in absolute value, such
that | (I + B' o) | < Nfor some N < 1 and all t, see (A.2). Assume also that |T B,,is bounded. Then

- f ; -1
limAd =g, (a" | )" a4,
f—sua

A2
and for t =0, . .., T and some constant ¢ (A.20)
“(A+B;)*‘| <e,
(A.21)
|1+ By - pra| < |81,
(A.22)
o (A+Br)' - +a | BrB (o B) e ”SC BT"T-
(A.23)
PROOF of (A.20): the binomial formula gives
a7 =arapy =31 (Tapy
=rvaa)?y ] (Tays
=/+a(fa) (U+pa’-np
=T a(Fay = pi(a f)T g,
by (A.2).
i
PROOF of (A.21): again the binomial formula gives
t
(A+Bp)'= Y > A"BpABreA"BrA,
r=0iHigte i
and hence from (A.20), we have |l4”=¢,
“(A h BT)r“ < ZLQC‘ZH Br r(f_) < CAZLO(CA B'rui)r“'!
< caexp(ca|Br||) < caexp(cal|B7|).
which is assumed bounded.
|
PROOF of (A.22): from the identity
(A+B)'* = (4+By)(A+By)
(A.24)

we find since B' (I + o B") = (I + B' «) B, that
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B A+ B =p(I+ap +Br)(4+Br)
=(I+Ba)B (A+Br) + B Br(A+Br),
which by (A.19) has the solution
t—1
B(A+Br)' —(I+Ba)p = (I+pa)BBr(d+Br),
=0

hence
|peas - arparp]< S enlp|prfer <cfor]
i=0

since A\’ is summable.

PROOF of (A.23): from (A.24) we also find, since

a(Bo)y B+ B (o By =1,
that
o' (A+Br)'™
=a' (I+ap +By) [a(ﬁ*ar‘ﬁ' + Ma*lm—lau] (4+B7)’
=(/+a BB (a1 B)HA [ (A+Br) +a | Bra(Ba) B (A+Br),
which by (A.19) can be solved as
o (A+Bp) - +a Bef (a1 B ) D
=N U B (@ B Bra(Fa) (44 B

and hence
||au(;A+b'T>‘— (+a  Brfi(a 1) l'fcu|]

o sosnico o e

Ba+8n)"

Now by (A.16) we have I(I + o' B, B, (&', B.)")"*¢, and since
R e

we only have to show that X:;Iﬁ (A+8 r)r""l is bounded. We then apply the identities

FA=pU+af)=U+FwOp,
pA=U+ppA T =+pa)p.
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From these results we find
> lafp e
(=1 4, t—i ¢ qE—i (=1 oy i
EZ‘FOH}(3 (A+BT) _ﬁA ||+Z'1'=0||5A ||
r ] r ] T r ] !
gty —pa|+ > larpaip|

=Tmax;<r

The first term is by (A.22) bounded by ¢T/B, || and hence bounded, and the second term is bounded by cIﬁ’IZ;
which completes the proof.

=(JAII b

THEOREM A.14 If the eigenvalues of I + B' o are less than 1 then

(I+0f +77B)7 = Cexp(BC) = exp (CB)C

where C = B, (@' B)™" B'.

PROOF First note that from (A.22) it follows that
BU+ap +T7'8) - BAT 50,7 >,
hence B' (I + a '+ T"'B)" = B' (4 + B))" has the same limit as
pAl=U+pa)p,
which tends to zero by the assumption on the eigenvalues. Next consider
o (T+ap +77'8)7,

which by (A.22) has the same limit as

(I+7 o BB (@ B o sexp(ar (BB (" B) A .

Combining the results we find
(I+af +T7137
= (@) B +B (@ B DU +ap +T7B)T
= B (o 1 B Texpa’ | BB (@ 1 B1)7Ha | = Cexp(BC) = exp(CB)C.
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A.3 The Multivariate Gaussian Distribution

We let X denote a p-dimensional Gaussian random variable with mean § and non-singular variance matrix Q. The
distribution is denoted by N,(§, ©), and the density is given by
“1p
(27) 2

Q| Zexp { - T -oratx-9)

= (20) 2 || Zexp { - Ler{Q X - O (X - &)
(2m) 271Q) zexp{ - Str{Q (X -O(X -8} ).

(A.25)
If X is decomposed into X, and X, of dimension p, and p, (p, + p, = p) and if § and Q are decomposed similarly

1
= Q=
c-[ 5|

then the distribution of X is Gaussian in p, dimensions with mean §, and variance Q
given X, is Gaussian with mean & +QyQ,} (X; - &) and variance Qyy; = Q- QnQ,) Q.

Qn Q2
Qy Qxn

2

whereas the distribution of X,

115

It is an important result of the multivariate Gaussian distribution, see Barndorff-Nielsen (1978), that we can
parametrize the statistical model defined by letting (¢, Q) vary freely, either by (¢, Q) or by the parameters of the
marginal distribution

@ = @(5,Q) = (§1,Q11),

and the parameters of the conditional distribution

W= w(EQ) = (& — Oy §.0n Q.00 — Q10 Q).
when these two sets of parameters vary freely in their respective domains

(p,y)e A= B.
This is seen by solving for § = § (p, §) and Q = Q (p, §) for any value of (y, ) in the domain of definition.

The important relation
_ -1
|Q| = |Q11||sz =010, Q12

(A.26)

is most easily interpreted by noting that the left hand side is the normalizing constant in the density of X, whereas the
right hand side is the product of the normalizing constants in the marginal distribution of X, and the conditional
distribution of X, given X, respectively.

The interpretation of € as the variance of X is paralleled by the interpretation of ' as the precision or information in
X. The basic ‘duality’
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between marginal distributions and conditional distributions is nicely displayed in the result that the zariance in the
marginal distribution is found by restricting the variance matrix Q to €, whereas the precision in the conditional
distribution of X, given X, is found by restricting the precision Q7' to (Q7),, = Q. This is seen from the well-known
result

(O =0y - 0001 Q.

The basic estimation problem is that of finding estimates of § and € when we have T independent identically
distributed observations from (A.25).

LEMMA A5 Let X, . . ., X,be independent identically distributed Gaussian variables with mean & and variance Q then

. [ .
£ =T7) X=X

Q =11 (X- X)X X)),

and the maximized likelthood function is given by

Lo T = 2re)P 1021,
(A.27)
PROOF The likelihood function is
T -ip -1 1 -1
L(EM) = TL(2n) 101 e ( — Sor (7 (K = (K= )
(A.28)
or, with ¢ = Tp log(2n),
T
—2l0gL(£,0) = ¢ + Tlogll +er (7' (¢ — E)(EKr — 6)') .
=1
(A.29)
The parameter § enters only in the last expression which can be simplified as follows
RGN RO TE D)
=@ - DE XY + T T X - X -6
(A.30)

The last quantity is non-negative and only zero if ¢-x, which shows that the maximum likelihood estimator of § is *.
Inserting this and applying the notation =77, - b, - we find
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—2logL(£) = — 2logL{X.0)
=c 4 Tlog

Q‘-I—Tzr{ﬂ_lﬁ}

=c + Tlog

ﬁ‘ +Tir (0T 0 — log

n‘lﬁ‘).

By Lemma A.6 this is minimized by a-a. This shows that the maximum likelihood estimators are as indicated.
Inserting these in the likelihood function we find

—2logL(X,0) =¢ + Tlogll| + pT,

which shows (A.27).

The basic regression problem is solved similarly.

LEMMA A16 Let X, = B' v, + e, t =1, ..., T, where vare deterministic regressors and care independent Gaussian variables with
mean zero and variance Q. The estimates of 3 and €2 are given by

T P T . -1
= (Zrzlva ) Zr:lva # =S Syx
-1 T : -1
=T ZI:IR”R xt = Sxx — Spplpr S

S T

with
a -1
By =Xy — By =X — Spiyp vy

PROOF The likelihood function is found from (A.28)

T
—2logl(8.02) =c + Tlogl| +£r {02 _IZ(X;- — Bl (X — Fve)' )
f=1
(A.31)
We apply the same trick as in (A.30) and find
(7Y (e— B = B
=i (@Y (K= BV X - B
+r( T B> -

The last expression is non-negative and equal to zero only if s-3. Thus the maximum likelihood estimator is &, and the
estimate of € is found as before.

O

In regression it is often convenient to perform the estimation in a two-step procedure, and we show here how this is
done.
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LEMMA A17 Let X, = o' u, + B' v, + ¢, where uand vare deterministic regressors, and ¢ are independent Gaussian variables with mean
zero and variance Q. The estimator of o« can be calenlated in two steps as follows:

1. First regress Xand non vgiving residnals R and R, that is, correct Xand nfor v,
2. The maximum likelihood estimator of o« can be found by regressing R on R,

PROOF The likelihood function is found from (A.29) and is given by

— 2logl{a, 2,50

SINCT . . . e
=c+?’logﬂ‘+zr{ﬂ Dl (K —ou— YK — olug— £’}

Minimizing with respect to 3 gives the equation

T
D (X — Gy’ =0,

f=1
or
Sy — oSup = 5 Som.
Inserting the solution for 3 we find

. a . ' -1
Ky—o'up— Bvy =X —oup— (S — o 8 )8 ve

=Ry — o' Ry,

With -t -0, a0d 2e—u-s.5:.. Thus the concentrated likelihood function is

T
—2ogL(m,80) =c + Tloghdl +&r {2 D (Rye — o Rye) (Rye — ' R)'}
f=1

(A.32)
which shows, see (A.31), that the estimate of « is found by regression of R, on K,
]

This result is of course closely related to the interpretation of « as the effect of # on X, corrected for 2, which is the
ceteris paribus assumption usually made in econometrics.

LEMMA A.18 [ et

A1 =o' ve+ o'z +a1r
Ko =Fur+ea,

where (¢, €,) are independent Gaussian variables with mean zero and variance matrix
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0 0
o | B
B2 QO

Here nand vare deterministic regressors. Then

B f —1 . -1
E(Xu\Xzf) =o' ve + (o'g — D0 B s + 01205 Ko
—1
Var(Xu\Xzf) =05 — 0005 00 =041,

B(Xy) =Fu,
Var(Xqe) =0

The parameters .z~ 0unig) 0005 00 vary independently of the parameters (3, C.,). This shows that estimates of o and B can be found
as follows

1. Regress X,on uto determines and. .
2. Regress X, on v, u, and X,giving regression estimatess,asz, andi,.,.
3. Calenlate &, =afina =i+ Bl =G+ G000 by

PROOF This follows from the properties of the Gaussian distribution.
O

The reason that the simple regression solution exists to this problem is that although the two equations do not have the
same regressors, it still holds that the regressors for X, are a subset of the regressors for X, This is the structure that
allows a simple solution.

A.4 Principal Components and Canonical Correlations
Let again X be Gaussian N, (§, Q). Let (A, 1) solve the eigenvalue problem
|)J - Q| =0,
such that 1"Q 1V = A. The variables Y = "X are distributed as
N ey ar) = Ny (FEA)

which shows that the components of Y are independent and that the variance of Y’ is A. These linear combinations are
called the principal components of X. By the results about eigenvectors and eigenvalues they can be characterized as
follows.

Let u € R and consider the function

Jp) =Var(p &) fp'n = w0t o'
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From Lemma A.7 it follows that the direction p. which maximizes the variance of p'X is given by the eigenvector » and
the maximal variance obtainable is A..

Similarly it is seen that the function f (i) is maximized among all directions p orthogonal to #, by the eigenvector 2,, and
that this restricted maximum value is X,. To see this note that if p'Q », = 0, then . € sp(»,, . . ., ») such that u = (2, . . .,
2)%. Then

S =E0n. . wp) Qe ) E s ) R0 vp)E
=¢diag(Ma, . . Ap)ESEE

which is maximized by ¢ = (1, 0, . . ., 0), giving the maximal value A,.

Next let X, and X, be p-dimensional Gaussian variables with mean zero and variance matrix
G 0
0= 11 12 .
On Q2

We can, as before, find the principal components of X, and X, by solving the eigenvalue problems |A [ — €, | = 0 and
LI — Q,,| =0 respectively, but we shall here consider the relations between the variables and consider the function

2 syl . 2,00 ,
plipe)” = Cor(p' X0/ X )" = (' Q)™ / (' O p) (0" ).

We want to find directions p and v in which this (squared) correlation is maximal. Lemma A.9 shows how one can
solve this maximization problem, by solving the ‘dual’ eigenvalue problems

2 —1
‘.0 011 — 01205 n21‘ =0,

(A.33)

2 —1
‘p Oz — 0l 912‘ =0

(A.34)

Let the eigenvectors for (A.33) be I, and the eigenvectors for (A.34) be 1,. The eigenvectors #, and #, are called the
canonical variates, and o is the canonical correlation. Note that if we define new variables U, = 1”'X then U, is
Gaussian N, (0, ]), and the covariance is given by

Cov( U Uz) =¥ 102k = diag (g1, - . .op).



Weak Convergence of Probability Measures on R
and C[0,1]

The purpose of this appendix is to explain the concept of weak convergence on C[0, 1], the space of continuous
functions on the unit interval [0, 1], and hence explain what is behind the formulae involving Brownian motion, which
appear in the discussion of the limit distributions in cointegration theory. The principal reference is Billingsley (1968).

The main conclusion is that apart from weak convergence of finite-dimensional distributions, which can be proved by
applying the central limit theorem on R/, we need to be able to bound the oscillations of the stochastic process. Hence
apart from some general arguments involving compactness, separability, and other notions from functional analysis we
need to make a genuine probabilistic argument in order to prove an inequality for the maximal fluctuation of the
stochastic process in question.

Once weak convergence is understood, we can use it for two purposes, first to show the existence of stochastic
processes on C[0, 1] like Brownian motion, and next to find distributions of suitable functionals of Brownian motion.
The continuous mapping theorem immediately gives the limit distribution of functionals that are continuous on CJ0,
1], and Donsker's invariance principle then shows that we can calculate limit distributions by choosing a suitable
measure that converges weakly. This is also what is used for simulating the limit distributions. In many ways a more
convenient tool is convergence on D0, 1], that is, the space of functions that are right continuous and have left limits.
It is, however, a bit more complicated to explain, so we focus on C[0, 1], even though some of the results are more
naturally formulated for D|0, 1].

B.1 Weak Convergence on R

It will be assumed that the reader is familiar with the notion of weak convergence on R and R/, and that the central
limit theorem is well known, but for the sake of completeness let us just state the basic definitions and results in the
following form:

Let Pand P, » =1, 2, . . . be probability measures on the Borel sets of R’.



240 Weak Convergence of Probability Measures

DEFINITION B.1 The sequence P converges weakly to P if

/fdPnﬁ]de,nﬁm,

Sfor all bounded real valued continuons functions on K.

This definition is easy to formulate but is difficult to work with in specific examples, and it is convenient to have
criteria for convergence which do not involve so many functions. It is enough to consider functions that are not only
continuous, but also continuously differentiable with a bounded derivative. It is also enough to consider the special
functions

Fixy =2 s R

This gives rise to a discussion of the characteristic function. If instead of the continuous functions we consider
functions of the form

Fixy=I{x; =at,... xpSap},

we get the well-known definition of weak convergence that states that we have weak convergence if the distribution
functions converge in points of continuity for the limit distribution. All these results are proved by showing that the
particular class of functions, that we restrict attention to, can be used to approximate continuous functions. All
definitions and results about weak convergence of probability measures can be given an equivalent formulation in
terms of random variables. Thus the basic definition of weak convergence can be formulated as follows.

The sequence of p-dimensional random variables X, converge weakly with P as their limit distribution if the
distribution P, of X converges weakly towards P. Convergence in probability of X to X requires that both variables are
defined on the same probability space and is defined by sy, -x2s% 0.~ for all 8 > 0.

The basic result that we need in all asymptotic analysis is the central limit theorem which in a simple form states

THEOREM B.2 (The central limit theorem.) Let X be a sequence of independent identically distributed p-dimensional random variables
with mean § and variance Y., and let S, = X, + =+ + X, then

2 (S — ) — Np(0.,> )—ca.

The central limit theorem for martingales generalizes this result to hold for a much larger class of random variables
allowing different distributions and dependence between the variables, and we give this below:.

LetX,,t=1,...,Tand T=1, 2, ... be an array of vector valued stochastic variables. Let * be an array of o-fields
such that Fr-icfr, and such that X, is measurable with respect to .
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THEOREM B.3 Under the assumptions that

B(X74lFrs1) =0,

B.1)
T 2 F
Soaerdr|xrd> 6 [Fro- = 0.oraits >0,
f=1
T P (B'2)
D Var(XrdFre—1) =1,
f=1
i bO/dJ' l‘/?élf:{,---Er_:x';lia't_u..'). <B3)
The first condition states that the finite sequence X, . . ., X, is a martingale difference sequence with respect to the

increasing sequence of o-fields #r..frr. The second condition is the analogue of the classical Lindeberg condition,
which can be replaced by

T
ZE‘XTIF 0
=1

The last condition requires that we have normalized the variables properly. This version of the central limit theorem is
taken from Helland (1982), see also Hall and Heyde (1980).

B.2 Weak Convergence on C[0, 1]

We now turn to weak convergence for measures defined on the space of continuous functions on the unit interval:
Cl0, 1]. The basic stochastic process, Brownian motion, is defined as follows:

DEFINITION B.4 The Brownian motion W(?), t € |0, 1] with variance Q is defined as a stochastic process with the following properties

Wi =0
| B.A4)
Wi} is Np(020).
(B.5)
The process has independent increments.
(B.0)
The process is contfinuous as a funciion af f.
B.7)

If Q = 1 the process is called standard Brownian motion.

If I is a Brownian motion defined on some probability space we can find the distribution of the process by mapping
the probability measure into the space C[0, 1] by the mapping

w— ().
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That is, to each w we consider the sample path #— /(7 which by definition is a continuous function. For this to make
sense one must of course first define a o-field on C[0, 1]. We therefore define the o-field C generated by the open balls

Blzp,) = {x € C[0 1) :sup |x () — zp(8)] = &)
f

Here B(x;,, 9) is the ball around the function x, with radius 8, that is, the set of all functions which deviate less than &
from the given function x;, or in other words, all functions lying in a 26 band around the function x;. Thus we consider
the uniform norm on CJ[0, 1].

On (]0, 1] there is also a notion of convergence that is important

Iy —x ifsup lx, () — x| — 0 — oo,
#

that is, convergence of a sequence of functions x, means uniform convergence on the unit interval.

Various functionals defined on C|0, 1] are continuous with respect to this notion of convergence. Consider for instance
the evaluation functional I, which to any function x associates the value of x at the point s, that is

L:(x) =x(s).

It is clear that if x, — x (uniformly) then it also converges at any given point, and hence that I, is continuous and hence
measurable with respect to the o-field C. This shows that sets of the form

{zxis) Sapi=1....n},

are measurable, and hence that we can discuss the distribution of the process at a finite number of points, the so-called
finite-dimensional distributions.

Another continuous function that will be considered is the functional

x— flx(ﬁ)dﬁ,
0

which to any continuous function associates the integral of the function. To see that this is continuous, let x, — x; and
evaluate

‘ f (al®) — x (0t
1]

Z /llxn(ﬁ) — x ()1t < sup |z, (8) — x (£
0 f

Since convergence of x, to x is defined such that x, converges uniformly to x, we see that also the integrals converge.
The functional : - Jia
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is also continuous by the above since the mapping from C[0, 1] to C[0, 1] : x — x’ is continuous. Consider finally the
functional from C[0, 1] to CJ[0, 1] defined by

Lix(e) =frx(u)du.
i}

This is also continuous, since

sup IL{x)(8) — L0 = sup |2 () — (@)1
f i

The definition of weak convergence on C[0, 1] is then given by Definition B.1, which has to hold for all bounded real
continuous functionals defined on CJ0, 1].

Theorem B.5 (The continunous mapping theorem) Ijx, " x on C|0, 1], and if L is any continnons functional on C|O, 1| with values in
Reor C[O, 1], then L(Xy) A (XY .

PROOF This is one of the results where the definition used for weak convergence is easily applied, since what we want
to prove is that for any bounded continuous function f: R* — R, or C[0, 1] — R it holds that

B(f(L{An))) = B LLADD).
This is obvious since the mapping
x = F{Lx))

is a composition of continuous mappings and hence continuous, and bounded because fis bounded.

O
Corollary B.6 [jx, % x then alsofixwa= fixwaon R and
/'Xn(z)a‘z ifX(z)d:MC[o,l].
1] u]
Proof This follows since the mappings = /iwa and - fswa are continuous.
O

Corollary B.7 [jx,% x, then also the finite-dimensional distributions converge.
Proof This follows since the mappings
x = (x(E1x(52), 05 (55))

of C]0, 1] into R* are continuous.
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Thus if we have weak convergence to, for instance, Brownian motion, we can immediately get weak convergence of a
number of interesting functionals like the integral, which is the one we need.

B.3 Construction of Measures on CJ[0, 1]

How then do we construct measures on the space C[0, 1], and how can we prove weak convergence? There is a simple
way of constructing a sequence of measures on C[0, 1] which will now be discussed.

Consider the random variables Y, . . ., Y, with values in R. We form the partial sums §, = Y, + *=- + Y, and construct
the continuous random function X (7 by the definition

Hle) =1 S+ (3 — (213 ¥ 41

(B.8)

Note that if ## = £, £ an integer, then
Xnlty=n S

The continuous function # — X (?) interpolates lineatly between the values at the points £/ Thus X (7 is a continuous
function which is 0 at #= 0. The mapping from the probability space of the random variables X into C[0, 1] given by
(B.8) induces a probability measure P, on C[0, 1]. One should of course check that this mapping is measurable. Thus
we can construct measures on C[0, 1] which have all their mass on some rather simple functions, namely the piecewise
linear functions. As #» — o these functions become very jagged, and under suitable conditions on the random variables
one can show that P, converges weakly. In this way one can actually construct the Brownian motion as a limit of
random walks.

Let us therefore start by assuming that Y, is a sequence of independent identically distributed binary variables taking
the values 1 and —1 with equal probability, such that §, is a random walk. Note that E(Y)) = 0, and Var(Y)) = 1, and
denote the probability measure on R induced by Y, ..., Y, by 0.

From the central limits theorem it follows that for any fixed 4 the limit distribution of X (7) is Gaussian with mean zero
and variance 7 This is seen since

% S — MOL),
and the extra term from the expression for X (), see (B.8), is bounded in norm by
n_'rj:lsaiillf';cl,
B.9)
which tends to zero in probability by Chebychev's inequality:
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@, 0r mazge, Y|z 80 =ad, {?x_-‘}'l = &)
<6 2BV (n _"Yl 2 6} 0.
Similarly we can see that for any finite number of points 7, . . ., 7 the joint distribution of X(#), . .., X, (z) converges

to the joint distribution derived from standard Brownian motion. This joint distribution is most easily expressed by
saying that the increments are independent and Gaussian with a variance equal to the length of the time interval.

We saw above that if there is weak convergence we must necessarily have that the finite-dimensional distributions
converge, but unfortunately this condition is not enough to ensure weak convergence, and this chapter is an attempt to
explain the nature of the extra argument that is needed to prove weak convergence.

B.4 Tightness and Prohorov's Theorem

In order to discuss this we must define and discuss the notion of tightness of a family of probability measures.
On R it is well known that for any probability measure P it holds that for all § > 0 there exists a compact set

[—aal = {xERp:|x,-|Sa,-,i:l ..... v,

such that P[—a, 4] =2 1 — 8.

Similarly for any sequence of probability measures that converges weakly on R’ there exists a compact set [—a, 4] such
that for all # it holds that P[—a4, a] = 1 — e. The general definition on CJ0, 1] is

DEFINITION B.8 A family of probability measuresr-on C|0, 1] is called tight if for all 5 > 0 there exists a compact set K for which

F(Ky 21— 6 forallPc P,

Informally one can say that if there is weak convergence the probability mass cannot ‘escape to infinity’, and it is this
property that is called tightness. This property is what is needed apart from the convergence of the finite-dimensional
distributions to ensure weak convergence on function spaces.

We now formulate Prohorov's theorem for C[0, 1]

THEOREM B.9 (Prohorov's theorem.) Letrbe the family of probability measures on C|0, 1\. Theniis tight if and only if any sequence

tnvhas a convergent subsequence.
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In order to apply this result to the random walk considered above, assume for a moment that we have proved that the
sequence of probability measures P, induced by the functions X (7 given in (B.8) were indeed tight. Then we could
extract a convergent subsequence P, say. Let the limit probability measure be denoted P,, such that #, = ... Since weak
convergence implies that finite-dimensional distributions converge we must have that P, has the finite-dimensional
distribution of the standard Brownian motion. It is not difficult to see that two probability measures are equal if they
have the same finite-dimensional distributions. The basic argument behind this is that we can approximate the ball
B(x,, ) by the finite dimensional sets

{(x€C[01]|x G fn) —xp(ifn)| < 6i=01..x}.

Thus the finite dimensional sets are a determining class since they determine the probability measure uniquely, but not
a convergence-determining class since an extra condition is needed to ensure convergence. It follows that P, is
standard Brownian motion, and since the limit is the same for any convergent subsequence the sequence itself must be
convergent to standard Brownian motion. Note that the result actually defines the Brownian motion as the process on
Cl0, 1] with finite-dimensional distributions as defined by the properties (B.4), (B.5), (B.6), and (B.7). Thus if we can
prove that P, is tight then we can use Prohorov's theorem to show the existence of Brownian motion. The following
quote is from Billingsley (1968:20).

The finite-dimensional sets are thus a determining class in C]0, 1] but not a convergence-determining class. The
difficulty, interest, and usefulness of weak convergence in C[0, 1] all spring from the fact that it involves
considerations going beyond those of finite-dimensional sets.

The proof of Prohorov's theorem involves general arguments from topology and functional analysis, and will not be
discussed here. The main importance is to link the notion of weak convergence of probability measures with the
notion of compactness in the space C[0, 1]. This raises the important issue what such sets look like. For a function in
Cl0, 1] we define the modulus of continuity as follows

wy(5) = sup |x(s) —x(2)]
F—f|<f

A function x is uniformly continuous if #,(8) — 0 for 8 — 0, and a set of functions A is equi-continuous if = .« +o
for 5 — 0.

THEOREM B.10 (Arzéla—Ascoli) The set A in C|0, 1] has compact closure if

sup e dlx (0] < coandsup yeawy () — 0fors — 0
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Thus a compact subset of C[0, 1] is a closed set of functions which is equi-continuous.

B.5 Construction of Brownian Motion

We can now give the basic theorem that can be applied to prove tightness of a sequence of probability measures for the
situations that we consider.

THEOREM B.11 The sequence P is tight if the following two conditions are satisfied:
For each positive v, there exists an a such that

Pol{xlxiDza) spuz=1l.

For each positive e and v, there exists a 8, with 0 < & <1 and an integer nsuch that

5_1Pn {x: sup |x(s) —x()lz=} =4,
FESEF

(B.10)
Jorall 0 =t <1 — & and all n = n,.

The reason for giving this theorem and the story behind it is to see that the type of condition that is needed to prove
weak convergence is a condition that bounds the local oscillation of the stochastic process, and it is useful to collect the
important inequalities in probability that allow one to evaluate the fluctuations of stochastic processes, like the maximal
ergodic lemma, the martingale inequality, Kolmogorov's inequality etc., see Billingsley (1979). In the present context we
need to show that a suitable compact set has large measure. For the space C[0, 1] the compact sets are defined by the
property that the modulus of continuity should be uniformly small, and condition (B.10) above shows that if the
stochastic process allows a suitable bound upon its fluctuations as measured by the modulus of continuity, then the
probability measures are tight and allow weak convergence.

As an example of the type of calculation that is needed to prove (B.10) consider the random walk §, and the
continuous process X,(#) defined in (B.8). Let 0, denote the probability on the space where Y, . . ., Y, are defined and
let P, denote the distribution of X () on CJ0, 1].

In order to show that for the random walk S, condition (B.10) is satisfied we note that
(599 resgrtalKn(6) — Xn(®)| 22)

for large values of #, is roughly the same as
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{ tmax |S;.;| Zen ).
1%k ]

The probability of this can be evaluated by

20,{ max Spzen}.
12k [nb]

In order to bound this we apply the basic reflection principle, see Feller (1971), to the symmetric random walk and find
for x < a

On {232 Si 2 aSn =) =0y (Sy=22—1).
such that

y {mazi cpemsy = a}

-1
= 0 O (e cpemSk 2 4Sm =%} + Oy (S 2 4}

r=-—m
=0 o Sm=2a— ) +Qy (Sm2a) 220, (Sn2a}.
Hence we can evaluate for ¢ > 0
O max S zen ) 20, {S[nﬁ] Zen ).

12k2 [16]

By the central limit theorem this can be approximated by the tail of a Gaussian distribution 2 - s~ which by
Chebychev's inequality for the fourth moment is bounded by 658%™, hence

5710, ( max Spzen’) 22670, (Spyzen’) — (1—8(e6 )] +66s 7
12k= 1]

This shows that for any e and n we can choose a 6 such that condition (B.10) is satisfied for # sufficiently large and
hence that the process X, is tight.

This completes our ‘proof’ that the measures P, constructed on C[0, 1] from the random walks converge weakly to
Brownian motion. Using Prohorov's theorem we have actually proved the existence of Brownian motion.

B.6 Stochastic Integrals with Respect to Brownian Motion

If Fis a distribution function on [0, 1] and fis a continuous bounded function, we define the integral of fwith respect
to F by the limit

el

1 -1
/D FIdP @) =tm > () (Flug) — Flug)),

i=0
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where the limit is taken over all partitions of the unit interval
O=up=u; < ... <uy=1,

as max,< /< »—1 |u,, — u| — 0.

00—

This defines the Riemann—Stieltjes integral. We can replace F by a function of bounded variation, that is, a function for
which

n—1
Z|F(“i+1) - F(ui)| Z¢ <« oo foral partitions.
=0

If we replace F by Brownian motion then in order for the limit to make sense we need another definition of the limit
since Brownian motion does not have bounded variation.

Let therefore X(#) be a stochastic process with continuous sample paths and W(#) Brownian motion. Assume that they
are both measurable with respect to an increasing family of o—fields fuxe 0.1,

We then define the stochastic integral [fxww as the L, limit of
n—1

D X () (Wlug1) — Wiap)

=0

(B.11)

where the limit is taken over all partitions as max,. ., |#

+1

—u| — 0.

Thus it is part of the definition that

1 n—1

Var[ f X@W) — S ()0 (1) — W(u;-)} -0
0 i=0

The existence of this limit is not at all obvious and requires a detailed study, see Karatzas and Shreve (1988). If I has

bounded variation, then it holds that

/IF(dWJ =R —/IW(H)dF(H),
i} i}

such that in this special case the stochastic integral can be calculated as a Lebesgue—Stieltjes integral. Note that
n—1

D R Wt 41 — W)
i=0

is distributed as

n—1
M0,y F(e) (41— o),

i=0
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which converges weakly to
N(O,le(u)EducrE).
0

Hence ffrwm is distributed as wo/f#ww?. The main application of the theory of stochastic integrals is in stochastic
calculus, but this is not what we need it for. What we need to observe is that various product moments like (B.11)
converge, and we apply this fact to express various limit distributions in terms of stochastic integrals.

Once these expressions are found the distribution is simulated using expressions similar to (B.11) for a sufficiently fine
partition.

B.7 Some Useful Results for Linear Processes

We summarize some useful results about sums and product moments for multivariate i.i.d. processes e, with mean zero
and variance matrix &, and apply them to linear processes.

THEOREM B.12 For a sequence of p-dimensional independent identically distributed variables with mean gero and variance S it holds
that

]
T 5= W),
=1
(B.12)
2 T f f W 1
I I ] W ()W (',
=1 i=1 i=1 0
(B.13)
i T =1 W 1
i Z(Zq)s*fa] WA,
=1 i=1 0
(B.14)

If F.(9) is a sequence of deterministic functions defined for t = 1, . . ., 'L, which converge to a function F defined on [0, 1], such that
FE([T#)) — F(u), then

< wofl 1
T ZEfFT(ﬁ)'—)/ (a‘W)F*:W(l)F(l)*—/ W (w)d P (u)’
] i}

f=1

(B.15)

T ¢t w
TS eF ey — /IW(H)F(H)*@.
1]

f=1i=1

(B.16)

The result (B.12) is Donsket's invariance principle for convergence in the space C[0, 1] (or D0, 1]), see Billingsley
(1968), and the second follows



Weak Convergence of Probability Measures 251

from the continuous mapping theorem applied to the continuous functional = /f:wswre. The result (B.14) and (B.15)
are proved in the paper by Chan and Wei (1988) applying the Skorohod representation that replaces weak convergence
by almost sure convergence. Finally (B.16) can be proved like (B.13) by applying the joint weak convergence of the
processes s e and 7ol Sww, and the continuous mapping ) - [y,

In the analysis of the autoregressive model we meet many processes generated by linear combinations of the e and we
need the results from Theorem B.12 for such linear processes, see Phillips and Solo (1992). We therefore define the
linear processes

] o0
U= Z’ﬂzﬁr—:‘yr = ZW:‘Sf—i,
i=0 i=0

where we assume that the coefficients &, and ¢, decrease exponentially fast such that e@=s20s and se =520 are
convergent for |g| <1 + & for some & > 0. This guarantees the existence of the processes U, and 17, in the sense of
almost sure convergence and gives the formula

[av]
Yo (1) = Cov(UeV g yp) = D 800 1 g0
=0

THEOREM B.13 Under the above assumptions on the processes Uand Vit holds that

. F
T max [T — 0,
124=T

(B.17)
_ry, w (1)
T — Wi,
2|7, Lm) w“
(B.18)
where W(u) is Brownian motion. Further we have
2 T f f w 1
OISO O w(l)[ﬂ W)W () dup(1)’,
f=1 i=1 i=1
(B.19)
f—1 Ww 1 [alv]
T‘lz(zvi)vw ﬂ(l)/u WAWYP(1) + > Fun ()
f=1 "i=1 h=1
(B.20)

o1 = NOARHDAP)).
1

T__

T
f=

(B.21)
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If E\([Tu)) is a sequence of deterministic functions that converges to a function F(u) then
1 ¥ !
T O UNFrEy = a1 fu W (u)F ()’ du,

f=1 i=1

(B.22)

and

T W 1 1
T_'ZUfFT(z)’ —wﬂ(l)fn @ F =31 [WDHF(1Y —/D We)dF i)' ]

f=1

(B.23)

PROOF The result (B.17) follows from the inequality

P{l?ra;;T|Uf| 2sT) = . P(|UdzeT)

Ss_zE(‘Ul‘zl{‘Eh 2T} 0.

This result shows that the continuous process we find by interpolating linearly between the values of = v, converges in
probability, and hence weakly, to zero on C[0, 1].

The proof of the remaining relations consists in reducing the results to the corresponding results given for ii.d.
variables in Theorem B.12. We expand the function 9(3) at the point ¥ = 1, see Lemma 4.1, and find

B(z) =8(1) + (1 —2)8 (),

where for 7 # 1 and |z — 1| < & we have the expansion

@ =0 -8 (1-=-> 2 (> tp=- 7

i=0  j=i+l i=0
This gives the representations
Ur=4(Ues + AT V=9l + AV,

whetre
* o0 * * o0 *
UI' = Z'ﬂ’i 51‘—1’:Vf = Z‘@Z Er—i,
i=0 i=0
such that
by by " "
S U=t e+ T, —Up.
i=1 i=1

(B.24)

Normalizing by - we find from (B.17) that (B.18) follows from (B.12). The continuous mapping theorem applied to
the process =™, and the functional «- ffiwswa shows (B.19).
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We next insert (B.24) and a similar expression for 1, into (B.20) and get

BN B S
=775 @D s U — U@+ A

=o' T S e agy +e 7Y O eary
+75T W - v

From (B.14) it follows that the first term converges towards
1
ﬂ(l)/u W@y (1Y,

and we next find the limit of the remaining terms. From the partial summation

=1 T

S (S = (e e

f=1 i=1 f=1 =1

we find by dividing by T that the law of large numbers implies

T i1 . F " oo oo
ST ear o —aEEET) = O 0 e).

t=1 i=l i=0 i=1
Finally the third term gives the limit
—1 T " ® F " s s']
T Z(Uf_l — U W' — B(U,_ (V') = — ZZ’B:'W'J-
f=1

j=li=;

It remains to check that

s} oo 0o 0o s} Jas) s}
Z'&Jﬂzw i ZZ‘*!’QW} = Z'ﬂin Z waj = Z’}'uv (k).
i=0 i=1 j=li=j i=0 J=i+l h=1

To prove (B.21) we apply the central limit theorem for martingales (Theorem B.3) and define the o-fields Fri=atei..sn
and

¢ =0 g,
Ve =01V,

Xre =T sy
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Since 17, is measurable with respect to i it follows that X, is a martingale difference sequence, that is, condition
(B.1) is satisfied. We calculate the sum of the conditional covariances in (B.3).

T T . - F
—1 ,

S Var(XrFre—1} =IQQT™'> Veil'ey 1

=1 f=1

Finally we apply the stationarity of the processes to see that the Lindeberg condition is satisfied

T - -
S ENX e 1 {1 X7l 28) =Elled” e 1T (N1 | 2T 6} — 0.
f=1

This clearly implies condition (B.2). Thus the central limit theorem applies and the proof of (B.21) is complete. Finally
(B.22) and (B.23) are proved from (B.15) and (B.16) using the representation (B.24).
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