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1. Introduction

infinite horizon optimal growih problem, varicug turnpike theorems suggest that steady state
Per capita output is independent of injtjal conditions. Further, differences in micreeconomic
Parameters will generate stationary differences in Per capita output and will pot imply differ-
€nt growth rates, when (he forms of utility functions vary.! Consequently, when one ohserves
differences in per capita output growth acrosg countries, one musi either assume that these
couatries have dramatically different microeconomic characteristics, such as different pro-

duction functions or discount rales, or regard thege discrepancies as transitory,

Launched primarily by the theoretical work of Romer [1986] and Lucag (1988], much
attention has focused on the predictions of dynamic equilibriurn models for long term be-
bavior when varjoyg Arrow-Debreu assumptions are relaxed. Lucas and Romer have shown
© that divergence in long term growth can be generated by social increasing reburns to scale
associated with both physical and human capital. When there exist various types of pogi-
tive feedbacks from capital formation to production which are not internalized by individual
agents, mulliple steady states may result. These steady states aze indexed by the initial con.
ditions of an £conomy; consequently, these models predict that convergence will generally
ot hold. More generally, economies characterized by strong complementarities will possess
multiple steady states, For example, Murphy, Shieifer and Vishny {1989] show how increas-
ing returns to scale can induce a multiplicity of steady states because of ageregate demand

! For the standard time separable growth madel, if rates of time Preference vary acrosg coun-
tries, tonsumption and GNP for the more impatient country become asymptotically negligible,
Ilence crasa-country variation across this dimension will not lead to interesting forms of diver.
gence. However, Jones and Manuelli [1990] show that if the marginal product of capital differg
sufficiently across countries, then divergence can oceur in a competitive equilibrium model, They
emphasize how cross-country differences in fmacroeconomic policies, such as tax rates, can lead to

divergence for countries with similar prefercnce and preduction specifications.
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complementarities; Tleller [1936] obtains sunilar results based solely on imperfect compeli-
tion. This literature has typically concentrated on demonstraling how sLatic economies may
exhibit multiple equilibria. However, Ticller {1990} has shown that multiplicity can be ex-
tended to infinite horizon growth problems. Further, Durlauf {1991a,b] shows how stochastic
formulations of complementarilies can lead to long run divergence in the sample paths of

per capita output for different economies.

An empirical literature exploring convergence has developed in parallel to the new
growth theory. Prominent among these contributions is the work of Baumol {1986], De-
Long [1988] and Baumol, Blackman, and Wolff [1989]. Mast of this research has argued
that the historical data is consistent with the convergence hypothesis. In particular,-Ba.umol
and his coauthors argue that over long horizons, there is a negative correlation between Lhe
initial per capita income of & country and its subsequent growth rate. This correlation means
that, on average, relatively paor countries tend to catch up. Barro [1990] has also examinet
convergence from this perspective using a large cross-section of countries from the Heston
Summers data set. He does not find convergence in the raw correlations but when proxie

for human capital development are included the countries do appear Lo be convetging.

The purpose of this paper is Lo propose & new definition and set of tests of the conve:
gence hypothesis. Chur research differs from much previcus empirical work in that we ca
the notion of convergence in an explicitly stochastic framework. Technical innovation at
capital accumulation are continuing processes which lead to random yet permanent mov
thents in per capita output across countries. Convergence in the face of stochastic technic
innovations essentially asks whether permanent movements in one country’s per capita o1
pnt are associaled with permanent movements in other countries’ outputs. Recent advan
in lime series analysis, notably the theoty of cointegration, provide 2 natural language
Lesting cross-country relationships in permanent output movements. The role of cointeg
lion in addressing long run convergence was first explored by Campbell and Mankiw [19¢
we extend their analysis both through new data analy;iis and testing methodologies as 3

as by developing additional information on the structure of growth across countries.
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Our analysis, which exaniines annual log real output per capita for 15 OECD economies
from 1900 to 1987, leads to twe basic conclusions aboul international outpul fluctuations.
First, we find very little evidence of convergence across the economies, Per capila output
devialions do not appear la systematically disappear gver time. Second, we find that there
is strong evidence of commeon elements to long run economic fluctuations across countries,
As & result, economic growth cannot be reduced exclusively Lo idiosyncratic, country-specific
factors. A relatively small set of common factors interact with individual economic charac-

teristica to determine growth rates,

Cur work is most closely related in spirit to a recent paper by Quah [1990] whe alse
finds evidence against convergence. Quah examines whether there is stochastic convergence
across {almeost all) the capitaliat economies listed in the Summers-Heston {1988] international
output data set, QOur analysis differs from that work in thiee respects. First, we employ
a diflerent econometric framewnrk which leads to alternative tests. Second, we restrict
ourselves to analysis of advanced industrialized economies, [t seems unreasonable to expect
to abserve convergence between sub-Saharan and OECD economies on the basis of post-
1950 data. Qur rejection of convergence therefore is both more surprising and more easily
interpreted in terms of different growth models, Third, we examine data sels which extend
across the current century. A shorter data set runs the risk of missing long run types of

convergence,

Studies similar to ours have been conducted by Campbell and Mankiw [1989] and Cogiey
{1990] who have explored patterns of persistence in international cutput. Using quarterly
post-1957 data, Campbell and Mankiw demonstrate that 7 OECD economies exhibit both
persistence and divergence in output. Cogley, examining 9 OECD economics using a si;-nilar
data set to the ope here, concludes that persislence is substantial for many countries; yet
al the same time he argues that commen factors generating persistence imply that “long
run dynamics prevent output levels from diverging by to0 much.” Results from another
paper, {Bernard and Durlayf [19911]), complement those of both Campbell and Mankiw

and Cogley by slrongly supporting the Persistence hypothesig using a new set of measures
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and test statistics. On the other hand, this work supporis that of Campbell and Mankiw in

concluding that there is litlle evidence of convergence.

This paper consists of a brief Lheoretical introduction to the Lesting methodology, a de-
scription of the statistics used, and a main empirical gection which considers the convergence
hypothesis i both bivariate and multivatiate settings. Additionally there is a description of
the data for the fifteen industrialized countries in our sample preceding the empirical results.
The evidence from the cross-country analysis argues against the notion of convergence for
ihe whole sample. Alternatively there do appear to be groups of countries with common
stochastic elements as one would expect for some of the proximate, similarly structured

economies of Europe.

2. Convergence in stochastic environments

The organizing principles of our empirical work come from employing stochastic def-
initions for both long term economic fluctualions and convergence. These definitions rely
on the notions of unit roots and cointegration in time series. This literature, whose basic
ideas are well exposited in Engle and Granger [1987), formalizes the concepts of trends in

individual series and of relationships in trends across time series.
By a stochastic trend, or unit root, we mean that part of the time series which is
expected to persist into the indefinite fulure, yet is not predictable from the indefinite past.

Definition 2.1. Stochastic trend

Yi contains & stockastic trend if it is nonstationary in levels even afler removing
linear trend, whercas the process is stalionary in first differences. The first difference

have the moving sucrage repreacniation

AYie = ptalL)ecs = g+ ) 6kEi— (21
k=0

where £;, is while noise distributed (0,0’3‘-').
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The part of each innovation that persists into the indefinite [uture is represented as
E(Yio |l €i0) = (T ga)eis # 0, The interactions of stochastic trends across countries

can be formalized into general definitions of convergence and common trends.
Definition 2.2. Common stochastic elements in per capita ouiput

If lag per capits outpuis in countrics i and j satisfy Definition 2.1, then long run growth
in Y, and ¥;, is determined by @ common factor if Yieand ¥, are cointegrated, i.e.

there ezists o constant v sueh that

Yie=p44Y;e 4+ 0, (2.2)

vq.i) and i3 stationary in levels.

where v;; ¢ is distributed {0,
Deflnition 2.3. Siochastic convergence in per capita autput

Log per capita outpul in country i converges to log per capita output in couniry i

Yii and ¥j ¢ have stochastic trends as in Definition 2.1 and if

Y =Y.+ Hija. (2.3)

where 0;; , is distributed (O,crf,w) and is stalionary in (evels,

If & pair of output series satisfies Definition 2.2, but aot Definition 2.3, then they will be
cointegrated but the expected long run output levels for the pair will not be equal. However,

it will remain true that shocks to country i will be related in part to those in country j.

The third definition gives us important testable implications for the convergence ques-

tion. If it is Lrue that countries with differing ‘initial’ incomes are converging to similar
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growth rales and levels of outpul Lhen any pair in such a group will satisfy Definition 2.3.%
The definition says that the difference belween the stochastic components of the two series,
Yo, - Yo will be a zero mean stalionary process. It is important to exclude a non-zero
mean because mosl Lesls we emplay will look at first differences of the devialions between

the series and varying means will help us test the convergence null.

Our definition of convergence is substantially different than thal employed by Baumol,
Delong et al. (See Bernard and Durlauf [1991a] for a comparison of the alternative def-
initions.) These authots have tested persistence by performing 2 cross-section regression
which examines whether over a given time period there is a negative corrclation between
the initial per capita income of a countty and its subsequent growth rate. This definition
captures the qualitative potion of nations catching up to one another, but does not address
the question of whether the economies actually converge. If the world economy experiences a
single episode of technical change, it would be surprising il this change did not migrate from
richer to pooter countries, which would generate the negative correlation we have described.
Our definition of convergence, however, requires that income disparities eventually vanish
Persistence of income disparities is sufficient to reject the turnpike arguments of optima
growth models and lead economists to concenirate on idiosyncratic microeconomic factor
as a source of growth. It is straightforward lo construct a model which generates both .
negative correlation in per capita income and growth and persistent deviations according t

our definition.

1t is important Lo observe that our testing framework, by relying on time series analys
of national oulput movements, presupposes & greater degree of slalionarity in the data ths
is required for cross-section lesiz. In particular, we require that the joint autocorrelatic
function of the first differences of the oulput series is time invariant. Our tests assume th
the initial conditions for the various lime series are washed out when the sample momer

ate computed. In olher words, our procedures assume that the sample moments well apptc

? Py ‘initial', we mean a date before which afl the countrics have gained access 1o simi

technologics.



imate the asymptatic populalion moments of the data. This approximation does not hold
when the data consist exclusively of transition dynamics from some initial conditions, Cross-
seclion tesls impose no such stalionarily. In fact, they are appropriate when one is analyzing
how a set of economies evolve from a single event which induces different initial conditions.
For example, if one were interested jn asking whether the industriat tevolutjon migrated from
country to country then a comparison of initial conditions to subsequent growlh rates makes
sense. Qur methodology is appropriate when one regards technical change as an ongoing
process where distinct permanent shocks eriginate at different points in time. A general
discussion of the relationships between various tests of convergence is contained in Bernard
and Durlauf {1991a)

3. Output relationships across countries

3.1 Ecanometric methodology

We now turn to Lhe cross-country analysis to Jook for cointegration and convetgence.
First we discuss the varjous statistical techniques employed along with their associated
caveats. Then we describe the annual dats series. Next we present the empirical results
on common stochastic elements to growth for pairs of countries, followed by a pairwise look
at convergence, as both were defined in sectiog 2. Finally we use recent techniques de-
velaped by Phillips and Quliaris [1988] for a multi-country look at both cointegration and

convergence.

For bivariate output relationships, we can test for the Presence of common trends
through the use of cointegration techniques. In a companion paper (Bernard and Durfauf
(1930b]), we find all 15 countries in our sample exhibit substantial persistence in Lhe umi-
variale output representations. The presence of persistence, or unit roots, in the univarate
data naturally suggests the use of cointegration techniques for analyzing the bivariate and
multivariale relationships. In particular we employ a methodology described by Engle and

Granger [1987] which is based on the eslimated residuals of cointegrating regressions. To
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Lcst for common stochastic elementa in a pair of countrics we estitnate the equation

Yiu = Cy + %iiYae + Eisee (3.1)

The estimated residuals, é.-,-,,, from this equalion are Lhen employed to compute aug-

mented Dickey-Fuller (ADT) statistics for #;; from a second equation

ALy = —BijEize-1 + B(L)OE -1 + Sijee (3.2)

Since we do not know the actual autoregressive st.ruclture, we choose the minimum of the
t-statistics over a range of lag lengths;a Recommended by Engle and Granger {1987], this
statistic allows for non-white noise processes for the stationary series produced by the coin-
tegrating vector. As is well known, the main deawback of this test is its relatively low power
againat many alternatives. Accordingly, rejections will be taken as a strong signal that 'he

series are cointegrated.

For paitwise convergence, we employ two types of tests to look for unit roots, and thus

persistence, in the difference between the output series,

DYiji=Yia— Yie. (3.3)

First we employ an Augmented-Dickey- Fullerf(ADF) statistic to test for the presence of a
unit root in D¥j;,. Again we choose the minimum of the t-statistics over a range of lag
lengths. In addition we use, asa descriptive device, the sum of the coefficients of the second
order autoregression of DY;j;,. A sum near one indicates a large degres of persistence in the

cross-country differences.

3 Choosing the minimum of the ADF over n range of Iag lengths maximizes the possibility o

finding common stochastic elements in the cutput pairs.
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Second, we employ a series of spectral-based tesis for the first dillerences of DY A
natural way to test for persistence in output deviations is through the zero frequency of the
spectral deasity of ADY;:. When a time series is difference slationary, the zero frequency
measures the variance of innovations to the stochastic trend; when fapv; (0) = 0, then
there is no persistent component to output deviations. However, as documented by Cochrane
(1988) and Durlauf [t 990b], the standard errors of the zero [requency estimates are typically
large. Any rejection of fapv,; . (0) = 1 can be taken as a relatively strong rejection of
persistence in output deviations and thus of divergence. We estimate the zero frequency
of the periodogram under Daniell windows of width 1¢ and §. Additionally we employ an
alternative spectral hased strategy to assess the persistence of outpul deviations, We first
test the speciral properties of output deviations relative to the hypothesis that they are a
random walk with drift. Then we look for departures from the pure random walk hypothesis

to determine whether these deviations are suggestive of mean reversion.

The simple random walk model,

DYijt = DYijucy +mij,0 (3.4)

where {n,;,} is a martingale difference sequence, is a useful baseline for measuring the
persistence of Auctuations. In this case, shocks are entirely persistent as a contemporaneous

output movement is fully incorporated into long term lorecasts.

Jm E(DYijork | 0ig) = mi. (3.5)

We may test this null with statistics based upon the properties of the spectral density
of first differences of the output deviations series, Japy,(w). Since the first difference of a
random walk with drift is a martingale difference sequence with possibly positive mean, it is
possible to capture all second moment implications of the null hypothesis in the requircment

that the spectzal density be shaped as a rectangle.
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1 <& - 1
faov; W)= 5= S capvykle = E;“AY.-,;(O) (3.6,

=" k=—00
where a4 py,, (k) is the autocovariance function.

An equivalent way of formulating the null is in terms aof Lhe normalized spectral distri

bution function, defined for X € {0, 7] as

2 [ fapyy (w)dw -
Fapv,(A}= —La-il—‘,f(—o)—- (a7
Under the null hypothesis,
A

Ho: Fapy,(A) = (3.8

x
i.e. the spectral distribution function is shaped as a diagonal line. By the Cramér Represer
tation Theorem, the apectral density at w equals the contribution of cycles of period 2 /i
to the total variance of ADYy;,. Thus a white noise representation of this process mear
that cycles of all lengths between 2 and oo contribute equally te the total variance of t}

time series. Observe that if DY . exhibits mean reversion, this will be manifested in a lac

of spectral power in the lower frequencies relative to white noise.

The normalized spectral distribution [unction has the advantage that a general asym|
totic theory exists to formalize lests of the random walk model (Durlauf [1990a]). TI
Lests that lollow from this asymptotic theory are based an the diffetence between the samp
notmalized spectral distribution function and the diagonal shape which holds under the me
tingale difference null. Letting Japy;; 7{w) denote the periodogram estimate of the spect:

density of ADY};, over the sample of size T, these deviations can be modelled as a rande

funclion whose domain is (0, 1],

wt
f (M_L)dm te (o1l
0

dapy,{0) 2r
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We present two theorems on the behavior of these deviations and their associated test

statistica. The proofs of Theorems 3.1,and 3.2 are in Durlauf [1990a).¢
Theorem 3.1 Distribution of the normalized spectral distribution function.

If ADY;; . is ¢ martingale difference sequeace, then

Ur(t) = \/“/ (IA""“ () 2,r) du =, Ult) t € [0,1]

apy, (0}

where U(t) is the Browmian bridge on t € [0,1].
Theorem 3.2 Spectral distribution function tests.

Under H,,

1 2 1 2
_ Ur(t) / U(t) a Tyt -
(a} ADp = fo = t)dt e i t)dt = the Anderson Darling statistic.

) 1 .
(6} CVMr = / Ur(t)idt =, j U(t)?dt £ the Cramér-von Mises statistic,
o (]
(€} For fixed ¢, Ur{t) =, N(0,t(1 - 1))

AD7r and CV My diverge if ADY;; is any other M A process.
Ur(t) diverges if Fapy,(X) 7E 2 t= .:.

Theorem 3.2 embodies two perspectives in assessing the behavior of output devialions
relative to a random walk null, The ADy and CVM7 statistics represent general tests
for spectral shape. These Lests are appropriate when a researcher possesses little prior

information on the location of the alternative hypothesis to the pure random walk null.

4 The theorems are valid assuming some technical conditions which we omit. These conditiona

permit a wide degree of heteroskedaaticity in the process.
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When an alternalive is well specified, or a researcher possesses a non-diffuse prior over a
range ol alternatives, then lhe individual Ug(t) stalistics may be more appropriate. For
example, if the relevant alternalive iz long run mean reversion, then the Ur(t) stalislic for
1 = § would be an appropriate statistic to employ, as it identifies the variance contributions
for [0, %], i.e. cycles of L6 years or longer. Bernard and Durlaul {1981c] conclude that
this test has reasonable power against a range of mean reveriing alternatives. Furiher, by
examining the spectral distribution function through the Uz(t) statistics, we can completely

characterize the second momenl properties of the diflerent series.

Finally we turn Lo multivariate tests for cammon stochastic components. Unfortunately,
there is no natural analogue to the spectral distribution function tests we crnploy' in our
bivariate analysis. Hence we rely on analysis of the zero frequency of the spectral density
malrix, recaliing that the zero frequency in this case measures the variance-covariance matnx

of innovations to the various stochastic trends.

For multivariate series, as in the univariate case, common trends and convergence will
impose distinct restrictions on the zefo frequency of the spectral density matrix. Common
trends require that the persistent parts ol different time series be proportional; canvergence
requires that Lhe persistent parts be equal. Let ¥, denote the n % 1 vector of output levels,
AY;: the first differences of that series, DY, the (n — 1) x 1 vector of output deviations such
that Dl?.-‘, = ]7'.-,. - Y’,.,., and ADY, the first differences of the deviations. Proportionality of
the persistent parts, in a multivariate framework, means that the persistent parts of different

series are linearly dependent, which is formalized as

Theorem 2.3 Common factors and spectral density matrix of output differ

ences.

If the number of distinct stochasiic trends in ¥, is less than n, then f, 5(0) ia not «

full rank, :
pf. Engle and Granger [1987].
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On the other hand, if several output geries have the same persistent paris, the output

deviations from a benchmark country must all have zero-valued persistent components.

Theorem 3.4 Complete convergence and spectral density matrix of output de-

viations.

If all n countrics are converging in per capite output, then Fapp(0)ii = 0¥, or
equivalently, the rank of Sapp(0) is 0.

#f. The firat implication is immediatc from the stationarily of ADYiu Yi,j. The
sccond implication follows from the application of the Cauchy-Schwarz inequality for the
#ero frequency of ADY;,, which implies that 0 = fapy; (0)fapy, (0) > fiDanDYu(OJ'
Q.E.D.

Spectral tests devised by Phillips and Ouliaris [1988] and recently used Ly Cogley {1990]
permit us to determine the number of common trends for the 15 output series and then test
for complete convergence. These tests exploit the fact that the spectral density matrix at
the zero frequency measures the variance-covariance matrix of the pPermanent components
of output fluctuations in each country. These 15 components can be expressed as linear
combinations of orthogonal random variables. The eigenvalues of the zero frequency matrix
represent the variances of a particular choice of orthogonal variables. When one or more of
these cigenvalues equals zero, the 15 permanent innovations are driven by a smaller number

of common faclors,

The tests themselves make uge of the fact the the spectral density matrix of first dif-
ferences at the zero frequency will be of rank 4 < n where ¢ is the number of linearly
independent stochastic trends in the data and n is the number of series in the sample. This
reduction in rank is captured in the eigenvalues of the zero frequency of the spectral denaity
matrix. If the zero frequency matrix is less than full rank, ¢ < n, as in Theorem 3.3, then
the oumber of positive eigenvalues will also be ¢ < n. I the matrix has zero rank, as in

Theorem 3.4, then there will be no positive eigenvalues. The particular Phillips-Quliaris test
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we employ s a bounds tesl thal examines the smallest tn = n — ¢ eigenvalues to determine

if they are close to zero.?

4. Data

The dala used in both the empirical exercises are annual log real GDP per capita in
1940 international dollars for current boundaries. The series run from 1900-1987 lor 15
industrialized countries with the GDP data drawn from Maddison [1989] and the population
data from Maddison [1982].% Recent years arc updated from IFS yearbooks.? Figures 1 and
2 present, graphs of the fifteen series over the whole sample in levels and logs respectlvely and
Table t gives the means and standard deviations of the growth rates. The picture in levels
shows dramatic income growth over the period but no absolute narrowing of the overall
spread. In logs, however, the parrowing is substantial. From this visual perspective; the
convergence hypothesis looks to be an appropriate starting point. In particular, the trends
in the various series appear to keep the series within a fixed range. However, Figures 3
and 4 show the fourtecn series as deviations from log US output, i.e. Yii— Yus,. Qutput
differentials narrow across the whole sample, but there does not appear to be any tendency

to converge to the US level.

Other work on convergence, particularly Baumol [1986] and DeLlong [1988), has used
longet time serics from Maddison [1982] for a similar group of countries. Cogley [1990] used
this data for a smaller set of countries. However, significant revisions of the data for the

pre-World War I period have occurred since their original publication.® In light of this we

$ Complete descriplions of the Phillips-Ouliaria test statistic and the critical vafues choeen are

in Appendix A.
% The countries are: Ausiralia (AL), Austria (AS), Belgium (BE), Canada (CA), Denmar}

(DE), Finland (FI), France {FR), Germany (GE), Italy (IT), Japan (JA), the Netherlands {NE})

Norway (NQ), Sweden (SW), the United Kingdom (UK), and the United States (US).
T Population data for 1980-1987.
* GDP data for Canada, Finland, France, Netherlands, md Sweden have all had major change

since Maddison’s original book.
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choose to use only the revised GDP data available in Maddison’s 1989 work. This has the
disadvantage of truncating the length of the seties by 29 years and possibly missing very
long run convergence. However, the data are of substantially higher quality than previous
studies as they correspond more closely Lo current definitions of GDP, given the extra effort

in calculating the early years, and allow the inclusion of more countries with uninterrupted

Several difficulties remain with our particular data set. First, as DeLong (19858] has
argued, the sample includes only countries that have successfully induatrialized and therelore
13 weighted towards accepting the convergence hypothesis. On the other hand, any failyre
to find convergence will therefore be more persuasive given this bias. Qur slatistical tests
will take no convergence as the null; consequently, Delong’s critique will imply that the
size of our tests is lacger than the nominal 5% without any implication for the teats’ power

properties,

some may argue that Germany is a prime example of convergence in action due Lo jts rapid
growth in the past-WWIIL period, the numerous boundary changes and population gains and
losses for Germany over the entire century make inference difficult. We choose to include
Germany for completeness, but we will not stress any conclusions which hinge on Germany's

inclusion.

The population data as published in Maddison (1982] are not adjusted to conform to
:urrent boundaries, as is the GDP data. Failure to account for boundary changes can lead
o large one time income Per capita movements as population is gained or lost. For example,
DP per capita in the UK jumps in 1920 without a correction for the loss of the population
{ Irelend in that year. To avoid these discrete jumps we adjust the popuiation to reflect

10dern borders.® (It should be noted that Cogley [1990] and others do not appear o have

¥ This type of gain or loss affects Belgium, Canada, Denmark, France, Italy, Japan, and the
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made these correclions although it is not clear how much, they affect the reaults.)

The GDP data set also has a [ew potential difficulties. The year to year movements
during the two world wars for Belgium and during WWI ot Austria are constructed from
GDP estimates of neighboring countries. This means that we will be less likely Lo reject
cointegration for Belgium-France, Belgium-Netherlands or Austria-Germany. Again since
our null is no convergence, these linkages increase the possibility of mistaken rejections,

which only affects the size of the tests.
5. Empirical results on cointegration and convergence

5.1 Bivariate tests

The first step in determining if the countries in our sample are converging is to see i
they have conimon stochastic clements as defined in Section 2. To do this we use the ADI
cointegration tests described above. The reaults are presented in Table 2. 39 out of 105 pair

reject the null hypothesis of no ¢ointegration at the 5% level.

These results give some support to the idea that there are common elements in outpu
growth across countries. However, more than one half of the pairs cannot reject the null «
no cointegration and thus it is unlikely that the entire sample is driven by a single comme
trend. A closer examination of the significant statistics shows that a small subset of tl
countries account for almost a third of the rejections lor both Jag lengths. These countries ar
Austria, Belgium, Denmark, France, Italy, and the Netherlands.?® This is not a aurprisii
group of countries to share comman atochastic elements since every member except Denma
has at least one common border with another country in the block. For Belgium and {

Netherlands, it would be astounding if we did not see convergence since these two countr

UK at least once. If territory, and thus pepulation, are lost by country X in year T, we adj
earlier years by extrapolating backward from Ti using the year-to-year population changes

country X.
19 These six countries plus Germany reject in 18 pairs or almost ha!f the total.
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bave highly intertwined economies, are members of Benelux and have a common culiyre.
We will make use of this group of countries in the multivariate analysis (o help identify the

sources of cointegration for larger samples,

Proximity can help explain other cointegrated pairs such as US-Canada, and Finland
with Denmark, Norway and Sweden, while former colonial ties may account for Australia-
UK. Geography alone cannoi explain all the results, Pajrs such as Belgium-Japan and
France-Japan remain troublesome. However, cointegration does not necessarily imply con-

vergence to similar cutput levels,

To better understand the results from the ADF cointegration Lests, we look at the dis-
tribution of the estimated cointegration coefficients ag presented in Figure 5. The coefficients
.are all near one, although most are statistically significantly different from one. Ope inter-
pretation of the clustering near unity comb_ined with the lack of cointegration fornd o the
ADPF statistics might be that while common shocks may impact economies similarly, there
remain country-gpecific elements ig long run growth thag induce divergence across many
pairs of countries. For example, if ¥;,; = KlLetnzand ¥, = K1e + K34 are two income
processes where K16 82,0, and £y, are independent random walks, then the OLS estimate

odfinY, = BYje + ¢ will center around 1.

cratic components Lo output fluctuations. Recall from Definitions 2.2 and 2.3 that commog
trends are necessary but not sufficient for convergence. Consequently, the evidence of -com-
mon bivariate trends in the data may be consistent with divergence in per capila output.
For example, different €conomies may process similar production sets differently. We now

examine the behavior of output deviations across the 15 countries.

The fisst of our convergence tests parallels the cointegration tests in that it explotes the
presence of unit roots in the output deviation series DY;j¢. Table 3 presents the minima
o the Augmented-Dickey-Fuller statistics for DY for lag lengths, k<1, ., +9. This test

ejects if the data are inconsistent with a unit root in the €ross-country output differences,
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Thus a rejeclion means Lhat a pair of countries axhibits convergence as defined in Equation
2.3. The difference in the results [rom the cointegration tests is immediately apparent. Oaly

6 pairs of countries reject the no convergence null liypothesis at the five per cent level, ol

which five are in Lhe group of six European countries.!!

Since the ADF tests may possess low power againsl some mean reverting alternalive
in such small samples, we now turn 10 point estimates of {he time series structure of th
differences between pairs of output. These estimales provide some indication as to whethe
our rejections of convergence are due to estimated autoregressive roots near unity or to larg
standard errors leading to large confidence intervals on those roots. Table 4 contains i
gums of the second order autoregression coefficients of DYjj.e. Numbers near 1.0 indicate
large amount of persistence in the output differentials. Only 7 of the 105 pairs produce
sum less than 0.90 and 59 of the numbers are greater than or equai to 0.97. Among the ne
combinations that appear to be stalionary using 0.9 as & cutoff are Australia-UK, Austri
[taly, Denmark-Netherlands and Finland-Germany. Except for the last pair all are eith
geographically contiguous or tied by former colonial relations. While the point estimates

slightly more suggestive of stationarity, the large majority of Lthe countty pairs give evider

of substantial persistence in output disparilies.

Lastly in testing for bivariate convergence, we turn to the estimators based on spect
density and distribution funclions. First we estimate the zero frequency of cutput der
tions, Y; — ¥;. As mentioned earlier windowed zero [requency estimates have large variar
and thus are unlikely to provide dcfinitive answers on the degree of persistence in the «
pul deviations series. Low eslimates of the zero frequency will be taken as an indical
of pairwise convergence. We then test for pure random walks in Y; — Y; with the AD
CVM statistics and then examine the point estimates of the spectral distribution funct
Kemembering the null hypothesis of the Ur(f) statistics is that the differences of deviat
in oulput, D¥ij, 152 random walk, we will look for rgjections that indicate an alternati

long Tun mean reversion, which is equivaleni to convergence. Since the spectral distribr

11 Aliowing for a constant difference in logs did not change the results markedly.
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funclion summarizes all second moment information in the each data series, Lthe mean rever-
sion alternative will be preferced if there is a lack of power in the low frequencies, Again,
rejections of the pure random walk null may not indicate mean reversion and hence con-
vergence when there exists excess power in the low frequencies of the spectrum of ADY;, .
Given our alternative of long ren mean reversion, we will concentrate on the frequency bands

(0, §] and [0, i)

The windowed zero frequency estimates are shown in Table 5. Ten coy ntry pairs reject
of the hypothesis that the zero frequency of output deviatjons equals one for the % window,
Seven of the ten pairs are in the group of European countries listed above, Il we look for
low point estimates, those below 0.25, we find that 14 of 17 pairs come from the group
of six European countries. On the other end, there are 20 estimates greater thap one,
This suggests that some pairs may be converging while some are diverging. The standard
deviation of the 7 window estimates is so large that even a point estimate of zero does
not reject the hypothesis that the zero frequency equals one. The general magnitude of the

estimates remaing unchanged,

Table § shows a number of rejections for the random walk null hypothesis by the AD
and CVM statistics. 39 of the 105 pairs reject at the 5% level for both statistics and an
additional 11 reject for one test. On the other hand, 52% of the combinations fail te reject
the random walk null for either statistic, which argues Against convergence for the whole
sample. We must again lock more closely at the spectral distribution estimates to determine

the nature of these rejections,

The spectral distributjon point estimates and the Ur(t) statistics for [0, 5] in Table 7,
above the diagonal, gives some evidence for the alternative of mean reversion, As Table 7

indicates, only two of the 105 pairs reject the random walk null at the 5% leve| becauge




combinations that display too little power drops to 37 of a possible 76. The point eslimates
of f(§) for these 37 indicate some evidence of substantial deficiencies in spectral power. In
particular, 15 pairs possess less than 2 of the power of the white noise null in the [0, §]

interval and 5 pairs have less than half of the power under that null.

The evidence here is certainly ambiguous. Over this frequency range, many pairs have
{ess persistence in the output differential than is consistent, with a random walk. In particular,
the six European countrics which are pairwise cointegrated also appear to be converging.
Additionally, other pairs including Germany, whose univariale output series is also deficient
from [0, £], show signs of mean reversion. However, there are 17 pairs of countries whose
ocutput differential dizplays more power in the {0, £} range than do either of the output series

by themselves. This is powerlul evidence against convergence for Lthese combinations.

Turning to the results for 10, 28], also in Table 7, we find many more rejections of the
random walk null at the 5% level, most of them due to excess power. Three more pairs
do show up negative and significant, Germany-Japan, Germany-Ttaly and Denmark-Norway;
but now 28 combinations reject because of too much power. In particular the U.S. rejects
in & instances. This ig interesting because the U.S. is considered to be the ‘Jeading’ country
in the post-war years and thus Lhe other countries should be converging or catching up &
the U.S per capita output levels. Only the U.5.-Canadian statistic even shows up with th
negative sign required for convergence, but this is to be expecled, given the high degre
of interaction between the economies. Canada also rejects with 7 countries as would mak

sense if U.S. and Canadian output levels are converging.

Thete still is some evidence of too little power for 30 of 105 pairs. However, excludin
Germany and the European six, only 10 other combinations are deficient. These resul!
confirm that while convergence again appears unlikely for all 15 countries, there are subse!

of countries for which the convergence hypothesis cannot be rejected.!?

12 The overall pairwise results on cointegration and convetgence are robust to changes in tl

tesling methodology, sec Bernard [1991}



§.2. Multivariate tests

Finally we consider tests for cointegration and convergence with more than twe time
series. This section gives un a sense of the extent of commeon stachastic components for blocks
of countries. If idiosyncratic elements dominate for every country then we would expect to
find n distinct roots for n countries. If countries coaverge then we would expect to find 1
distinct root. If the number of significant roots lies between these extremes, this indicates
the presence of common elements in international output. As an alternative measure of the
number of common trends, we look at the cumulative percentage of the sum of the roots. If
the first p < n largest roots contribute 85% or more of the sum, thea we conclude that there

are p important common stochastic trends for the block 13

To use these various measures, we must arrange the countries into groups. We first
congider all 15 countries together, We initially test for cointegration by performing the
Phillips-Ouliaria bounds Lests on the first difference of output, AY,. Next, we repeat the
exercise for those six European countries which displayed a high degree of cointegration in
the pairwise tesults. Finally, to determine if the removal of those six countries affects the

results from the original 15, we run the tests-on the remaining nine.

Second we examine the behavior of output deviations, [n order to identify convergence
for the 15 country group, we test using ADY,, having subtracted off the US output, as in
Theorem 3.4. We separately test for convergence in the 6 Europezn economies exhibiting
substantial cointegration by examining output deviations from France and in the 9 remaining

countries by examining output deviations from the US,

In Table 8, we present the Phillips-Ouliaris bounds tests for cointegration and the
cumulative sums of the eigenvalues for the groups mentlioned above.' There are two distinct
tests for each group. First if the upper bound is less than the critical value for a given p, we

can reject the nujl hypothesis that there are P ot more distinct roots. If the lower bound is

' Cogley [1990] uses & similar measure.
K, the size of the Daniell window was chosen to be T8, or 27 for our sample.
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grealer than the same crilical value then we accept the hypolhesis that there are al least |

distinct roots.

Table 9 contains the results of Lhe convergence Lests and presents the upper and lowe
bounds on the largest eigenvalue of output deviations as well as cumulated sums ol eigen
values for the different groups of countries. Here, if the lower bound on the largest rool i

greater than the critical level we can accept the no convergence null.

For the ffteen country sample and critical value Cy (= %)“, we feject the null hy
pothesia that there are 7 or more distinct roots and we accept the null that there at least
distinct roota. With the alternative critical value of 5% of Lhe sum of the eigenvalues, C.
we again reject for 7 or more distinct roots but now accept for ai least 5. This leads us t
posit that there is a large common stochastic component over the sample. The six large:
roots account for 96.7% of the total, coinciding with the results from the test statistics. O
the other hand, the largest root accounts for barely 50% and the largest two rools for abot
75% of total variance, which argues against the existence of just a single common factor, 1
is required for convergence. The direct convergence test in Table § accepts the no conve
geace null for both critical levels as the largest cigenvalue is statistically different from zer
Observe that over 95% of the output deviation vatiance is attributable to the first 4 factor
Overall the output deviations exhibit somewhat greater concentration of variance in few
roots than do the output levels. For example, the largest factor contributes 52% of the tot
variance to levels whereas the largest factor in the deviations contributes 74%. This sugges

that there are some common elements which are cancelled out in the deviations.

Turning to the resuits for the six European countries which were largely cointegrat
in the pairwise exercise, we reject the null that there ate are 4 or more distinct roots wi
both the &) and C; critical values and accept the null that there are at least 3, again wi
both values. 97.6% of the sum comes from the three largest ¢igenvalues. Even in this samy

we do not find evidence for complete convergence a3 the largest eigenvalue is stalistica

1% See Appendix A.



significant. Interestingly, a comparison of the cismulated cigenvalue contributions in Tables
8 and 9 reveals that the variance contributions of the first few factors are comparable for
the levels and deviations, suggesting that France does not contain a commaon factor for the

remaining economies in the subsample.

We also consider the behavior of the sample after removing these six European countries
from the larger set. The nine remaining countries display a large number of distinct rcl'ots.
We reject the null that there are 7 or more distinct roots, but we can accept the null that
there are at least 5 for both critical values, The largest five sum to 95.7% of the total. It
appears that removing the six countries has dropped Lhe number of distinct roots from the
15 country case by at most one. We still do not have compleiely idiosyneratic components
dominating the sample. The convergence test for this subsample once again accepts the no

convergence hypothesis.

These results do not suppori. either of the extreme hypotheses that countries converge
or that they are entirely dominated by idiosymeratic elements. There is substantial evidence

for common stochastic componeats, particularly in the European sub-sample.1*

6. Conclusions

This paper attempts to answer empirically the question of whether there is convergence
in output per capita across countries. This question is important to a large body of recent
macroeconomic theory as new models of economic growth, in contrast to traditional formmu-
lations generating turnpike resulis, have shown how long run divergence can occur across

economies.

We first construct a stochastic definition of convergence based on the theory of integrated
time series. Time series for per capita output of different couniries can fail to converge

only if the persistent parts of the time series are distinct. Consequently, we are able to

8 Using a different multivariate methodalogy, Bernard [1991] finds similar results for these

aamples.
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identify the common elements of long term growth across economies by examining whether
deviations in aggregate output series contain unit roots; in addition, we ean delermine
whether aggregate output in different economies is delermined by commeon factors through

cointegration analysis,

Our analysis of the relationship among long Lerm output movements across countries
reveals little evidence of convergence, Both time and frequency domain approaches indicate
that there is substantial persislence in per capila output deviations. Virtually all of our
hypothesia tests acceptl the null hypothesis of no convergence for hoth bivariate and multi-
variate data samples. Our rejection of convergence holds despite the argument by DeLong
{1988] that concentration on OECD economies will bias empirical work towards accepting
convergence. On the other hand, we find evidence that there is substantial cointegration
across OECD economies. Further, we find that the number of integrated processes driving
the 15 countries’ output series appears to be on the order of 4-6. Our results therefore im-
ply that there is clearly some set of common facters which jointly determines international

output growth.

Overall, our conclusions on the absence of convergence are consistent with either the
class of macroeconomic growth models which emphasizes the potential for multiple steady
state equilibria due io complementarities or those Arrow-Debreun models where microeco-
nomic djfferences can cause divergence. This ambiguity is natural given the atheoretical
nature of the data analysis. An important next step in empirical work on convergence is the
estimation of different stochastic growth models to determine the mapping of our reduced
form results into structural inferences. In turn, structural estimation will permit the evalu-
ation of whether divergence in aggregate economies is indicalive of essential deviations from

the competitive equilibrium paradigm.
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Appendix A. The Phillips-Ouliaris Bounds Test

In order to tesi for cointegration and the number of common stochasiic Lrends, we estimate

the zero frequency of

&

=AY -BY (41)

where A, a scalar, is the average growth rale of output across countries. The smoothed
eatimate of the spectral density matrix at the zero frequency, f 5 S’(O)' using the real parta

of the periodogram estimales, is given by

H 2x d 27
I$50="mn [’Eﬁ“’) + 3 Re (15 (-T—))] (42)

with k the number of ordinates used in the rectangular (Daniell) flter. The tesilting esti-
maied speciral density matrix is then decomposed into its ordered eigenvalues, MEAL
+++ £ Aq. The ratio of the sum of the smallest m eigenvalues to the sum of all the eigenvalues

is calculated and its upper and lower bounds determined.

S
A, == wherep=n—-m+1 (A3
i E;":l AJ )
z,B
Ay =4+ 55 (A4
z,B
Ap=4hp - k+,{ (A48)

where z, is the a-percent critical value of the standard normal distribution and

L) ) () ()
(54)
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If the upper bound, Ap ), is less than the critical value we reject Lthe null hypothesis Lhat
there are p or more distinct roots. If the lower bound, Ap 1, is greater than the critical value
then we accept the null hypothesis that there are at least p distinct roots. As emphasized
by Phillips and Quliaris, there is no preassigned critical value selected for these slatistics.
However, the tests are designed so that if there are zero eigenvalues, the power of the test
will go to one asymplotically. If the matrix is of full rank but some of the rools are smali,

there is a relalively high probability of mistakenly rejecling the null.

We define some critical values for the two null hypotheses, For the purpose of identifying
whether the series are cointegraled, we examine the bounds of A, relative Lo two critical
values, ) = 0.102 and €, = 0.05. These critical values assess Lhe average of the m
smallest eigenvalues in comparison to the average of all the eigenvalues. Consequently we
compare the average variance of the smallest m [actors to the average variance of all n
factors. Using the upper bound statistic and the critical value, €, we reject the null of
n—m + 1{g + 1) or more distinct roots if the sum of the smallest m eigenvalues is less than
10m% of the sum of all the eigenvalues. Interpreted differently, we reject if the upper bound
ia less than m x 10% of the average root. Emplaying the same critical value and the lower
bound statistic, we accept the null of at least g + 1 distinct roots if the sum of the smallest
m eigenvalues is greater tilan m x 10% of the average root. One employs £ in an analogous

{ashion.

The null hypothesis of no convergence requires that all eigenvalues for the matrix
f,p7(0) equal zero. This means that we need io test for p = 1. In order to do this,
we caonsider the largest eigenvalue for f, ,5(0), denoted as *:.1T Asymptotic upper and

lower 100{1 — )% confidence intervals for this eigenvalue are

1T The results for this non-normalized eigenvaluc are reported in Table 9. Additionally we
confirmed the results using the spectral densily matrix at the zero frequency normalized by the
variance-covariance matrix for the first differences, a normalizalion suggested by Phillips and

Quliaris for serics denominated in different units.
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Koy = Ky 4 2ot (A7)

An.%a (A8)

respectively. We then follow the same rule as belore: reject the null of no convergence if the

upper bound is less than ) {or C3), accept the null of no convergence if the lower bound is

greater than C, {or C3).
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Figure 3: Difference from US Log GDP Per Capita
T European Countrics 1900-1987
(Auatria, Bolgium, D Francs, O . lusdy, Nedheilunds)
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Figure 4: Difference from US Log GDP Per Capita
Non-European, Scandinavia and the UK 1900-1987

(Austalia, Canada, Finland, Japan, Norwy, Sweden, Uaitcd Kingdom)
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Figure 5: Histogram of Estimated Co

integrating Coefficients
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Table 1: Means and Standard Deviations of Output Growth Rates
15 Countries, 1900-1987

Country  Mean*
AL 0.0136
(0.033)
AS 0.0192
(0.114)
BE 0.0162
(0.051)
CA 0.0224
(0.054)
DE 0.0199
(0.044)
FI 0.0257
(0.050)
FR 0.0204
(0.030)
GE 0.0270
(0.105)
T 0.0217
(0.065)
A 0.0307
0.091)
NE 0.0167
(0.084)
NO 0.0259
(0.043)
SW 0.0222
0.034)
UK 0.0137
(0.038)
Us 0.0176
(0.062)

* Standard deviations in parentheses



PAIRWISE COINTEGRATION TESTS ON LOG PER CAPITA QUTPUTH

AL AS BE CA DE
AL -
AS L6 ---
RE 211 130 .-
CA 303 2,57 .16 ...
DE -2.76 -3.09 -241 -233 -—-
Fl -2.17 -A20* -1.52 237 440
FR -2.69 -613* -553* -1.76 -2.85
GE .34F 323" 387" 355 639
IT .2.55 486 538" -146 -292
JA -LET 245 423 129 -2
NE 305 -502* -670% .2.48 452
NO -1.86 -3.03 -L28 -1.85 .53
SW -2.17 <290 -148 231 -2.49
UK <332* .323* .79 154 Ane
US -2352 -2.53 -1.58 437 .2.56
* Denowes signilicant at $%
¥ Suuidics ahave the diggona) are Aug
laken [rom Engle-Granger {1987).

The equations estimared were

Table 2

15 Countries - 1900-1987

Fi

-3.00
129
-2.39
-1.82
-1.87
418
430~
-1.604
-.60

FR

-S.01*
-7
=352

-11.09¢
-1.B8
-1.51
=268
-1.98

GE

.36
-2,73

-5.25*
-531*
-T.02"
-4 g9
-1.89

Yig=Cij+ 1 Yjx +Eije

1T

-18L*
-3.33*
-2.59
-1.89
-3.33
=197

JA

-4.32°
-2.34
~1.61
+2.58
-1.88

G0
88550 Okij0-1 + BILAE, 5 + Lii e

NE

-2.84
«2.53
-3.16
-2.67

A.2)

NO

<214
-3.01
-2.60

sw

=420
3.9

UK

-2.57

d- Dickey-Fuller wil bag; below the diagonal , ADF w/§ lags. Critical values are



Table 3

PAIRWISE CONVERGENCE TESTS ON LOG PER CAPITA OUTPUT*

15 Counmies - 1900-1947

AL AS DE CA DE FI FR GE IT JA NE NO Sw
AL -
AS 0T -
BE 472 -138 ---
CA -LIT -L16 -LO4 -
DE 04T -149 -1,75 157 .-
FI 105 -189 126 002 039 -
FR 035 408 -102 082 -1.19 -0.46 -.-
GE 026 081 049 041 078 -462° -201 o
IT 013 431 -1,22 049 095 -1.28 3350 200 -
JA 0T 04 025 007 023 061 016 140 007 -
NE 1358 .207 .380* .19 449* 006 -D.74 086 092 010 -
NO 058 252 0.9 -008 039 -L.14 171 212 23% L£H48 057 ——
W 071 -1.82 031 037 060 004 .10 139 -11S D09 AT oL08 -
UK <285 085 100 105 -090 070 -048 011 015 051 -iB8 058 035
US -LI8 060 055 007 -038 048 .031 044 D42 043 094 034 017
* Denotes significant at 5%
* Staudstics are min (ADF) where & is the aumber of Lags in B(L) and ranges from 1 to 5. Critical values are taken
from Engle-Granger{1987].
The equation estimated was : ADY“" - "BijDYij.t-l + B(L)ADYij.l-l + cij.l

UK

098



Table 4

SUMS OF AR(2) COEFFICIENTS OF
CROSS5-COUNTRY DIFFERENCES IN LOG OUTPUT PER CAPITA
15 Countries - 1900-1987

AL AS IE CA DE FIL FR GE

GE 09§ 095 096 098 097 081 092 -
IT 098 078 092 098 09 093 082 09

NE 052 094 0Bl D092 07 057 0% 095
NO 098 091 097 097 0% 098 0931 093
5% 058 094 058 09 097 09 094 D95
UK 084 D97 05 D97 093 058 096 097
US 099 099 059 0% 0¥ 09 098 099

The equation estimated was :

JA

DY @ By iiDYjj -1 + B2 jiD Y502 + Bija

NE

0.96
.94
0.90
097

NO

0.96
0.98
098

5w

0.98
099

UK

13

us



Table §

ZERO FREQUENCY SPECTRAL DENSITY ESTIMATES*

CHANGES IN CROSS-COUNTRY DIFFERENCES IN LOG OUTPUT PER CAPITA

15 Countries - 1900-1987

AL AS RE CA DE FI FR GE T JA NE
AL — 0M 051 0Bl 046 124 058 054 0% 208 049
AS 043 - 008 050 02 03 O005* 027 0I5 118 0a1°

082 037 17 038 03 02 071 008
- 05 o7 o7 043 095 16 0.8
DE 0.9 048 04T 10 -~ 0% 0319 021 031 L07 07

015 008* 038 005"

027 070 020
IT 12 049 06 17 038 08 072 025 - 101 020
JA L7 L84 123 L0 14z 127 L9 0% 09 - 0

MO 136 043 141 137 0% 065 05 03} 051 10J 075
SW 123 053 153 09 0, 08 1 037 L4 147 1
UK 07 058 097 211 077 093 103 0351 057 122 084
US 078 085 132 061 132 1 I 097 146 1M LD

* Denctes signilicanty different (rom one at 3%
* Sutistica above the dizgonn] ars zexo frequency estimaios of Y; - Yj with 2 Danlell window of n/16
Stutstics below the diagonal are &m0 frequency csimases of Y| - ¥ with » Daniell window of n/8

UK
0.10°
0.38

114
041

0.61
049

188
0.50
093
0.83

158

us
040
0.49

038
0.4

0.37
0.51
013
115
0.47
045

030



AL

AS

BE

FI

FR

GE

JA

NE

NO

sw

UK

us

* Cramer-von-Miscs suistics w/o

AL AS

0.05
049)
0.60" 008
(3.367) (095
048" 0.02
(A407) (0.24)
033 0.1
(L86) (2.33)
032 005
(L72) 0.2
049 .19
@100 (1.44)
0.16 3189
{135 2%
0.60* 014
(3.69%) (1.13)
04 026
41 20
0.56* 0.09
(A20%) (0.98)
Q4G 0.03
@n-) @53
054 008
(331 (05D
032 002
241) 0.3}
046" 003
(278%) (0.27)

BE CA

1.29* —
@.19% —

043 0.84"
@1 (3.3
008 01
wa0) (537
026 1.19*
s oM
013 008
(1247 (0.59)
056" 0.95
Q197 (614
030 015
(190 (135)
042  062*
(877 (3.85%)
0.0 1.5~
0e) (9.527)
020 093~
(L13) {5.56%)
058 0.26
.6%%) (2.05)

1417 0.15
@.76") (1.0m

h

DE

0.24
{1.46)
051
(261°)
0.10
.09
[ Kirig
{5.80%)
087+
{5.36*)
039
(2485)
0.38
.14
0.14
©.67)
0.15%
{116}

0.35*
{5.36%)

Table 6

RANDOM WALK TESTS*
CHANGES IN CROSS-COUNTRY DIFFERENCES IN LOG OUTPUT PER CAPITA
15 Counries - 1900- 1987

F1 FR

o —
4.12%) —

023 01
(224) (1.94)
0.76% 045
@A}y (165°)
041  0.567
@ur) a5
067 036
(.637) (268"
016 007
az) (@45
007  0.59*
O Q.64
0.56* 0.71*
(345%) (4A1%)

0.71* 134
“41%) @284

GE

0.9
@n)
140
B.457)

033
@88")
0.19
(1.56)
0.16
(1.56)
0.11
m
0.03
@35

005 -

037 -

006 a9
@) (.78
(X T )
©s5) (@23
095¢ 0.33
(5299 @1y
020 005
(1L.08) (@32
L1 .11
6.62%) @97

* Denows significant a1 5% kevel.

Anderson-Darling

NE NO SW UK uUs

0.4

@96 —

034 o008 —

(189 (0.82) -

045 042 (43 -
265%) @1*) (286%) —

091* 132* 098 O3 —
(3.31°) (845*) (3.65%) (1.6} —



Table 7

SPECTRAL DISTRIBUTION FUNCTION ESTIMATES*
CHANGES IN CROSS-COUNTRY DIFFERENCES 1IN LOG OUTPUT PER CAPITA
15 Countries - 1900-1987

AL AS BE CaA DE F1 FR
AL — 008 04} 007 Q1L 010 045

AS 026 — 0 030 007 004 005
BE 03 024 — oM 006 009 007
CA 04l 019 046" — ol on 017
DE 028 0M 013 040 .- 007 008
Fl 038 017 020 o4 019 0 12

uUs 032 0.31 047> 023 043 041" 049*

"'Figcmlnvaunﬁapulmmlldhﬂbndmmrm =)
Fipures belaw the di 1] | diszributions for (0, 2n/8]

'Dumu-l-(l)musﬁ:sigzﬁﬁcnuuiﬁ

JA NE NO

017 012 013
021 005 006
013 oM 013
0zl D4 018
017 005 005
¢l 008 009
014 002t 011
00T 003 005

o 008 .06
— o2 013

037 o 008

o e —

039 031 03
02¢ Q38 058
M 040" 045

Ul
o090
0.1
0.16
0.07
0.17
0.15
016
AT
0.8
020

0.18
0.15
0.19



All Counties

15
I4
13
12
i
10

Table 8: Phillips-Ouliaris Bounds Tests for Cointegration

P Lower Upper
00001  0.0002
0.0003 00005
0.0006 0.0011
0.0015 0.0024
0.0030  0.0052
0.0053  0.0088
0.0083 00138
0.0140 00229
00250  0.0411%F
0.0418  0.068)
0.0651+  0.1042
0.1068* 0.1694
DRl 02932
03868 05672

NW AN mE

Bounds Tests

6 European Countries

Lower  _Upper

00019  0.0043
00048  0.0093
00149 00289+
005827+ 0.1124
oz 03970

(TR TR S ]

Remaining 9 Countries

4 Lower _Upper

9 00019  D.0041

] 0.0035 00101

? 0.0121  0.0209%+
& 00312 00341

$ 0.0647*+ 0.1079

4 0.103% 01861

3 02011 03142
2 04084  DSE93

1f the upper bound is below the critical valuz, reject null of P or more distinet roots.
If the lower bound is shove the criticad value, scoept null of at least P disiinct mots.

* Significant a1 0.10m/n where n is the number of countries and m is the number of mats = 0.

+ Significant at 5% of the sum of the ots.

Largest

Smaliest

|
All Countries 6 European Countrics
P Cumulated & B Cumulsted %
1 0.5230 1 0.6880
2 0.7594 2 0.9147
3 0.8619 3 0.9781
4 0.9153 4 0.9929
s 0.9450 5 0.9969
5 0.9569 L] 1.0000
7 0.9816
8 0.9890
g 0.5929
.10 0.9959
11 0.9980
12 0.9991
13 0.9996
14 0.999%
15 1.0000

Remaining 9 Countries
B Qumulacd %

0.5012
0.7420
04830
0.9137
0.9574
0.9833
0.9922
0.9970
1.0000

O 00 O A B Ll



Table 9: Phillips-Ouliaris Bounds Tests for Convergence

Bounds Tests**
All Countries 6 European Countries Remaining 9 Countries
P Lewer Upper E Lower _Upper E Lower _ligper
1 1.6028*+ 3.0877 1 06837+ 13171 1 04621~ .8%0L

If the upper bound is below the critical valuw for the largest root, reject noll of no convergence.
If the kower bound is sbove the cyitical value for the largest mot, sccept null of no comvergence.

* Significant for critical valve of 0.10.
+ Significant for critical value of 0.05.

"* These statistics ure calentared on the vertor of rirst diffsrences of GDPi - GDPE
For all countries, the US is sabimere off,

For the & Europesn countries, France ks subtracied off.
For the remaining 9 countrics, the US is subtracted off.

Iativ st Eigenv
All Countries 6 European Countries  Remaining 9 Countries
E  Cumulsted % B Cumalsted % E  Comulsted %

Largest 1 0.2403 1 0.6785 1 0.6876
2 0.8826 2 0.8846 2 0.8626
3 0.9247 3 0.9780 3 09162
4 0.9552 4 0.9951 4 0.9591
5 0974 5 1.0000 5 09781
6 0.9841 & 0.9913
7 0.9911 7 0.9969
] 0.9941 8 1.0000
9 0.9965
10 0.9980
11 0.9992
12 0.9997
13 0.99%9

Smallest 14 1.0000



