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Abstract

The aim of this paper is to provide a new perspective on the non-
parametric co-integration analysis for integrated processes of the sec-
ond order. Our analysis focus on a pair of random matrices related
to such integrated process. Such matrices are constructed by intro-
ducing some weight functions. Under asymptotic conditions on such
weights, convergence results in distribution are obtained. Therefore,
a generalized eigenvalue problem is solved. Differential equations and
stochastic calculus theory are used.
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1 Introduction

The importance of notion of co-integration introduced by Engle and Granger
(1987) stimulated a vast amount of theoretical and empirical works. A wide
number of studies have investigated the properties of co-integrated system
of order one, I(1), (Engle and Yoo, 1987; Johansen, 1988, 1991; Johansen
and Juselius, 1994; Stock and Watson, 1988; Phillips, 1991). Some economic
series like prices, wages, money balances etc., seems to be more smooth and
more changing than what is usually observed for I(1) variables. Such process
are called I(2). Co-integration among I(2) process has been recently analyzed
in a growing number of theoretical and empirical studies (Johansen, 1995;
Paruolo, 1996; Jorgensen et al., 1996; Rahbek et al., 1999; Banerjee et al.,
2001; Nielsen, 2002; Kongsted, 2003; Kongsted and Nielsen, 2004).
Johansen (1995) discusses inference for 1(2) variables in a VAR model.
A two reduced rank regressions estimation procedure is proposed and the
asymptotic distribution of the estimators is provided. A multivariate test for
the existence of 1(2) variables is applied to U.K. and foreign price and interest
rates as well as the exchange rate. Paruolo (1996) proposed estimators of the
number of common components integrated of a given order in a VAR system.
The analysis is based on the Johansen (1995) approach and allows for a
determinist component in a VAR system. A joint test for the presence of a
linear trend is presented. Rahbek et al. define a VAR model for 1(2) process
which allows for trend-stationary components and restricts the determinist
part of the process to be at most linear. A two step statistical analysis of
the model. An application for UK monetary data illustrates the approach

proposed. Banerjee it et al. empirically study the proposition that inflation



and murk-up are related in the long run in the sense proposed by Engel and
Granger (1987) and that higher inflation is associated with a lower murk
up and viceversa in a [(2) system. The findings show that levels of prices
and costs are characterized as integrated process of order 2 and that a linear
combination of the levels cointegrated with price inflation. In addition, a long
run-relationship where higher inflation is associated with a lower markup
and viceversa is found. Nielsen (2002) studies the long-run and short-run
structure in the price and quantity formation of Danish manufactured exports
by applying a multivariate cointegration model for 1(2) variables. The data
evidence a level shift in the Danish Market share. To take into account this
effect, Nielsen includes a step dummy in the model and restrict it to allow
for level shifts in all directions.

Kongsted (2003) developed a sequential procedure for testing the hypoth-
esis that a common second order stochastic trends loads into a set of variables
in known proportions. The procedure is applied to the analysis of small im-
port price determination for the Danish data over the period 1975-1995.

Kongsted and Nielsen (2004) provide a general and formal characteriza-
tion of the partly differencing approach. Specifically, they derive the proper-
ties of a transformed vector process obtained by partly differencing an 1(2)
process. The transformation eliminates the I(2) trends while retaining a
possible cointegrating relationship between the variables.

This paper proposes an extension of the Bierens (1997) nonparametric
approach to the I(2) process. Bierens (1997) proposes new consistent co-
integration tests and estimators of a basis of the space co-integrating vectors

that do not depend on the specification of the data-generating process. The



tests proposed are conducted analogously to Johansen’s (1988, 1991) tests,
inclusive of the test for parametric restrictions on the co-integrating vectors.

The analysis is carried out on the construction of two random matrices.
To this end, we define a collection of weight functions involving the data
generating process. By imposing asymptotic conditions on such weights,
convergence results for the stochastic matrices are obtained.

The existence of such weights is assured by solving a differential equation
and their functional shape is provided. Thus, a generalized eigenvalue prob-
lem is solved and nonparametric co-integration results for I(2) process are
given. 1

The paper is organized as follows. Section 2 describes the data generating
process. In section 3 the random matrices are defined and their asymptotic
behavior is studied.

In section 4, non parametric results via convergence theorems are ob-

tained. Section 5 concludes.

2 Preliminary assumptions on the /(2) process

In this section we analyze the data generating process. We provide several de-
finitions, assumptions and results in order to let this work be self-containing.
We start from the definition of a multivariate integrated process of order
d € N with drift.

Definition 1 Given p,d € N, Y, is a discrete time p-variate integrated
process of order d with drift p € RP if and only if

Y, = p+ Ve = p+ (1— L) e, (1)

!The same problem has been addressed in Cerqueti and Costantini (2005). A different
approach has been used to obtain nonparametric convergence results for I(d) processes.
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with Y; = (Y, ..., YY), L is the lag difference operator, i.e. Le; := €1, and

e = (€},...,€)) is a zero mean stationary process.

We denote Y an integrate process of order 2 as Y; ~ I(2) (the presence of
the drift will be omitted in the notation).
We don’t lose of generality assuming Y, = 0, and we make this assumption

for the rest of the paper. In fact, it is easy to verify that for each d € N
Yim I(d) = Y~ Yy~ I(d). 2)
Furthermore, denoting the difference operator A := 1 — L, we have
Vi I(2) = AY, =Y~ Y, ~I(1); (3)

Y, =AY, + AY,_y + ... + AY;. (4)

By (3) and (4), we have that the ¢-th realization of an I(2) process can be
viewed as the sum of the first ¢ realizations of an I(1) process.

Let us now describe the data generating process. We state some conditions
on the zero-mean process e.

We assume that the Wold decomposition theorem for the process € hold. Due

to this fact and fixed t = 1, ..., n, we can write
€ = Z Cipi—; =: C(L)pr, (5)
5=0

where p, is a p-variate stationary white noise process and C'(L) is a p-squared
matrix of lag polynomials in the operator L.
We state now some assumptions on the process. The first one concerns the

matrix C'(L).



Assumption 2 The process €; can be written as (5), where p; are i.i.d. zero
mean p-variate gaussian variables with variance I,, and there exvist Cy(L)
and Cy(L), p-squared matrices of lag polynomials in the lag operator L such
that all the roots of detCy (L) are outside the complex unit circle and C(L) =
Ol(L)flog(L).

L =1 is a root of the lag polynomial equation C(L) — C(1) = 0. Therefore,

there exists a lag polynomial D defined as
D(L) =Y DyL*
k=0

such that C(L) — C(1) = (1 — L)D(L).
We can write

e = C(1)p + D(L)(1 — L)py. (6)
Let us define (; := D(L)p;. Then, substituting ¢, into (6), we get
e =C()p + G — G1- (7)

(7) implies that, given Y; ~ I(2), by recursive calculation we obtain
t
AY, =AYy + ¢ — G+ put +C(1) D py. (8)
=1

If rank(C(1)) = p—r < p, then the process AY; is co-integrated with r linear

independent co-integrating vectors vy, ..., V.

Remark 3 By Assumption 2, we get that C(L)p; and D(L)p; are well-
defined stationary processes and the series

Sa, Soch S D, S DDf
k=0 k=0 k=0

= = k=0

converge.



Assumption 4 Let us consider R, the matriz of the eigenvectors of C(1)C(1)T

corresponding to the v zero eigenvalues. Then the matrix RI D(1)D(1)" R,
15 nonsingular.

We formalize now the assumption related to an orthogonality condition be-

tween the eigenvectors matrix and the drift vector.

Assumption 5

Ry =0.

The last assumption is trivial in the case of = 0, in absence of drift.

3 The stochastic matrices and their asymp-
totic behavior

In this section we provide the tools used to achieve nonparametric results. A
pair of stochastic matrices related to the data generating process are defined.
Let us introduce an integer m > p, an index k = 1,...,m and the real
functions F}, and Gj.

We define the stochastic matrices as follows.

Am = Z an,kag,k; <9>
k=1
Bm = Z bn,kbz;m (1())
k=1
with
MY,AY
VI I Fu(x) Fu(y) min{z, y}dady
and ,
MA Y
b = \/ﬁ—n’ (12)
[ Fr(z)?dx

7



where

MYAY = ZGk t/n)Y; + — ZFk t/n)AYy; (13)

MAY = - Z F(t/n)A?Y,. (14)
t=1

Remark 6 The introduction of a pair of stochastic matrices allows for a dis-
tinguishing between stationary and nonstationary part of the data generating
process. A,, and B, are related, respectively, to the non stationary part of

the process and to the stationary one. This fact is implied by the presence in
A, of Yy and AY;, and in B, of the second difference A?Y;.

Now we prove an important convergence result.

Theorem 7 Assume that Assumption 2 and the following properties for the
functions Fy and Gy, hold.

tt+1)

ngrfoon : 1%1%}%‘ Gi(t/n) — tFk(t/n)‘ = 0; (15)
= 2 Fult/n) = of1); (16)

n\l/ﬁ tz:tFk(t/n) — o(1): (17)

[ | F@)Fiw) min{a, yhdady =0, i £ j; (18)
/F / y)dzdy =0, i % (19)
/F 2)de =0, i ] (20)

Then we have the following convergence in distribution:

( MYAY (B, Gy) v/ ) ( C(1) [ Fiy(x)W (2)de )
M2 (Fy)/n COFWW (1) — | fila)W (z)dz) ( |
21

where W 1is a p-variate standard Wiener process and fi, is the derivative of
Fy.



Proof. By (2), (3) and (4), we can write
MYAY — ;gak(t/n)[go T+ ey| - X;Fk tn)AY;  (22)
Using the definition of the p-variate normal random variable ¢;, we get
AY; = Zt: €j + pt ~ teg + pt. (23)
j=1

Therefore, by (23), (22) can be rewritten as

1 YAY _ " (t +1) L
W.Mn A [; (Gi(t/n) 5 +tF(t/n))] —i-nf;ﬁ;tﬂg(t/n).
(24)
By hypothesis (15) it results, for each t =1,...,n
Gultm Y < aapm), 2

as n — +00.
Then, by Proposition 3, hypotheses (16)-(20) and by the theory on standard

2 m

Wiener measure calculus, we prove the theorem.
The weight functions defining the matrices A,, and B,, exist. Moreover,
it is possible to provide the functional shape of Fj and Gy, in order to be
the conditions (15)-(20) fulfilled. First of all, we can easily prove that the
weights F}, are trigonometric functions. We formalize this fact in the following
proposition.

Proposition 8 Let us consider, for each k,

Fi(z) = cos(2kmx).

Then the conditions (16), (17), (18), (19) and (20) hold.

2For the details on the Wiener measure calculus see Bierens (1994), Billingsley (1968)
and Phillips (1987).



From Proposition (8), we obtain that the weight Gy exist. The following
result hold:

Proposition 9 Assume that, for each k, F}, is as in Proposition 8.
Moreover, assume that

km(t/n)+ 1

Gultfm) =~ "L 4y qeR (26)
and
n- max{’;Gk(l/n) — cos(2i7r) : n(n; 1>Gk(1) - n‘} = o(i). (27)

Then the condition (15) holds.

Proof. We can replace in (15) the functions F}, with their explicit expression

provided in Proposition 8. We get

, t(t+1) 2kmt.|
nl_l)gloon - max Gi(t/n) — tecos( - )’ =0. (28)
Then there exists € > 0 such that
t(t+1) 2kt 1
1%”\ 5 Gilt/n) — teos(= )| ~ gy (29)
Let us define
t(t+1 2kt
f(t) := ( )Gk(t/n) — teos( ). (30)

2

The weight functions G5 can be found by imposing a growth condition on
the auxiliary function f and an asymptotic condition on the extremal values

f(1), f(n). At this aim, we provide an estimate of the first derivative of f.

2t +1 tt+1) 0 2kt 2kmt . 2kmt

JHOE 5 Gr(t/n)+ o EGk(t/n)—cas( . )+ " sin( " ) >
> %QHGk(t/n) + t(tQ—; D aatGk(t/n) -1- 2]:“5 = 0. (31)
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The last term of (31) is a differential equation on Gy. Its solution is

2 krn(t/n)+1
Gy(t/n)=— ———F—— , c R.
Due to the fact that f is increasing with respect to ¢, the condition (27)

implies that (15) holds. =

4 Nonparametric results

In this section we show the implications of the choices of the functions F} and
G in the construction of the stochastic matrices. Substantially, we analyze
the consequences of Theorem 7.

From Theorem 7 the following result holds.

Theorem 10 Assume that the hypotheses of Theorem 7 hold.
Then we have the following convergence in distribution:

( MYAY (Fy, Gy)//n C’(l)Xk\/fka(a:)Fk(y) min{z, y }dzdy
MEY (F)v/n C()Yi/[ Fi(x)2dz |

(32)
for each k, where X and Y} are independent p-variate standard normally
distributed random vectors such that

- [ Ey(x)W (z)dz |
VI I Fi(@) Fy(y) min{e, y}dady

(33)

FOW() = | fula)W (@)do

o= [ Fy(x)?dz

(34)

By the hypotheses of the previous theorem and the Assumption 4, we have

the following result.

Theorem 11 Assume that the hypotheses of Theorem 7 hold and there exist
r linear independent cointegrating vectors (thus, we get the existence of the

11



matriz R, defined as in Assumption 4) such that Assumption 5 holds.

Then we have the following joint in k = 1,...,n convergence in distribution.:
RTMYAY (Fy, Gr)v/n RT'D(1)Yy/ [ Fi(x)2dz
— , (35)
2
RTM2Y (Fy)n Fy,(1)RI'D.Z

where the Yy ’s and Z are independent p-variate standard gaussian, Z inde-
pendent on Fy, Y, defined as in Theorem 10 and D, is such that

> DyD{ = D,D!.
k=0

Theorem 12 Let us assume rankC(1) = p — r. The following convergence
in distribution results are satisfied:

I, 0 I, 0 RT AR, nRT AR,
RTA..R = —
0 nl, 0 nl, nRT'A,R, . n*R'A,R,
( RI (1) Sfy XiXTC(1) Ry, RE,C(1) iy XY D) R, )
R

RTD(1) i, WY XTC()T Ry, RED(1) T, 1YY DR,
(36)
and

L, 0 L, 0 Rl \ByR,., +/nR!_ BuR,
R'B,,R — _
0 /nl, 0 /nl, VvnR'B,R,., nRTB,R,
(RZ,«C(l)Z% V.Y, C(1)"R,—, R} .C(1)XiL, 0YrZ" D] Rr)
.

RI'D, Y0 6.2V FC()TR,—, RID, > 62 ZZT DT R,
(37)
where X;, Y; and Z are the same defined in Theorems 10 and 11.
Furthermore, the following convergence in distribution holds:

RTA-'R 0 0
T;” — ) (38)
0 V-

,m

12



with

Vim = R'D(1 ny VY D()'R, — (RID() Y. wYiX{C()T R, )-

k=1
(RL,C() Y. X XFC)R,,) - (RL,C(1) X XY DO)'R,).
k=1 k=1

By Assumption 4, we deduce immediately that the matrix V. ,, is not singular
a.s..

Let us denote
X; = (RL,C)C)"R,-,)* RL_,C(1) Xy,

Vi = (RL.CO)CO) R, ) RE,CO)Yi. (39)

p—r
By Anderson et al. (1983), Bierens (1997) and using Theorem 12, we prove

the following result.

~

Theorem 13 Let us consider 5\1,m > ... > A\pm the ordered solutions of the
generalized eigenvalue problem

det[ Ay, — A(Bm +n724,5] =0, (40)

and let us consider A\i, > ... > Ay, the ordered solutions of the general-
1zed ergenvalue problem

M M
det| 3 X; X" = A Vv =0, (41)
k=1 k=1

where the X7 ’s and Y;"’s are i.i.d. random variables following a N,—(0, I, )
distribution. If z; is co-integrated with r linear independent co-integrating
vectors, then Assumptions I, Il and III assure that we have the following
convergence in distribution:

Mams - Apm) = Mms -+ o5 Aperm, 0, .., 0)

13



Let us define now
Y = (RTD(1)D(1)"R,) 2 RTD(1)Y4. (42)

We have that Y* ~ N,.(0, I,.).

Moreover, we can write the matrix V,.,, as

Vi = (RTD(1)D(1)" R,)3V;,, (RTD(1)D(1)" R,)?, (43)
where
m m m 1, m
Vi = () = (w5 (XX T) (X wxayy ).
k=1 k=1 k=1 k=1
(44)

Thus, we get the following result.

Theorem 14 Let us consider A\, > ... > A}, the ordered solutions of the
generalized eigenvalue problem

det[V,, = \(RID(1)D(1)"R,) ™| =0, (45)

with V', defined as in ({4) and the X;’s and Y;*’s are i.i.d. random vari-
ables following respectively a N,_,(0, I,_.) and N,(0, I,.) distribution.

Under the hypotheses of Theorem 13, we have the following convergence in
dustribution

~ ~

02 (Aprttims - - - Apm) = (AT A2)

In Theorem 14, the relationship between data generating process and sto-
chastic matrices is provided. In this way we formalize the theoretical non-

parametric approach to give an estimate of an I(2) process with drift.

5 Conclusions

Co-integration among I(2) process has been recently analyzed in a growing
number of theoretical and empirical studies. This paper proposes a new ap-

proach for co-integration analysis of I(2) process. The differential equations

14



approach is used to provide an explicit shape of the parameters involved in
the model. A generalized eigenvalue problem is solved and nonparametric

convergence results are obtained.
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