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ABSTRACT. We show that the order of integration of a vector au-
toregressive process is equal to the difference between the mul-
tiplicity of the unit root in the characteristic equation and the
multiplicity of the unit root in the adjoint matrix polynomial. The
equivalence with the standard I(1) and I(2) conditions (Johansen,
1996) is proved and polynomial cointegration discussed in the gen-

eral setup.

1. INTRODUCTION

An autoregressive process is integrated of order d, if its characteristic
equation has d roots at z = 1 and the remaining lie outside the unit
circle. This is not true in the multivariate case, because the order of
integration of a vector autoregressive processes is not established by
the multiplicity of the unit root in the characteristic equation. For this
reason, some extra conditions are needed in order to write down the
moving average representation. Johansen (1988, 1992) imposes neces-
sary and sufficient conditions on the parameters of the autoregressive
process and derives the corresponding moving average representation
for I(1) and I(2) processes. His work is related to Engle and Granger
(1987), who start from the moving average representation of an /(1)
process which exhibits cointegration and derive the corresponding error
correction model; unfortunately the proof of the Granger Representa-
tion Theorem is not correct (see Johansen (2005a) for a counterexample
to Lemma 1). Other proofs of the same theorem are based on the Smith
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form of a matrix polynomial (see Engle and Yoo (1991), Ahn and Rein-
sel (1990) and Haldrup and Salomon (1998)) and on the Jordan rep-
resentation of the companion form (see Archontakis (1998) and Bauer
and Wagner (2003)). Other relevant papers in this area are Gregoire
and Laroque (1993) and Gregoire (1999), who discuss polynomial coin-
tegration in a very general setup and Neusser (2000), who points out
some interesting algebraic properties of the (1) model. An attempt
to characterize explicitly the polynomial cointegration properties of an
I(d) process from its autoregressive representation is la Cour (1998).
See Johansen (2005a) for an exhaustive survey of the mathematical re-
sults concerning the representation theory and Johansen (2005b) for an
application of similar ideas to fractional integration and cofractionality.

In this paper we study the I(d) multivariate case and show that
one can determine the order of integration of a vector autoregressive
process as the difference between the multiplicity of the unit root in
the characteristic equation and the multiplicity of the unit root in the
adjoint matrix polynomial. This result arises from observing that the
reduced rank of the characteristic polynomial at z = 1 translates into
a zero versus non zero statement about the adjoint matrix polynomial.
This then allows to write the inverse in such a way that the order of
the pole at the unit root becomes explicit, resembling what happens in
the univariate case.

The paper is organized as follows: in section 2 we introduce the
VAR(k) model and the standard definitions of integration and cointe-
gration and in section 3 we prove the main Theorem on I(d) processes.
In section 4 we show the equivalence with the standard (1) and I(2)
conditions (Johansen, 1996) and in section 5 we discuss polynomial
cointegration. The last section contains some concluding remarks.

2. VAR(K) MODEL AND STANDARD DEFINITIONS
Consider the p—dimensional autoregressive model
(2.1) Xy =1L X +1LXy o+ + I Xyp + 6,
or ITI(L)X; = ¢ and ¢ is an i.i.d. process.

Definition 2.1. The process X; = C(L)e; is stationary if C(z) =
Yoo Ciz' converges for |z| < 14§ for some § > 0; it is 1(0) when it
is stationary and C(1) # 0; it is 1(d), d > 0, if AX; is I(0).



Cointegration and polynomial cointegration are defined as follows

Definition 2.2. The I(d) process X; is cointegrated if there exists [3
such that ' Xy is I(b) with b < d. It is polynomially cointegrated if there
exists Oy, for k=0,---,d— 1, such that Zi;é B AR X, is stationary.

3. POLES, ORDER OF INTEGRATION AND MULTIPLICITIES

The characteristic polynomial of (2.1) is the p X p matrix function

k
M(z) =1, — » 1Lz,
=1

and the characteristic equation is defined as |I1(z)| = 0, where |II(z)| =
det(II(z)) is a polynomial of degree n < kp, |II(z)| = >, d;z". From
II1(0)| = 1 it follows that zero is not a root of the characteristic equa-
tion. Let n, be the number of distinct roots z;, each with multiplicity
m;; the determinant can thus be written as

3.) ) = d [[ 2™ = (= = 1)70(2)

where ¢g(1) #0 and 1 <m < n.

Assumption 3.1. The only unstable root is at z = 1; that is |II(z)| =0
implies z; =1 or |z| > 1.

Evaluating the characteristic polynomial at the roots of the char-
acteristic equation we get reduced rank matrices; at the unit root we
write II(1) = —af’, where « and 3 are p X r matrices of full rank r < p.

The inverse is defined as the adjoint matrix I1,(z) = Adj(I1(z)) di-
vided by the determinant
[a(2)

(3.2) I(z)"' = 1))

Since I1(z) has reduced rank at the roots of the characteristic equation,

7/37&{1,... 7Zn'r}'

(3.2) is not defined at z = {1,--- , z,,}. These singularities are known
to be poles but at the moment nothing can be said about their order.

Proposition 3.2. If Assumption 3.1 holds, then X, is I(d) if and only
if I1(2)™! has a pole of order d at z = 1.

PROOF. By definition X; is I(d) if AYX; = C(L)e; with C(z) =
Yoo Ciz' convergent for |z| < 1+ ¢ for some 6 > 0 and C'(1) # 0; then
[(z)'=C(2)/(1 - 2)? has apole of order d at z = 1. m



Now consider the numerator in (3.2) at z = 1: when we evaluate the
adjoint matrix polynomial at the unit root we have that!

II,(1) =0, when r < p — 1,

because the determinant of any p—1 X p— 1 minor extracted from I1(1)
is zero and

IT,(1) # 0, when r = p — 1,
because there is at least one non singular p — 1 x p — 1 minor in II(1).

It follows that z—1 can be factored out a times from I1,(z), for some
a >0 when r < p—1 and for a = 0 when r = p — 1; consequently we
have that

Ma(2) = (= = 1)°H(2),
where H(1) # 0, and a > 0.

The only way of having a pole at z = 1 in (3.2) is if 11,(z) goes to
zero at a slower rate than |[II(z)|. Equivalently, we could say that it
must be the case that a < m.

This is exactly what Theorem 3.3 below makes precise.

Theorem 3.3. If Assumption 3.1 holds, the order of integration of X,
18 equal to
d=m — a,
where H(1) # 0, in Il,(2) = (z — 1)*H(2) and m is the multiplicity of
the unit root in the characteristic equation.
PROOF. Assume that a = m — d and H(1) # 0,; then
M,(2)  H(z)

) (2= 1D)g(2)
from which we see that II(z)~! has a pole of order d at z = 1; thus X;

I(z)™ "

is I(d) by Proposition 3.2. Assume now that X; is /(d); by Proposition
3.2 it follows that I1(2)~* has a pole of order d at z = 1. Then (z —
1)@=DII(2)~" is not defined at z = 1 and G(2) = (2 —1)I(z)~"! is such
that G(1) # 0,. This defines H(z) = I1,(2)/(z — 1)™~%9 which implies
a=m—dand H(1) =¢g(1)G(1) #0,. =

Thus the order of integration of the process is simply equal to the
multiplicity of the unit root in the characteristic equation minus the
multiplicity of the unit root in the adjoint matrix polynomial. We know
how to calculate the roots of a polynomial; then it is clear that we can

IWe use 0, for the p x p zero matrix and I, for the identity matrix of the same

dimension. For non square matrices we write both the row and column indexes.
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find m, the number of roots at z = 1 in (3.1) and m;;, the number
of roots at z = 1 in entry ¢,j of II,(z). Then a = min;; m;; and the
process is integrated of order d = m — a.

Example 1 (Johansen, 1992): Consider the model

1 2 0o L
- X 2 AX
(24> ”(%M) ”(

with characteristic polynomial

B -1 -2+ 3(1—2)
(=) = < —2+3(1—=2) —3—1—5(1—2)—22)’

and characteristic equation

— N

= O

) AZXt = €4,

2
()| = —(1=2) (6 +1 = 2+ (1 - 2)).

Assumption 3.1 is satisfied if 6 =0 or 6 > 3. When d >3, m =1 and

g(z)=0+1—2+ %(1 — 2) is such that g(1) = §. Since I1,(1) # 0 we

have thata =0 andd =m = 1. Whend =0, m = 2 and g(z) = 1432

is such that g(1) = 2; then I1,(1) # 0 implies d = 2.

Example 2 (Paruolo, 1996): Consider the model

00 3 0 0 —3
Xe=101 0 | X4+ 0 0 O Xi—2 + €,
: 0 2 -3 0 -1
with characteristic polynomial
1 0 —3(1-2)
II(2) = 0 1—2 0 ,

—2(1-2) 0 (1—2)2

and characteristic equation

I = (1- 21 -2,

Then Assumption 3.1 is satisfied, m = 3 and g(z) =1 — % is such that

9(1) = 2; the adjoint matriz polynomial is

(1—2)3 0 2 £(1—2)?
o (z) = 0 (1-2)(1—%) 0 ;
RS 1

from which it is easily seen that a = 1 and thus that d = m —a = 2;
thus the process is integrated of order 2.
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4. EQUIVALENCE WITH THE STANDARD /(1) AND /(2) CONDITIONS

We want to prove the equivalence with the standard conditions in
Johansen (1996) and derive the explicit expression of H(1). We intro-
duce the following notation: let A, be the orthogonal complement of
an m X n matrix A of rank n < m, let A = A(A’A)~! and write the
Taylor expansion of II(z) at z =1 as

: 1(1) 2 3

H(z) =1I(1) + II(1) (2 — 1) + T(z — 1)+ (2 — 1)°II3(2).
The order of integration is established (Johansen, 1996) by some re-
duced and full rank conditions on specific matrices: X; is I(1) if and
only if [TI(1)] = 0 and |o/,TI(1)3.| # 0; similarly, the I(2) condition
states that the order of integration is two if and only if [TI(1)] = 0,
|/ TI(1)B.| = 0 and |a488:] # 0 where § = M1 4 T1(1)3a'TI(1),
= &1, By = Puny, & (1)L = &' and €, 7 are p—r X s matrices
of full rank s < p —r. Using (3.1) and Theorem 3.3 we rewrite the
identity II(2)I,(2) = I, (2)II(2) = |II(2)|1, as

(4.1) (=) H(z) = (= — 1)g(2)],

and H(2)I(z) = (2 — 1)%(2)I,. At z = 1 they read oFH(1) =
H(1)ap" =0, and mean that

H(l) = ﬁJ_CdalLa
for some p — r X p — r matrix (g of rank 0 <ry <p—r.

Proposition 4.1 (I(1) case). A necessary and sufficient condition for

o/ TI(1) 3| # 0 is that
a=m—1
in I,(2) = (# — 1)°H(2) and H(1) # 0,. The explicit expression for
H(1) is
H(1) = g(1)Br(a’ 11(1)5L) e,
PROOF. Assume a = m—1 so that d = 1; differentiate (4.1) at z = 1
to get II(1)H (1) —afB'H(1) = g(1)1, and thus

&\ (181G = g(1) L.

Then g(1) # 0 implies |G| # 0, o/, TI(1) 31| # 0 and ¢ = g(1)(/ T(1)51) 7,
and thus the I(1) condition is satisfied.

Assume now the /(1) condition holds and suppose d = m —a > 1;
differentiating (4.1) at z = 1 we get alﬂ(l)ﬁL(d = 0p—p; since (g # 0,

this contradicts |/, II(1)5.| # 0 and implies m —a=1. =



In the next proposition we consider the I(2) case:

Proposition 4.2 (I(2) case). A necessary and sufficient condition for
o/ll;[(l)[ﬂ = &n' and |az0B2| # 0, where § and n are p—rx s matrices of
full rank s <p—r, 0 = @—l—ﬂ(l)@o‘/ﬂ(l), as =a, & and By = (11,
18 that
a=m—2
in I, (2) = (# — 1)°H(z) and H(1) # 0,. The explicit expression for
H(1) is
H(1) = g(1)Ba(0y06) "o

PROOF. Assume a = m — 2 so that d = 2; the first derivative
of M(2)H(z) = H(2)I(z) = (2 — 1)%g(2)1, implies o/, T1(1)3,.( =
G (161 = 0, and thus |Gl TI(1)61] = 0 if [a/ II(1)3.| # 0
then (; = 0,_, contradicts H (1) # 0,; thus |/, II(1)5,| =0, /| II(1)3, =
&n' where € and 1 are p — r X s matrices of full rank s < p — r and
(o = n € for some p—r—sxp—r—s matrix ¢ of rank 0 < t < p—r—s;

then H (1) becomes
H(1) = Bini€ o, = Barpal.
Note that the first derivative of (4.1) provides the equality
(4.2) FH(1) = &TI(1)H(1).
The the second derivative of (4.1) implies
(4.3) o TI(1)H (1) + 20/, TI(1) H (1) = 29(1)c,..

Using I, = BB, + Bﬁ’ we see that aiﬁ(l)H(l) = &fB H(1) +
o H(BFHQ) = &3 H(1) + o TI(1)3a'TI(1)H (1) by (4.2). Thus
(4.3) becomes

() +11(1)Ba'TI(1)

. H(1) + €0/F H(1) = (D)o

(4.4) o)

Pre and post multiplying (4.4) respectively by &', and @, we see that
(45) 00820 = gD, .

Then || # 0, |a4032| # 0 and ¢ = g(1)(ah03s) ! follow from g(1) #
0 and the I(2) condition is satisfied.

Assume now the I(2) condition holds and suppose d = m — a > 2;
(4.5) becomes

Oééeﬁgﬂ) = Op—r—s
and ¢ # 0,_,_, contradicts |a4002| # 0 and implies m —a =2. m



These two equivalences allow us to understand the standard /(1) and
I(2) conditions as imposing a particular shape to the adjoint matrix
polynomial, which in turn ensures that the pole at the unit root has
order one or two; in these cases the principal part of the Laurent expan-
sion of (3.2) around z = 1 consists of one or two terms and translates
into a moving average representation which involves the cumulation
(or the double cumulation) of the stationary process that generates the
stochastic trends.

5. POLYNOMIAL COINTEGRATION

The results of the previous section can thus be interpreted as al-
ternative proofs of the Granger Representation Theorem in the I(1)
and I(2) cases: the order of integration is established by Theorem
3.3, the explicit expression for H(1) indicates the directions in which
cointegration is to be found, and the restrictions implied by (4.1) and
its derivatives define the (polynomial) cointegration properties of the
process. In the I(2) case, for example, we write the inverse of II(z) as

H(z)
(z = 1)%9(2)’

where H(1) # 0, and ¢(1) # 0, and H(z) as

H(Z)_l = ¥ 7é {17 te 7an}>

H(z)=HQ1)+ H(1)(z — 1) + (2 — 1)2Ha(2).
From the calculations in the proof of Proposition 4.2, we have that

(5.1) H(1) = Binipgal, [¢] #0,
(5.2) BH(1) = a'TI(1)H(1).

Thus the polynomial cointegration properties of the process are the
following;:

Proposition 5.1. Let X, be 1(2) and 3, = B.n; then 3'X; and 3, X,
are I(1), and B'X, + &'TI(1)AX, is 1(0).

PROOF. From (5.1) we have that 8'H(1) = 0,x, and 81 H (1) = Osxp;
thus the functions 3'TI(z)~! and B]I1(2)~! have a pole of order one at
z = 1 and correspond to ' X; and (§;X; being I(1). Using (5.2) it is
easy to see that the function {ﬂ' +(1- z)d’f[(l)} I1(2)~! has no pole
at z =1 and corresponds to /X, + &11(1)AX, being 1(0). m
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The only polynomial cointegrating relation that involves the levels
and reduces the order of integration from two to zero is:

B'X, + aTI(1)AX,.

Note that (5.1) and I, = B’ + 31/3] + 285 imply H(1) = 3505H (1);
thus the coefficient of the pole in (1—2)II(z) is actually 3»3,H (1). This
means that there are terms in @'II(1)AX; which do not help eliminate
the non stationarity of 4’ X; and thus are not needed. Thus the minimal
choice is to take

B'X, + &TI(1) BB AKX,
as in Johansen (1992).

Now consider a process integrated of order d. The Taylor expansion
of TI(2) is

(z—1)"+ (1 — 2)%4(2)

d—1 (1)

> M (1)——A"X, + (L) AX, = ¢
o n!

in terms of the stochastic process. Since A?X; is 1(0) and II4(L) is a

finite order polynomial, IT4(L)A?X; is stationary.

Then Zi;é H(”)(l)%A”Xlg is also stationary. The polynomial
cointegrating relation that involves the levels and reduces the order
of integration from d to zero is simply
11(1) _

— AN = (=1 — —AX,

2 et S P !

The difficulties arise when we want to find the minimal representa-

. me-n(1
BX, +aT(1)AX, — & =1y (1)

tion (see la Cour, 1998, for the I(3) case). Further investigation is still
needed to find a tractable solution in the general case.

6. CONCLUSION

This paper has extended the way we understand the order of inte-
gration in the univariate case to vector autoregressive processes. It has
shown that there exists a very natural representation of the inverse of
the characteristic polynomial, in which the order of the pole at the
unit root is explicit. This result significantly simplifies the proof of the
Granger Representation Theorem in the I(1) and I(2) cases.
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