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Abstract

We construct a multi-country Schumpeterian growth modcl in which technological change
can occur either through rcsearch and devclopment or through implementation. R&D
requires a threshold level of human capital that depends on the technological frontier. Even
in a world cconomy fully open to capital flows, non-trivial dynamics in human capital and
technology exist, generating scveral distinct convergence clubs. Countries with human
capital below some endogenous implementation threshold will stagnate. Countries with
human capital above the R&D threshold will innovate and tend to a sicady state with
growth occurring at the ratc of expansion of the global technological frontier. Countries in
betwecn will grow at the same rate but at a lower level of income, developing through
technological implementation. These dynamics explain how the scientific revolution
triggering modern economic growth lcd to thc emergence of large income incqualities
between countries. Once a leading cconomy introduces the institutions supporting science,
lagging economies have only a finite window of opportunity in which to do so, after which
they will remain trapped away from R&D. The model also explains how more recent
episodes of miracle growth, or of growth slowdowns involving whole groups of countries,
are possible.

Resumen

Construimos un modelo Schumpeteriano de crecimiento con miiltiples paises en el que el
cambio tecnolégico puede ocurrir ya sea a través de la investigacion y desarrollo (I y D) ¢
de la implementacién. Suponemos que la I y D requiere un umbral de capital humano que
depende de la frontera tecnolégica. Mostramos que alin en una economia mundial abierta a
los flujos de capital, existen dinamicas no triviales en capital humano y tecnologia, que
generan varios clubes de convergencia. Los paises con capital humano por debajo de un
umbral cndogeno de implementacion se estancaran. Los paises cuyo capital humano se
encuentre arriba del umbral de I y D inovaran y tenderan a un estado estable con
crecimiento dado por la tasa de expansion de la frontera tecnol6gica mundial. Los paises
intermedios creceran a la misma tasa pero a un nivel de ingreso menor, desarroilandose a
través de la implementacién tecnologica. Esta dindmica explica como la revolucion
cientifica que desencadend el crecimiento econdémico moderno llevé también al
surgimiento de grandes desigualdades de ingreso entre los paises. Implica que una vez que
un pais en la vanguardia introduce las instituciones que sostienen la ciencia, las economias
seguidoras contaran con una ventana de oportunidad finita para introducirlas a su vez,
después de la cual permancceran atrapadas sin la posibilidad de realizar [ y D. El modelo
también explica porque son posibles tanto los episodios de crecimiento milagroso, como
episodios en los que grupos enteros de paises sufren un freno al crecimiento.



I. Introduction

A growing body of recent. empirical studies finds that the large income differcnces between
countries are duc mostly to differcnces in productivity (Knight, Loayza and Viilanueva, 1993:
Islam, 19495; Casclli, Esquivel and Lefort, 1996; Hall and Jones, 1999; Klenow and Radrigucz-
Clare, 1997; Easterly and Levine, 2000). Differences in capital accwmulation invoked by
the neoclassical growth models predicting convergence play a secondary role compared to
differences in productivity.

Related studies on the cross-country distribution of income find features that mnay in-
dicate the prescnce of multiple equilibria in income dynamics and give rise to the concept
of convergence clubs (Baumol, 1986). Quah (1993, 1997) finds cvidence of emerging twin-
pealts in the cross-country distribution of income. Kremer, Onatski and Stock (2001} find
that a single-peaked distribution may energe after a prolonged transition. Mayer (2001)
finds twin pcaks in the distribution of life expectancy using the available data since 1962,
also tending to disappear in a prolonged transition, during which the twin peaks may be a
dynamically invariant [eature. Acemoglu, Johnson and Robinson (2000) give cvidence that
the current distribution of income has substantive long-term determinants, being correlated
with mortality data from the colonial era. Feyrer (2000) finds that although the distribu-
tion of output per capita is single-peaked, aud the distribution of human capital is almost
flat, the distribution of the productivity residual is increasingly twin-peaked, calling for a
technological explaunation ol cross country income disparities and dynamics.

The purpose of this paper is to propose a model of cconomic growth with endogenous
technological change that 1) implies the existence of convergence clubs characterized by
research and development (R&D), technological implementation and stagnation, 2) explains
the appearance aud persistence of income disparities since the onset of modern economic
growth, aud 3) explains the possibility of economic ‘miracles’ lcading some countries to

developmeut, and of economic slowdowns that can cause whole groups of conutries to loose
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whole decades to economic growth. The theory is built on the multi-country model of Howitt,
{(2000), which in turn is an cxtension of the Aghion-Howitt (1992, 1998) model of growth
through creative destruction. It departs froru Howitt’s carlier paper in recognizing that
even though only a handful of countries performn leading-edge R&D, nonetheless most other
countrics are involved in a continual process of technological change that is costly and hinges
on human capital levels.

We recognize these facts by distingunishing two types of techuoological change or innova-
tion: R&D and lechnological implementation, the process through whicli ideas, methods and
blueprinis mostly developed in the leading countrics are adapted so as to be successfully
incorporated in a diffcrent economic, geographic and socio-cultural cnvironment. We con-
ceptualize implementation as a process that involves exploration and inquiry, as does R&D,
but less systematically and closer to the production process itsel{. R&D, by contrast, draws
more heavily on scientific knowledge and its institutions. Implementation takes advantage
of ideas that already exist, but is less effective at producing new knowledge. Graduating
from itmplementation to innovation requires surpassing a threshold level of human capital
that increases with the demands of new, ever advancing, leading technologies. As technol-
ogy advances, human capital rust follow a process of catching up to continue to be elfective
for R&D. The dynamic characterization of the interrelationship between R&D and imple-
mentation iruplies the existence of multiple steady states. These correspond to convergence
clibs of countrics that 1) innovate using R&D, 2) are trapped innovating through imple-
mentation, on parailel growth paths at lower income levels, or 3) are trapped in low growth,
stagnating steady states. ‘he few countries managing to shift fromn implementation to in-
novation expericnce transition periods of ‘miracie’ growth, while increases in the difficulty
of implementation, that could for instance accompany the introduction of general purpose
technologies by the leading econoruies, may lead to slowdowns in impilementing countries.

The cra of modern cconomic growth is triggered by what we shall call, for simplicity,
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the scientific revolution, which can be considered a more eflicient technology of innovation.
Belore the appearance of the culture and institutious of scientific knowledge, technological
change took the form of a pragmatic creativity that we have looscly characterized, once in
the presence of a flourishing science, as technological implementation. Qur model explains
‘how the scientific revolution can lead to the emergence of large income disparities. We show
that once the scientific revolution initiating modern economic growth takes hold in one or
several leading cconomics, other cconomics have a finite window of opportunity in which to
adopt the necessary institutions for R&D to become viable, aud therefore to join the leading
club. Failure in this process of catching up, which occurred in most countrics as the scientific
revolution gained momentum, results in the loss of the capability to do R&D. The human
capital aud technological levels that can be obtained by ccorniomics whose growth is based
on technological inplementation may be insufficicnt o reach the advancing threshold that is
necessary for R&D to be viable. Consequently, most countries were trapped in technological
implemientation or stagnation, unable to do R&D, and large, long-term income disparities
emerged.

All of these results hold even in a world economy open to plysical capital Rows with
mobile human capital. This has important policy implications for development. Although
macroeconomic stability and openness (o investinent and trade, the maiustays ol current
development policy, may promote economic growth, much more attention must be paid to
prowoting technological change and to investing in the human capital that can effectively
carry it through. At an average rate of growth of 2%, only 33 countries lagged less than 50
years behind the U.S. in 1995, while the bottomn 73 countrics in the World Bank data base
were more than a ceutury behind. Perhaps the appropriate human capital and technological
policies can produce not just parallel economic growth and poverty alleviation but economic
miracles?

Our model is cousistent with the empirical facts. Specifically, we shall show below in
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detail that it is consistent with the dynamical features of the c¢ross-country distribution
of income observed by Feyrer (2000). In contrast, as Feyrer notes, models constructing
devclopuient traps based on mmliiple cquilibria in physical capital accumulation (such as
Becker, Murphy and Tamura, 1990; Galor and Weil, 1996; Becker and Barro, 1989; Murphy,
Shieifer and Vishuy, 1989) or in human capital accumulation (such as Azariadis and Drazen,
1990; Benabou, 1996; Durlauf, 1993, 1996; Galor and Zeira, 1993; Galor and Tsiddon, 1997;
Tsiddou, 1992} are inconsistent with these obscrvations.

Our model also gives an alternative explanation for the results obtained by Acemoglu,
Johnson and Robinson (2000). In their study, a mortality variable constructed for the colonial
era serves as an instrument for modern institutional indicators, explaining a substantial
proportion of modern differences in incowe. The authors arguc that early mortality was
amongst the determinants of the characteristics of colonial states, ranging from extractive
states to “Neo-Europes” (Crosby, 1986) and that thesc early institutions ant their current.
decendants (as measured by their regard to property rights and clecks against government
power), have slowed economic growth. We would take the view that the economics of such
long-term institutional persisterice, and of its cffects on development, remain to be explained.
Our model yields an alternative interpretation of their results. Colonial mortality can be
expected to be correlated with the country-specific institutions determining the equilibrium
prowth trajectory taken by each country, through its effects on the savings rate and on
the incentives to innovation. The long-term character of these trajectories results from the
human capital and technology dynaiuics we wodel. Finally, the different types of trajectories
are in turn correlated with institutional quality in possibly rautually reinforcing ways, both
then and now. Thus colouial mortality serves as a predictor of the type of long-term growth
path that each country has been on, as measured by current iustitutional quality, while our
model explains why relative economic conditions at a global level have persisted since the

colonial era.

[}
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Modclliug technological change as a flow of knowledge requiring the presence of human
capital is iu effect an alternative to the Lucas (1988) two-sector model, that clearly distin-
guishes the dual role of humaun capital as knowledge for production and as specific Lrained
labor. Physical capital, moving more easily, will {low to where human capital is found, and
this in turn will only accumulate jointly with tcchnological capabilities.

'I'he remainder of this paper is organized as follows. In the first scetion we sel up a model
of economic growth containing only human capital and technology and explain the relations
of production, how innovation takes place, and the intercounection of economies through
the transfer of ideas. In the sccoud section we show how the scientific revolution can lead
to an incrcase in incquality between countries. We first assume that, as in Solow (1956),
the economy invests a fixed proportion of income. We work out the behavior of a closed
economy in which R&D first emerges, and then show that 1) there is only a finite window
ol opportunity during which an identical closed economy can become an R&D innovator by
putting into place the institutions supporting science, 2) that if science appears simultanc-
ously in all countries, then differences in productivity factors external to the private sector
may imply that more productive cconomies will join the R&D club while less productive
countries will become trapped in the irnplemeutation equilibrium. We also show under what.
conditions stagnation can result instead. Next we show that these results do not depend on
the irnmobility of human capital. They continuc to hold when human capital is mobile in
the global cconomy. There is a limit to the number of countries that can engage in R&D,
and the growth of one set of couutries can throw another into a lower equilibrium. In the
third section we apply the model to the present day scenario. First we extend the model
to include physical capital, and show that openness will not make the convergence clubs
disappear, although it will make the attainment of higher equilibria by countries receiving
inflows of capital casier. Then we discuss the rclation of this extended modcl, which predicts

that most of the observed differences in levels of income arise from dilferences in technology,
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with the empirical studies mentioned above. Next we set out the full set of equations for
the world cconomy and discuss convergence in light of the model. Finally, we explain how
changes in the comparative productivity of implementation and R&D, as well as changes
in the threshold levels of human capital necessary for R&T), that may occur as a result of
the continual transit ol the leading edge through different kinds of technologies, may lead to
modern day windows of opportunity for development, or alternatively to slowdowns span-
ning wholc groups of countrics. In Appendix 1 we consider Ramsey agents whosc saving
bchavior is given by intertemporal optimization. When households do not internalize the
gains of innovation, the basic qualitative results obtained before carry through. Appendix 2

contains all proofs.

II. Economic Growth — the Model

We begin by extending the multi-country model of Howitt (2000) to include R&D and
technological implementation. Implementation involves exploration and inquiry but is lcss
systematic and closer to the production process. R&D draws more heavily on scientific know!-
edge and its institutions. Implementation uses ideas that already exist, but is less effective
at producing new knowledge. Technological transfers occur for both kinds of innovation.

We include human capital in the model, because it is a determinant of the technology of

innovation. However, for simplicity we abstract from physical capital for the present.

A. Production Relations

Consider a single country in a world cconomy with m different countries. There is one
final good, produced under perfect competition by labor and a continnuin of intermediate

products, according to the productiou function:

Nt



Mayer and Howitt / Technological Innovation, Implemeniation and Stagnation

where Y, is the country's gross output al date ¢, /.4 is the flow of labor used in production, N,
measures the number of different intermediate products available in the world, z, (i) is the
flow output of intermediate product 2 & [0, Ny, A, (7) is a productivily parameter attachied to
the latest version of intermediate produet ¢, and #'(+) is a stuooth, concave, coustant-returns

production function. For simplicity attention is restricted to the Cobb-Douglas case:
(2) Fz,6) =¥ P 0 < <1,

where, ¥ is a country-specific productivity factor external to the private sector.

To {ocus on technology transfer as the main connection between countries, assume that
therc is no international trade in goods or factors. Each intermediate product is specific to
the country in which it is used and produced although, as we shall sec, the idea for how to
produce it generally originates in other conntries.

Assume that the population of all countries, which is identical to the labor supply, grows
at a constanl rate g;. For simplicity we assume that the number of products grows as a

! However,

result of serendipitous imitation at the world level, not deliberate innovation.
intermediate goods are introduced into production with a productivity parameter frotn a
randomly chosen existing product withiu the country. Each person has the same propensity

Lo imitate £ > 0. Thus the agpregate flow of new products is:

N, = £L,.
The numnber of workers per product L,/N, thus converges monotonically to the constant:
(L) £=g./¢

Assume that this convergence has already occurred, so that L, = £N, for ali &.
The form of the production function (1) cnsures that growth in product variety does not

alfect aggregate productivity. This and the fact that population growth iuduces product

Howitt (1999} derives a closed-economy madel with the same basic struciure but in which the horizontal
Innovations creating new products sre motivated by the same profil-seeking objectives as vertical quality-
improving innovations.
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proliferation guarantees that the model does not exhibit the sort ol scale elfect that Jones
(1995) argues is contradicted by postwar trends in R&D spending and productivity. That
is, a bigger population will not by itself raise the incentive to innovate by raising the size
of market that can be captured by an innovator, because each innovation is restricted to a
single intermediate product, and the number of buyers per intermediate product does not
increase with the size of population.

Final output can be used interchangesbly as a consumption or capital good, or as an
input to R&D. Each intermediate product is produced using human capital, according to

the production function:
(3) (1) = Hy (1) /A (3),

wherc H, (i) is the input of capital in sector 4. Division by A, (i) in (3) indicates that suc-
cessive vintages ol the intermediate product are produced by increasingly (human-) capital-
intensive techniques.?

Innovations are targeled at specific intermediate products. Each innovation creates an
improved version of the existing product, which allows the innovator to replace the in-
cumbent monopolist until the next innovation in that sector. The incumbent monopolist
of each praduct operates with a price schedulc given by the marginal product: p; (i) =
A (2) BY (i, (7) /3)"’ "1 and a cost function equal to (re + 8) A (3) W (4), where r; is the
rale of return of human capital and 6 is the fixed rate of depreciation,

Since each intermiediate firin’s marginal revenue and marginal cost schedules are propor-
Lional to A (i) ¥, and since firms differ only in their value of A, (i) ¥, they all choose to
supply the same quantity of intermediate product: z; = x, (¢) for all i. Putting this cornmon

quantity iuto (3), and assuming that the total demand for capital equals the given supply

?Under the Cobb-Douglas terhnology (2) this has no substantive implications.
"No inuovations ure done by incumbents hecause of the Arrow- or replacement-cffect. (Sec Aghion and

Howitt, 1902).

9
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H;, yields:

(4) o) (7') = xt = hntlll

wherc 5, is the munan capital stock per “cffective worker” II./A;L;, and A, is the average
productivity parawmeter across all sectors.

Substituting from (4) into (1) and (2) shows that output per eflective worker is given by

a familiar Cobb-Douglas fanction of capital per effective worker:
Yi/LAy = Who = f (he T).

Substitutiug from (4) into the standard profit-maximization condition of cach intermecliate

firm, and using the above definition of f (:), yields the equilibrium rate of return:
(5) e = Bf'(h; ¥) = 6 = v (he; V)
and shows that cach local monopolist will earn a flow of profits proportional Lo its produc-
Livity parameter A, (¢), namely:
m (i) = A, () 8(1 - B)UhPe = A, (i) 7 (hy; ¥) £
B. Innovation

Innovation result from domestic research and development and from implementation that
use technological knowledge cowing from all over the workl. That is, at any date there is a

world-wide “leading-edge technology parameter.”
;l'la‘-'( = max {AJt (1') l i€ [0! N_’ﬂ]: .7. =1, "'7m} s

where the j subscript denotes a variable specilic to country j. Each innovation in sector
i of a country at date ¢ results in a new generation of that conntry’s i* product, whose

productivily parameter equals® AFa*.

1From (3), the definition of 4; and the adding-up condition, K, = _];JN‘ Ag (i) zydi = Ny Apz,. Equation
(4) follows from this hy the definitions of &k and £.

>I'hus when sector ¢ innovates, the proportional iucrease in A, (1) will depend on how long it has been
since the last innovation in sector . The altcruative assumption, uscd by Aghion and Howitt (1992) and Gene

10
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Assurue that the Poisson arrival rate ¢, of tunovations in cach sector is:
d’!. = /\th

where A is the productivity of innovation activitics, and n, is the productivity-adjusted
quantity of final output devoted to innovation in each sector; i.e. innovation cxpenditure
per intermediate product, divided by AP, ‘The division by AP takes into account the
force of increasing complexity; as technology advances, the resource cost of further advances
increases proportionally.®

Let by = Hy/ LA™ be the per capita level of human capital compared to the leading
edge technological level A™**. h, measurcs the level of human capital in comparison to the
leading edge technological level; we thus refer to it as innovation-effective human capital.

The technology of innovation is described by the function A, = A(h,) given by

| . M0 < by < e
_ < ? < My
(6) Alhe) { Ag henie < by M S e

Above the innovation-effective human capital threshold level ﬁcm, innovation occurs through
research and development. Below the threshold level Acy,, innovation occurs by technological
truplementation, which is less productive.

Suppose that expenditures on innovation are subsidized at the proportional rate ¢ < L.
The subsidy rate i is a proxy for all distortious and policies that impinge dircctly on the
incentive to innovate. It can be negative, in which case the distortions and policies favoring

innovation arc outweighed by those discouraging it.

M. Grossman and Helpman (1991), to the effect that the propartional increase in A, (7) is a fixed constunt,
neglects the effect of spillovers coming from innovatiuns in other sectors on the quality of an innovation.

SThus the model cmbodies the “diminisling opportunities” Liypothesis of Kortum (1997). As explained
in Howitt (1999), the mwde! is also consistent with Kortum’s observation of a declining rate of patenting per
R&D scientist/cugineer, because we may interpret the incrcase in scientists and cngineers as an increasc in
the (humau} capital input to R&D.

11
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The analoguc to the Belliuan equations of Aghion and Howitt (1992) are:’
(7) e = Uy — Gty + L.

The discount ratc applied in (7) is the rate of interest plus the rate of creative destruction
¢,; the latter is the instantaneous flow probability of being displaced by an innovation. We
assume that investruent in inuovation can be financed frowm the consumption stream at the
prevailing interest rate ry given by the net retwrn on humau capital.

The usual arbitrage condition governing the level of innovation is that the net marginal
cost of innovation (1 — %) be less than or equal the marginal effect A;/AP** of innovation on
the arrival rate times the expected discounted value of the How of profits that a successtul

innovator will carn. If the value of innovations is too low, research will not occur. Thus the

normal Kubhn Tucker conditions are:
(8) 1—1% > A\u,n, > 0 (one equality must hold).

Howcver, when analyzing dynamic paths we must also consider what happens when the
productivity-adjusted value v, rises above the net marginal cost. This will huppen if a future
decrease in innovation-efective hnman capital b, is expected that will make R&D impossible.
To deal with this case we assume that the maximum amouat of resources that can be
directed to inuovation are sy, where sy is some saving rate divected towards innovation and
Y. = Yy/A, L, is domestic income per effective worker. Thus the complete research arbitrage

condition can be expressed as:

ng =0 it Ay <1=%9
(4) m € [0,55y) o Am=1-19
T = S1Y it Aoy > 1

When an interior solution to n, exists and the technology of innovation A, remains fixed,

19

Vg = ——
At

"This formulation assumes that the previous incumbent is unable to re-cater once it stops producing. "LThal
is why a successful innovator can ignore polential competition frow previous innovators in the same product.
Howitt and Aghion (1098, Appendix) show that the altcruative casc in which the previous incumbent is free
to reenter produces the sume steady-state compurative-stalics results in a related closed-cconomy model.

yi’tzo;

12
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and the Poisson arrival rate is

A h[l v [
(10) b = O (A, he; e) = —E?—](_w))

—7 (I3 1),
where we have used equations (L), and
0= (s,y.,%,¥)
are the country-specific parameters®. We note thai the function ¢ satisfies
¢y >0, ¢, >0,¢, >0

This innovation arrival rate is invariant to the global productivity parameter A7* because
both the cost and the reward to innovation are proportional to AP**. An increase in the
capital intensity £ induces rnore innovation by raising its reward, which is proportional to
aggregate output, and diminishing returns to investment against which innovations must
compete.

lu general, Lhe Poisson rate of innovation ¢, depends on the current value of innovation

v, as follows:

0 1f /\t'vt < 1-— ’d)
(11) ¢t =& (/\n b, 'Ut) = Q”()\t, hr.) if Mo=1-9¢
Agsjy(,(hg) if )\t'l_it >1- 'l/}

(where we have suppressed the country-specific parameters 6). As we shall sec helow, the
first and third cases occur only during transitions in which the innovation technology used
by an econoiny changes between implementation and innovation, or when human capital is

too low for any kind of innovation to oceur.

C. Productivity Growth and Human Capital Accumulation

A country’s average praductivity parameter A, grows as a result of innovations, cach of

which replaces the pre-existing productivity parameter A, (i) in a sector by the worldwide

®We assume all countries share the same depreciation rate 6, production kernel f, imitation rate &, and
innovation technology A(-) with elasticity #,(-).

13
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leading-edge parameter A%, The rate of increasc in this average cquals the Nlow rate of
innovation ¢, times thc average increase in A (7) resulting from each innovation. Since

innovations arc uniformly distributed across all sectors, this means:
(12) Ay = ¢ (A™ = A,).

If the leading-edge parameter AP** were Lo remain unchanged then according to (12) each
country’s average productivity level would converge to A", as long as ¢, was positive. But
if the leading edge is increasing at the proportional rate g, at each date £ then a country with
a higher level of innovation will eventually have an average productivity level that is perma-
nently closer to AP**, because a larger fraction of its sectors will have expcrienced a recent
innovation embodying the leading-edge technology. In short, more innovative economics wiil
be more productive because their intcrmediate products are generally more up-to-date. It
will thus turn out that implementation steady states will have a mmch lower mix of produc-
tivity then R&D steady states.

Let a; = A;/A™™* denote the country’s average productivity and average level of hurnan
capital relative to the leading edge. Therefore hy = H JAP®™L, = hya,, becanse by = Hy /A, L,.

It follows from (12), the definition of g, and (11) that:
(13) iy = @ (/\ (heas) s heyve) (1 — ;) — 0491

Here we have incorporated the dependernice of the Poisson arrival rate on the technology of
innovation, which may bc implementation or R&D.
Assume that the investment ratc (H +6H ) /Y is a constant s; below we shall consider

the casc of Ramscy savers. Thus
(14) hf_ = b‘yh? ~ [b + g: + b (A (h,l,ﬂ-t) ) h,t,’UL) (llr; o 1)] h't-

Equation (14) is the usual differential cquation of neoclassical growth theory, with huran

instead of physical capital, except that rate of technological progress on the right hand side

14
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is now endogeunous. Since this rate converges to the world rate g in the long run, the steady-
state uman capital intensity will therefore be identical to that of neoclassical growth theory.

We note for reference that equation (14) is eauivalent to
(15) By sOTOAY8 ~ (6 + gu) .
Finally, the equation for v,, given by (7) and (11) is:
(16) O = r{h) v + B (A (Bee) , ey ve) v — (e} £

The three differential equations (13), (14) and (16) constitute a three-dimensional dynamical
system governing the behavior of a country’s relative productivity a;, its human capital A,
and the value of its innovations v,, which intervenes in determining the rate of innovation.
Together with initial values gg, kg, a transversality condition allowing no bubbles in v, (so
that the value of an innovation equals the expected value of the discounted flow of profits
deriving from it) and the trajectory of world productivity growth {g;},°, they completely

characterize the evolution of the economy.

D. Spillovers and Growth of the World Economy

The growth rate g, of the world’s leading-edge technology paramcter AP** is determined
by a spillover process that constitutes part of the mechanism of technology transfer (the other
part being the usc of AP** by innovators in every country). That is, the global technology
frontier expands as a result of innovations everywhere, which produce knowledge that feeds
into R&I) and implementation in other sectors aud in other countries.

Since population grows in all countries, so does the number of intermediate products N;.
Thus the aggregate flow of innovations in a country, Ny¢, grows steadily even in a steady
state. Suppose thal as the number of products prows, the marginal contribution of each

innovation to global knowledge falls proportionally, reflecting the increasingly specialized
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nalure of the knowledge resulting [rom the innovation. That is, suppose that:®

e e

(S) 9052 Ay AP =3 (05/Nje) Njutpy, = 3 736bsy,
i=1

3=1

where the spillover cocfficients o; are all non-negative." 1t is consistent with the notion that
R&D is more systematic than implementation to assume that o is larger for R&D than for
implcmentation.!?

Equation (S), with the substitution ¢;, = ® (A (hj1a;) , fuje, v}, together with the tliree
diffcrential equations (13), (14), (16) for each country (and the corresponding initial and
transversality conditions), constitute a 3m - 1 dimensional dynamical system governing the
world economy. Some fairly complex behavior may arise, especially in cases when transitions
between the two innovation technologies occur. Thus we shall concentrate on the particular
cases that best illustrate the main qualitative properties arising from this model of world
growth. The subsection on world growth and convergence below writes down a simpler form

of the system that holds near a steady state.

III. Emergence of Inequality with the Scientific Revo-
lution

The emergence of modern economic growth during the industrial revolution is closely
associated with the emergence of the scientific way of thought. A new perspective of nature,
founded on the scientific achievements of a ncw set of cultural and social institutions, sus-

taining ever deeper advances of knowledge, brought about a new era of technological change.

9The marginal contribution (o;/N;) has been deflated Ly the number of products in that country, rather
than by the nuuber in the world, in order to avoid a technical problem common to all models of Lechnology
transfer with convergence. That is, deflating by the number in the world would lead to a degenerate steady
state in which the enly country with a mcasurable effcet on world technology is the onc with the fastost.
popnlation growth, since the fraction of world R&D performed in thal country will approach unity in the
very long run. Thus the present model's steady state depicts a mediwm-long run in which no country’s
populotion growth has yet overwhelmed the rest of the world.

0T quation (S) implics that increasing the nunber of countries would increase the world growth rate. This
prediction depeads critically however ou the simplifying assumption discussed in footnote 9. Liven if we were
to relax this assumption the world growth rate would not be affected by the size of world population.

VKortum (1997, esp. pp.1400-1) provides an alternative derivation of the relationship between R&D
intensity and productivity growth, which is not consistent with the proportional form of (S).
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For our purposes, we shall suppose that until then productivity advances were based on a
pragmatic creativity occurring close to the production process, with innovation prodnctivity
Ar. Therecafter R&D, an altcrnative technology for innovation cmerged, intimately linked
with the scientific revolution and its institutions, with innovation productivity Ay > A;.
To be viable, however, the new technology requires the presence of a minimuum threshold
level A of innovation-effective human capital. In its absence, R&1D) yielding leading-edge
technological inuovation is impossible, although the original process of pragmatic creativily
remains. In the presence of scicntilic knowledge and advanced technologies this pragmatic
process of innovation now takes on the character of technological implementation.

In the following sub-sections we first expain what happens when R&D emerges in a siugle
closed economy. Then we show that there is only a finite window of opportunity in which
the cultural and social institutions supporting R&D can emerge if R&D is to be viable,

independently of the mobility of human capital.

A. Emergence of R&D in a Closed Economy

Our first aim is to cstablish the trajectory followed by a closed economny when the pos-
sibility of R&D emerges. For simplicity we shall assume that no technological spillovers are

reccived from abroad. Thus we shall suppose that, as in Aghion and Howitt (1998, ch.3):
ge = APS[AM = 0D (A (huaty) , e, 1)

The equation for technological change now takes the form
=@ (A(hae), b)) (1~ (1 +0)a,).

Let us first obtain the steady state when only a single innovation technology with produc-
tivity A is available. This will establish the nature of the equilibrium before the appearance

of R&D. We shall need two technical assumptions. The first is that the saving rate is not so
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high that the interest ratc will not be positive.'? Since we are not very interesled in the dy-
namics of adjustment when R&D is expected to become impossible, the second assumption

is that s; > ‘-3-%1-.251‘-' , which simplifies the phasc diagram.

Proposition 1 Single innovation technology. Assume that some innovation tokes place in
steady-state (that is, ¢ (A, h*) > 0 according to the definitions below). 'Then a, will tend to
the steady state level o* = (14 0)™". An increasing function v(h) cxists, with v(h) = 3:,\-"'3
Jor h greater than hyy, (defined by ¢ (A, hagy) = 0), giving the initicl value of v for any
inttial value of h. Human capital will converge to a value h = h*, and during the equilibrium

trajectory v = v(h). The steady-state values satisfy

. s ]757’ . 1=
] O = .

(17) L e W )

Per-capita income y depends positively on lhe investment rate s, the productivity A of its
innovation technology, its RED subsidy rate ¢, and its fized productivity fuctor V. Figure 1

shows the solution trajectories and steady state E.

Since the growth rate is ¢ = o¢ (A, h*), the first expression in (17) coincides with the
neoclassical expression. For the proof of Proposition 1 see scetion 2.1 of Appendix 2.

We now examine what happens when, once steady state has been reached, a new technol-
ogy of inuovation with productivity Ay > A; (R&D) becornes available. The path followed
by the economy will depend on the relation of the steady state values h* (A;) > h* (A;) with

the critical valuc

hevie = o

ol human capital thal is necessary for R&D to be possible.
It turns out that there exist some chattering equilibria in which innovation-cffective

human capital altcrnates above and below the critical valuc hgye. In the chattering equilibria,

12Since steady-state values of 2 arc all smaller thun [s/(6 + yL)]"-l? , the steady-state value williout. growtls,

we need only assume that this is less than Aypa, = [[32\11 /6] ‘—‘L", the maximum value of human capital for
which the intercst rate is positive. Thus, we need s < 8°¥(1 - L.
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when R&D takes place Lechnology advances too quickly and human capital too slowly for
further R&D to be possible. A period without technological advance must occur for cnough
additional human capital! to accumulate to reach the research threshold again.'? To give a
clear economic meaning to the continuous version of chattering equilibria, we shall suppose
that, on any trajectory, R&D will become feasible only il h exceeds hcy, - 21, while, if it is
alrcady feasible, it will ccase to be so only if & diminishes below A, — €2, where £1,62 > 0.
We deline solutions to be the limits of solutions trajectories as £,,e4 — 0, which exist in
every case.

We shall say that an steady state is unstable to competition if individual intermediate
goods firms acting according to alternative expectations for the value of innovation, that are
consistent with an alternative stcady state, will increase the ratc of creative destruction and
make the first steady state disappear. This concept of stability is enough for there Lo be

unique equilibria.

Proposition 2 Emergence of RED. Suppose that at t = 0 the human capital and techno-
logical levels of a closed economy arc al the steady state Fy with innovation productivity A,
and that at this limne research and development becomes possible. The following cases can
occur:

1) I* (A1) < hene- The economy remains in the seme, unigue, irnplementation steady
state.

2) h*(A2) < hgne < h* (A1) (see Figure 2). The rate of human capital accumalation
is too low to suslain permanent RED. A unique chattering steady state Feya 18 reached in
finite time. h descends monotonically to the sleady state value heyy, at which the value of
innovations lics between 3{—}‘-’ and 1,\113 The cconomy alternates between doing mazimal RED
and doing none. The steady state rate of growth is given by g = swnggj —b—-gr.

3) hore < h*(A2) (see Figure 3). There cxists o chattering steady state in which research

13This type of equilibrium is not a pecularity of the linear returns to innovation expenditure that we nse
in the model. Tt also exists in the case when the returns to R&D are decreasing in n.
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accurs only part of the time. Howcuver, it is unstable to the competition of a standurd equilib-

rium Ergpn i which research occurs oll of the time and innovativns has o lower value 1—;?.
This is the unique stable steady state. Effective human capital h descends monotonically to

h* (X2). The growth rate ¢, first rises tmmediately from the initial
go =g (M) = od (AL k() = sTh (M) = 6- g

to o (A2, h* (A1), then descends monotonically to g = grap = 9{)2) > go. Figure 4 shows

the trajectory of the growth rates for cascs 2 and .

For the proof sce section 2.2 of Appeudix 2.

We call case 3 above, when the critical valuc Ay, of human capital required for R&D is
sufliciently low for a standard steady stale to be possibie, the fully feasible case. When the
possibility of R&D appears, what factors help R&D to be feasible? What is needed is for

the steady state value h* (Ag) to be as large as possible. The equation for A* is the following:

(L+0)d+g1L,0-5 Af (- By he 2y
g o (ST ) <

Countrics with a slower population growth g;, higher saving rate s, and higher productivity
factor ¥ will have a higher steady state value k* which is thus more likely to be above Acy..
On the other hand, although a higher subsidy rate ¥ increases the growth rate, it decreases
the steady statc value A" and might make the R&D steady state infeasible. Countries with
better institutions supporting the production of scientific knowledge on which R&D is based
might also diminish the eritical level Aoy, of research-effective human capital required for
R&D as perccived by private intcrmediate goods firms, and thus make R&D mare likely.

If the possibility of R&D appears simultancously for many countries, these country-
specific factors may determine which countries move to the R&D steady state and which
remain in the implementation steady state or in stagnation. From not too different initial
conditions, economies would evolve to equilibria with significantly different human capital,

technology and income levels, as we shall next examine. We shall also sce that the emergence
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of R&I) in several countries simultaneously is less likely, since the corresponding increase in
world growth diminishes innovation-effective human capital A, making R&T) less likely to be

feasibie.

B. Window of Opportunity for Lagging Economies

We have scen that when the possibility of R&D cmerges, it will be feasible in a closed
econonty so long as the implied new steady state value of effective human capital is suffi-
ciently high. We examine what happens in other cconomies when R&D emerges in some
leading economy. We show that, even in the case of economics with identical parameters,
if an implementation and an R&D steady state exist, then there is only a {inite period of
time --a window of opportunity— for the lagging country to set up the institutions support-
ing scientific knowledge and enabling R&D. After this period of time, the depreciation of
innovation-cffeclive human capital induced by the technological advance of the leading coun-
try will trap the lagging country in the impiementation steady state. We shall also discuss
the impact of country-specific parameters, which may lead countries with somewhat different
initial conditions to diflerent cquilibria cveu when R&D appears everywhere simuitaneously.

Although it may be more natural to think that human capital is immobile, the resuits

do not depend on this, so we cousider both cascs.
B.1 Immobile human capital

Suppose that at ¢ = 0 the human capital and technological levels of all economies are
some steady state Ey = (a*(go), h*(g0)) with growth rate go given by pre-scientific innovation
productivity A;. At this time, supposc that R&D becomes fully feasible in a single economy,
which becomes the leading economy, and that after the arrival of R&D every other country’s
technological spillover is negligible, so that the growth rate g; is determined only by the
leading economy, following a trajectory such as that depicted in Figure 4 tending to the

Fuep steady state.
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For economies not significantly affecting the rate of world growth, the system of equations
(13), (14) and (16) take a simpler form for trajectories (inchiding statiouary trajectorics)
that keep throughout to either implementation or to R&D. In this case » takes one of the

1~ 1-%

constant values <=, =-F aud we obtain a system with ouly two equations,

(18) ay = ¢, (A (hiae) , b} (1 = ar) — auge,

(19) hy= sOhY — |6+ gr. + & (A(hear)  he) (a7t ~1)] g,
where x; = max{z,0} for any number «. Write
h(9) = [s%/ (6 +gu+ 9) /"7

for the steady state value of A when the leading cdge technology AP** grows at rale g.

Proposition 3 Window of Opportunity with Immobile Human Capilul. Consider a lngying
economy with parameters identical to the leading economy (so that an RE1) steady slate
exists), and suppose that (poussibly after some time has ellapsed) h*(g:) > han, so thal the
implementation steady stale exists. The phase diagram fur the human capital and technology
dynamics is given in Figure 5, if we interprel Eig, end Engn as moving equilibria which
depend on g, and which first overshoot a final value given by g = gnen. fmmediately that
grouith increases in the leading country, the inmplementation equilibrium given by innovation
productivity Ay moves to Eyny, with lower equilibrium levels h*(g,) and apmp(g:) for b and
a. So long as the institutions supporting RED arc not put into place in the lagging economy,
it will follow a trajectory leading from Ey to Ly,.,. Once REID becomes possible, the steady
state Ergv appears, at a higher level of technology afgp > a*(ga) and at the same level
h*(y:) of h. If this huppens at L = 0, the lagging economy’s path will be identical to the
leading economy’s, and it will converge to Epgp. Thus Eq lies in the region where RED 15
possible, to the right of the curve ha = hew. If instead RE&D only appears after the lagging

cconomy’s innovation-effective human capital b has descended below the threshold level by,
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it will continue alony its path to Ly.,. Thus there is only a finite lime period during which
if the inslitutions supporting RED are put into place then the lagging econoiny will converge
tu the RED steady state Lrgyy.

If instead h*(gy) < haiin, the same results hold, withE,,, replaced by L., as depicted
in Figure 6.

For the details lcading to Figures 5 and 6 sce section 2.3 of Appendix 2. Note that
we have assnmed A*(gy) > Ay, 50 that the in the original steady state there is innovation
through pragmatic creativity. Economics with different parameters stagnating in this reginme
will satisfy 2*(g0) < Amin, and therefore h™(g¢) < Ay, which implies that they will continue
to stagnate after the cmergence of R&D in the leading economy.

We mentioned above that if the possibility of R&D appears everywhere simultaneously,
then economies with somewhat lower initial conditions might not converge to Frgp. What,
is required is that their initial conditious lie in the basin of attraction of Ein,, as can be
seen from Figures b and 6. If the simultaneous emergence of R&D in several economies were
to affect the growth rate, this would have to be taken into account. For example, if the
joint technological growth overwhelms the joint capacity to form innovation-eflective hurnan
capital, a chattering steady state may emerge or some countrics might cease to do R&D.
It is also clear that the country pavameters 8 will be determinants of the duration of the
window of opportunity for lagging countrics. Finally, countries whosc inuovation-etfective
human capital is initially close to the threshold level heee will find themselves below this
level once leading countries commence R&D.

Note that if A, (A1) < h*(g) the only equilibria are the nplementation and R&D
equilibria, at least one of which must exist. There is only an implementation steady state
if Anen(9) < Acn, and only an R&D steady state if /.L;‘mp(g) > hee. Ou the other hand,
economies for which implementation is not attractive at the steady stale level of human

capital, so that huin (A1) > 2*(g), (.e.¢(A1, h*(g)) < 0), will be incapable of implementation
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and will stagnate, tending to a stationary state with 0 technological aud economic growth.

The condition for stagnation is:

V(- g -
N=B)

[sU/{6 Fa.+4q)
Increases in world cconomic growth, for example arising through the introduction of R&D,
may throw countrics with a combination of low saving rates, high population growth, low
productivity factors, and low innovation subsidies into stagnation. A less sirict interpretation

of Lthe model iinplies growth to be limited to what is attainable by the adoption of techuologics
whose implementation is almost costless.
B.2 Mobile hurnan capital

Instead of equation (14), we now have an equation [or global human capital accu-
mulation, and conditions for ithe global equalization of the returns to human capital. l.et

H, = 3_7", Hj be the global stock of human capital. Then

m
H=Y (sj W ATPHE LR — 6H,—t) ,

j=1
re = PR 6.
Let L; represent the initial levels of population as a proportion of world population. At any

given time, for countries j and g,

=7
Hje _ AjlLyphy a;L;V;
Hqt Athqgh,qt

1
1-73
aqt Lq l[l i

80
[
] apl-e
aJ,_]/J ‘IJJ

1
N 1-8
2oue1 Gat Ly ¥y

g==1

(20) H =

Ht)

Now let L; be the world population and define E, = H,/AP*L, to find
e
{_'th\Il;_ﬂ ~

h‘t;
ZZ::l aqrLy q;g'_Ls

(21) hye =

24



Mavyer and Howilit / Technological Innovation, Implementation and Siapnation

and, nsing (15),

1 _
L s (Z;n-l Sja_'jf.[/j‘l’;-‘”)
= (Z;ﬂ—l a-th,i‘I.’,; "q)

= (6 + gr+ a5) b

These two equations replace (14) in the system of equations.
For simplicity we consider the case of m identical countries, with W¥; = 1, aud suppose

that the spillover from impleruentation is zero. ‘T'hen equations (21), (22) and (S) can be

written as
1 i~
hjt = 1 h.g,
EEZ—J qt
[ 1-3
o 1 ~3 . o~
h=s{ =Y a, he —(6+gL+g) b
m
j=1
and

m

gt = ZUZ (Agt) @ (Age, Frje)

g=1
where T (A} = 0, I(A;) = 1. Before the advent of R&D at ¢ = 0, we assume that all
intermediate goods are produced using the leading edge technology, so a0 = L. Also, we
assume ;7, converges to h*(0), and hjo = by = h* (0). Supposc that the instilutions supporting
R&D come into place simultaneously in countries 1,...,my, where m; < m, and that R&D
is simultaneously feasible in all of them. Observe that hj, will be identical, so we drop the
J, while aj will differ. Let altY, aOth* stand for the technological levels a;; of the countrics

doing R&D and the remaining countries respectively. The differential equations for o

and aQ'"* are

(23) (1?&9 = ¢(Ag, b )(1 = (1 4 amny) GB&D),

(24) aP™ = ¢, (A1, he)(1 — al™) = omyd(Ag, hy)ag ™.
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Since R&D is fully feasible in countries 1, ..., m;, we are in cffect assuming that (Ao, iy) > 0
throughout the solutiou trajectory. It follows that fivin(A2) < £*(0). The remaining equations

are:

M Re m g ~
he= s(;}a{{&D +(1 - 7”—1)(1.?”'”)1 B — (8 +gu + g0) b,

™ gan M1\ Othery- 13
hy = (—a +{(1——)a h,.
t ('m. t ( ,m) t ) t

Proposition 4 Window of Opportunity with Mobile Human Capital. Assume thut RED is

fully feasible for m, countries, so that ¢{X,, he) remains positive, and supposc that none of

the lagging countries sels up the institutions supporting RED. af¥P converges monotonically
to

R&D* 1
(25) a =

1‘*'0‘7’7'117

and h* converges to the solution of

(26) "= [(6 + gL+ crm.qb()\z,h*))} '

Hence the number of countries my for which RED is fully feasible is bounded above by the

condition

. s ™.
> hes.
(27) 14 omy [(5+9L+0m1¢()\2,h*))] = e

If &(A1,R*) > 0, the lngging econornies will reach an implementation steady state with

* 1
(28) aoﬂlcl — provrnE
L+ omi g

I h*a®™" < heyy, af that point even if the lagging economies set up the institutions support-
ing RED, they will remain in the implementation equilibrium. Hence during their trajectory

to the implementation steady stale, there is only a finite period of time in which R&ED can be
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feasible. If instead ¢(My, h*) < 0, the lagging econvrnies will eventually stagnate and a9t

will tend Lo zero. The larger the number my of countries doing RED, the more likcly this 1s.

For the proof of existence of a unique stable steady state for the system of equations in
al¥&D | gOther 1, sce section 2.4 of Appendix 2. The trajectorics would be monotonic, except
for the influence that the initial overshooting of g, may have. Figure 7 gives a diagran for
the moving equilibria of the dynamical system beforc and after small countries with mobile
huruan capital have sct np the institutions supporting R& 1. ‘Small’ rneans that ki, is assured
exogenous, and that any impact on ¢ can be neglected. Their relative technological level a;

sutisfies the equation
fl.t = ¢+()\1, ht)(l — (lt) — am.d)(/\g, h;)a,,

so long as the institutions supporting R&D arc nol in place. If they are put into place, A, is

replaced by A(h,a,), taking the value A if a; < acye = ﬁcm/ht and X il a; > acei-

IV. The Modern Scenario

We have described how the model explains the cmergence of inequality withi the scientific
revolution. We now shift our attention to the dynamics that cau occur in the preseni day.
To do so we first extend the model to include physical capital. This allows us to show that
the multiplicity of steady states remains, allhough economies receiving an influx of physical
capital will achieve higher steady states. It also allows us to discuss the relation of the
model with the recent cmpirical litcrature. We then derive a multi-country model near the
stcady state and discuss the relation of the model to convergence. Finally we discuss how the
model explains periods of miracle growth and economic slowdowns that grip whole groups

of countries simultaneously.
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A. Physical Capital: Closed and Opcn Economies

We extend the model by introducing physical capital to show that the basic pattern
of multiple steady states remains unaltered for cconomies closed and open to the flow of
physical capital. However, open economies receiving an influx of capital raise the level of
their productivity and in effect their savings rate, so that when such an economy opens it is
possible that it may shilt steady state. Of course, if this opportunity works for ane group
of countrics and raiscs the level of world growth, this ruay make it more dilficult for other
countries with paramcters less conductive to growth.

We introduce physical capital as a factor of production of the intermediate good,
7 (1) = Ko (0)° H, () 7" /AL (),
and redefine
F(z,¢)= U308 0<ap at 8<],

where

a
a+ 8

-

Optimization of capital resources by the intermediate good producers implies

(ree +0x) (U~ ) wHy
(rae + 6} (1—%y)  (L-&) Ky’

where 1y, 7y, are the returns to physical and human capital, dx, &y, their respective rate

of depreciation, ¥, 1y are subsidies to the use of physical and human capital and K, aggre-

KL}_\'HK)"&-L’)K)K"‘H;FIQH)I_’KL -'I'HL""AL (i) @ OF

KS(1I—R)T "

gate physical capital. The cost function is now

Following the same arguments as before,
T (1) =y = kFRLTRE,
where k¢ is the capital stock per “cfleclive worker” K,/A, L. Now
Yo/ LA = Ok7H] = f (ke b ©),

28



Mayer and Howiit / Technological Innovation, Implementation and Stagnation

_ o+ ) fulke b ¥)

(¢ +8) falke hs; V)

1 - 1/)'(_"

(29) T Ok, THe = Ou,

(D) =A@ (a+8)(1l-a-0) \Ilkrl"lz?f = A, (i) (ke by U) L.

Let us assume now Lhat the joint investment rate in human and physical capital is a
constant proportion of domestic income s. In the case of a closed economy, let us assume

that the rates of return to physical and human capital are in equilibrium, so that

YKt = T'di.

In other words, any initial itubalance of physical or human capital has been redresscd by
exclusive investment in the scarce capital resource. For simplicity we shall supposc that
the rates of depreciation of physical and human capital are equal, g = dx = 8. (An
alternative simplification would be to suppose that f represents a net production function
and g = éx = 0.) Then

he B (1~ vg)
(30) k= o(i=dg)

Now, as iu (14),

iﬁ?t = ih’S‘I’k?hf - [6 + 9L + 0:1] kft,

he = iy sUkTRE — [6 + gr + &) by,

where iy, iy represent the proportious of saving dedicated to physical and human capital

investent. Since £ remaius constant,

iq[{ h't _ ﬁ(] —‘l,bK)

i ke a{l—vy)

and therefore we get equation (14) with S replaced by o + 3 and s replaced by

a (lf("’l"f‘);.;ﬁ):;é'f__gf))l_a s. In equation (10) defining ¢, r and = are rcplaced by

il 9) = (o 8) Sl G b s ) =
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and

a(l —

13(] wll)htuhh )

m(he ¥) = {a+ B) (1 —a - ) flo7—

In the case of the open economy, let us suppose that the world interest rate is 7. Physical

capital flows uutil 7, = r, so, from (29),

(a4 Na 8 s
k, = h
' [(r FO) (T~wg)

Hence, (29) implies

1—8—a

BaTs (a4 B)a h, T°
(r+6)™= (1= )™= (1~ )

So long as rg¢ > 7, all domestic investment is dedicated to human capital. Any physical

T+ 6 =

capital stocks are allowed to depreciate or transferred to human capital as fast as possible.
If rye < v, human capital per effective worker stabilizes at its steady-state value. If rpy; <
r, human capital stocks are allowed to depreciate until equilibrivin is rcached. Thus the

differential equation for k is

hy = s¥ [(T Jr(cz‘)?lﬂ)—(:p,-)] o R — 6+ gp + @] e

50 long as b < hgpen, the equilibrinum level

[ B0 (a + i) ] I
hOpen = p P 1-a 3
(rF6)" (1 = ¥g)* (1 —vy)

and for A > hopen
~[6+gL 4 @)h

The following are the most relevant cases. The dynamics are similar to those of the model
without physical capital, with &* replaced by hope,. In equation (10) defining ¢, 3 is replaced

by -1-% < wa+ 6, and 7 by

s .6
et hla ] T

a(h; ¥) = (@+ B} (1—a-f) [(-,- +8) (1 —9y)
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Proposition 5 Cupital Flows and Club Membership. Constder a small closed economy that
opens itself to capital flows. If this implies that it receives a flow of physical capital, then in
effect ils savings rate and the profit rate of innovation incrense, the interest rate decreases,
and its level of human capital rises as ewisting capital stocks are transferrved into human
capital, Eoch of these, some of which may increase critically with physicel or human capital
subsidies, imply higher technological steady state levels and the possibility of shifting to a
higher stcady state. The opposile results hold when openning the economy leads to ¢ net
capital outflow.

For the proof of Proposition 5 see scction 2.5 of Appendix 2.

For the full system of cquations for economies open to the flow of physical capital, it

remaing to write down the global capital accumulation equation.
B. Decomposition of Cross-Country Income Inequality

We have shown that the emergence of R&D can explain the emergence of inequality.
Countries whose levels of income originally differed only through the eflects of fixed produc-
tivily factors, population growth, the saving rate and subsidy rates Lo innovation, will now
find themselves on cconomic-growth paths couverging to different equilibria with different
technological and human capital levels. Ilere we give a decomposition on the contributions
of these scparate factors to income inequality.

In the exiended model including physical capital
Y, = WA g gfri-ef,

In fact, the final production function I could also include physical and human capital as
inputs, and ¥; would still take this form. Only the expressions for 7, and 74, would differ,
with a + G replaced by the market power of the innovators.

1o eliminate the problem of induced physical capital accumulation, rccent empirical

studies (e.g. Hall and Jones, 1999; Klenow and Rodrignez-Clare, 1997 ) consider the trans-
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formation

o« A
)/t' e ].Tg;‘ﬂ_ }{t Tea ]It 1-a
o e ()7 (5)
Qur model iruplies thal k; = K,/A:L, and hy = H,/A,L, tend to steady state values which

only depend on country-specific factors 8. lu refercnce to these equilibria,

Ht _ I{ﬁ _ k’t _ 1l - -8
7= b aad = 2 W A,

The term H,/L, will depend on fixed factors 8 and on techuology, while the term K,/Y, will
only depend on lixed factors ¥ and 8.

We now discuss the relation of our model with Feyrer’s (2000) empirical results. We lirst
assume that weighted schooling (derived from microeconomic Mincerian wage estimates),
which is Feyrer’s measurcment of human capital, coincides with our theorctical concept of
human capital, and then discuss the problems that this assumption has. Feyrer finds that
the distribution of productivity residuals {atternpting to measure A;;) is increasingly twin-
peaked. This coincides wilh the prediction of our model, according to which the distribution

of per-capita income

depends mainly on teéhnological differences, which can converge to multiple equilibria, and
to values \I/kf“hf? which depend only on country-specific fixed factors 8. Next, Feyrer finds
that the distribution of the capital to output ratio K,/Y; has a single-peaked distribution.

according to our model that would mean that the function ¥k}

~ah;# of @ has a single-
peaked distribution, which is not unrcasonable, since it is consistent. with the idea that
country-specific parameters are drawn froin a common pool of possibilities. Finally, Feyrer
finds that the distribution of hwman capital H;/L, = h,A; is rather flat. This is consistent

with our model, according to which H,/L, is the multiplication of a single- and a twin-peaked

distribution.
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Feyrer also has some dynamic results for the period 1970-1989. He shows that it is
mainly human capital, rather than physical capital, as in our mmodel, that is associated
with movements in rclative productivity. When humau capital is in the middle quartiles,
productivity tends to remain unchanged, consistently with the presence of stable convergence
clubs. When human capital is high, large increases of productivity are possible when relative
productivity is already high, and when it is low, low relative productivity tends to fall
even further. This is consistent with the model in a period in which 1) countrics with
high productivity and high human capital achieve new levels of growth thal 2) countries
at implementation equilibvia cannot yet implement, and that 3) throws countries in low
cquilibria with low human capital into stagnation. Feyrer also shows that closed countries
arc more prone t0 stagnation, while open conutries can more readily achieve growth in this
period. This is also consistent with our model, as was shown in the previous section.

Tet us return now to the question of whether weighted schooling is an appropriate mea-
sures of humau capital. The problem is that schooling does not take sufficient account of
quality and thercfore, measured as it is in years, does not give a full account of the accu-
mulation of human capital. This may introducc distortions in the techuology residuals and
irnplies that better measures of human capital wounid be more twin peaked.

An alternative specification to (31), which may be useful in empirical studies, is

=, ()77 ()™

. Y,
(32) =

) Y, Y,
In this case

H h’ ~1lj,—apl=—
ﬁ=i=wu%mﬁ

Yt
also depends ouly on fixed factors, and the only dependence on techinology is through A. This

climinates the problem of human capital accumulation induced by technological change.
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C. World Growth and Convergernce

Near its steady states the multi-country model simplifies to a 2m-dimensioual system
whose convergence properties can be discussed. Let us consider the world economy again in
the case with 1o physical capital when cach country is near sowme stcady state equilibrium
cither above or below hei, S0 thal a change of innovation regitne will not occur. ‘Then the
value v of inuovations is constant at cach steady state. Substituting the global spillover

equation (S) into equations (13) and (14) for cach country we obtain a 2m-diinensional

system:
_m
(33) [th = ¢+(th)(l - n'jt) = Gy qu¢+(xqt); 7 = 17 o m,
g=1
(34) hj = sjq:jhg.i — [+ 915+ 0 KyedlaTt = D] by 5 =1,...,m.
where

Xj: = (h'jh /\z(hjl.fljt); 9;‘)

A steady state [or the world economy is a rest point of this system. As in ITowitt {2000), which
contains further discussion on this system of equations including a proof of its local stability
(that carries over under the present assmuptions, replacing physical with human capital),
any change in the country-specific parameters, such as investment rate s;, productivity of
innovation A;, subsidy rate ¢; and spillover ratcs o; that would raisc the growth rate in that
economy if it were closed will have a (possibly small) positive effect on the world growth rate
when the economy is part of a global system with technology transfer.

For small cconomies whose influence on g; is negligible, the linearization about the steady
state yields a systemn with two negative eigenvalues between (1 —8)(6+gr; 1 ¢, (X},)(a:“ -
1)), the rale of convergence due to the decreasing returns to hurnan capital, and ¢, (X},) +4r,
the rate of convergence due to the decreasing returns to innovation with increased technolog-

ical levels (see ITowitt, 2000, for the proof of a similar staterent). ‘Uhe rate of convergence
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to Lthe stcady state is bounded below by the smaller of these two rates. Thus convergence
is slower than predicted when the technological process is not cndogenized. Convergence
due solely to capital accurnulation is probably laster than what is observed in cross-country
studies. Episodes of miracle growth, when capital accumulation rather than technological
change prescnts the larger, but less stringent, barrier to growth, arc also evidence for this. It
is clear that R&1), implementation and stagnation convergence clubs will have different rates
of convergence. A model with convergence clubs is incompatible with absolute couvergence.
However, it nced not be incompatible with relative convergence and sigma convergence (re-
duction in the dispersion of incomes), because these are weak concepts. Even when several
fundamentally different attractors exist, irajectories may on average still approximate spe-
cific steady states. Relative or sigma convergence only implies that some, possibly several
and unknown, cquilibrium tendencics are at work. On the other hand, the mode! clearly

predicts that economies with the same parameters need not converge Lo the same paths.

D. Precsent Day Windows of Opportunity

The history of the industrialization and development of several countrics, amongst them
Holland, Denmark, Norway, Italy, Japan, Korea, Singapore, Ireland, and recently Chiua, is
characterized by periods of higl, sustained growth soetimes called miracle growth. Other
countries, including Argentina, India, Nigeria, Brasil and Mexico have experienced periods of
sustained economic growth and then failed to reach: the status of full development (see Ugo
Pipitone, 1995 for a comparative historical discussion of the first five and last (our cascs,
who also notes that miracle growth rales have tended to iucrease through time). These
different phcnomena can be explained as windows of opportunity that open up and then
close down at various times as a result of changes in the difficulty of R&D and technological
implementation.

The leading edge technological level AP represents a mix of technologies. During the
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history of technological growth there has been a sequence of dominant and/or general pur-
pose technologies, such as tlie steam engine, clectricity, trains, automobiles, tclecomnmunica-
tion, plastics, chemical technologics, information, etc. These have different, chacacteristic,
R&D and implementation productivities, a full representation of which could take the form
Ai(hy, AP**), the productivity of resonrces dedicaled to obtain an innovation at the leading
edge AP® when at a human capital level h;. We have taken the view that ), take the ho-
mothetic form A;(k/AP**) {or simplicity and because this leads to steady states in which
human capital and technology grow proportionally. What matters to us now is that for
different technological episodles the relation between the productivity of implementation and
R&D) might be different. Thus, we consider pairs of functions A; (describing R&D and

implementation) of the form

iy f ARy AP < AR,
Ailhe) = { MR Amax > Amex

i=1,2
Analogous changes in the level ilcm. conld aiso occur. What this means is that once the
leading edge A;"™* reaches AP**, the productivity of innovation changes unexpectedly. If
implementation becomes relatively easier, a window of opportunity for transition to the
higher equilibrium may open. Countries with better scientific institutions and parameters
for growth will be the first to take advantage of such an opportunity. To the extent thal
they increasc the world growth rate g (of A"™), the window of opportunity may close for
other countries as in the previous case. During the transition to the higher equilibrium,
technological innovation will change from iwplementation to R&D, a well-known pattern
in the case of, for example, the Asian growth miracles. Bloom and Williamson (1998)
show how growth in these countries coincided with a demographic window of opportunity in
which a lower dependency ratio increased the saving rale. This provides a reason why these
countries had a higher parameter s, a contributing factor, according to our explanation, to

the openning of a technological window of opportunity. Our model thus provides a reason

why not all countrics reaching tlie demographic window of opportunity will develop: the
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demographic window might not coincide with the technological window of opportunity. The
exhaustion of the easy part of a new lechnology may close a transition window that may
have been open, by shifting the threstiold levels necessary for R&1) (Sec Figure 8 for an
illustration of the points of this paragraph).

Similarly, the advent of a new technology for which implementation is more difficult may
push some countries into stagnation, by making iruplementation unprofitable (Figurc 9).

Technologies requiring for their implewentation a higher level of huinan capital for a larger
proportion of the population in effect require a higher threshoid level of human capital. These
therefore fall in the sane class as technologies for which implementation is more difficult,
throwing sowe countries into a lower cquilibrium or retaining them in the implementation
equilibrinm.

Although a theory based on the corupetition of ideas is enough to explain that miracles
in some countrics can diminish the opportunity for miracles in others, including trade in
the goods which are the subject of techinological advance probably strengthens this effect,
because innovation and production in the technologies that more prepared countries are using
to take advantage of a window of opportunity may discourage it in less prepared countries.

According to our model, the emergence of Asia, together with the arrival of the general
purpose information technologies, are contributing factors to the lost decades of growth in
Latin America, and its conscquent permauence in implementation, and for stagnation in

Africa.

V. Conclusions

We model human capital and technological dynamics when innovation can take the form
of R&D or of tcchnological iroplementation. This dichotomy, kept alive by the ever larger
threshold of human capital necessary for R&D, gives rise to long-term convergence clubs,

each characterized by R&D, tuplementation or stagnation. Applied to the origin of modern
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economic growth in the scicntilic revolution, the model explains the concowmitant emergence
of large income inequalities between countries. Once R&D takes off, the creative destruction
of innovalion-effcctive human capital in laggard or low-performing countries implies that
they only had a finite window of opportunity for the scientific institutional supporting R&D
to evolve and come into place, if they were to join the leading countries in development. The
convergence clubs and windows of upportunity exist cven if economies arc open to physical
capital flows and human capital is mobile, although these may make the thresholds casier to
allain.

The mode! is consistent with a highly demnanding set of facts pertaining to the current
distribution of income and factors of production among countries. It also is consistent with
the persistence of relative economiic conditions since the colonial era. It explains why eco-
nomic miracles arc possible in modern-day windows of opportunily for development and also
why whole sets of countries may be simultaneously a~ icted with prolonged periods of slow
economic growth when technological implementation becomes more difficult. Finally, it is
also consistent with the evideuce for relalive converpgence — a rather weak concept, 4s com-
patibility with this model shows— but not with ahsolute convergence, nor with couvergence
conditional on identical country-specific parameters.

Economic policy intending growih must lay morc stress on technological change and
human capital. Facilitating technological implementation, opening knowledge flows, fos-
lering knowledge institutions and promoting human capital investinent, are key factors for
increasing productivity. Once good rates of technological implemeuntation are achieved, well-
targeted policies may make it casier to identily and overcome specific thresholds holding up

technological change, so as to dissipate low-technology traps.
Appendix 1. Ramsey Savers

'Taking account of the intertemporal optimization involved in hurman capital invest-
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ments adds another dimension to the problem. The dynamics are more complex, cspecially
when tliere is a transition from one innovation technology to the other, Here we treat only
cascs in which such a transition does not occur. So long as households do not internalize
the gains associated with innovation, as is the case when the intermediate goods firms are
separate from the households, the qualitative results obtained above arc maintained.

Let Cy be aggregate consumption and define é = C/L,, consumption per capita. Maxi-

mization of the utility functional

/Om u (&) exp(—(p — g1 )t)dt,

-

with « (&) = 91——“-:—' yields, once we define ¢, = C, /ALy,

l-0o

(35) ﬂ = r—("}lt—)":‘ﬁ - ¢+ (At (h,at) ,hp,) (at_] - 1) .

Cp Toy
Once consumption and expenditure on innovation are taken into account, ditferential equa-

tion (14) for A becomes

(36) itt = IIihf —C — n,,/ (f(l.t) - [5 + gr + ¢+ (At (htat) y ht) (at'l — 1)] ht.
with
n, = ¢4 (M (htat) s hy)
' A (heay) '

When technological transitions occur, ¢, must be replaced by the function ¢ involving v,
used above. Also, additional profits from innovation adding to incoine may occur when there

is a difference between the costs 1 — ¢ and benefits Ao, of expenditure », on innovation.

A. Emergence of R&D in a Closed Economy

Let us first consider the case of a closed economy. As before, we assume that a,; has

converged to (1 Fo)™'. Write &% () for the solution of

rBE QD20 _ o k()i < 1,2,

Ty
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which give the steady state values for h,and let
gn (Al) = O'¢+ (/\ia h’:'{ ()\3)) 11 = 11 2

be the corresponding ‘Ramscy’ growth rates. gp (\;) will be zero if innovation is not viahle
al the steady state level of h,. Assume that prior Lo the emergence of R&D the economy
is at stcady state Fy with Ay = hj (M) and cj (A1) following from equation (36). Let
hire = (1 + ) e as before, and suppose that g (M) > 0. Notc that hr (M) > AR (X)),
‘The following proposition shows that very similar results obtain for Ramsey savers in the

case of the closed cconomy.

Proposition 6 Emergence of RED, Ramsey savers. Suppose that at t = 0 a closed economy
is at steady state Ey, and that ot this time research and develvpment becomes possible.

1) R (M) < ke The cconomy remains in the same, unigue, tmplementalion equilib-
TEUM.

2) by (A2) < henie < RR (A1) (see Figure 10). [n this case no usucl steady state exists
{the economy must tend to some chattering steady state).

3) home < R (A2) (see Figure 11). There exisls o unique equilibriumn along which cffec-

tive human capitul h, descends monotonically to hy (A2). The growth rate g first rises

immediately from the initial gp (M) to @ (X, hy (M), then descends monotonically to
gr(A2) > gn (M)

For the proof see section 2.6 of Appendix 2.
B. Window of Opportunity for Lagging Economies

B.1 Immohile human capital

We assurue again that R&D becomes fully feasible in a single leading economy, and
that afler the arrival of R&D every other country’s technological spillover is negligible, so

that the growth rate g; is determined by the leading economy. ¢; and a; obey equations {35)
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and (13), while &, obeys

_ o (e (huawy) , he) _
A (RByay) a,

(37) he = UhY - ¢, 6+ gr+g)he

In this casc the steady stale valuc of h; is given by the solution hR{g) of

r(hrlg) —p _
%y

g.
Fquilibrium values ak (A}, ¢ (A:) for a; and ¢ now follow from equations (35) and (13).
We proceed as follows. We examine the stability propertics of Lhe system of three equa-
tions at steady state, to obtain conditions under which two cigenvalues are positive and onc
is negative, as expected. Then the existence of a policy function ¢, = e(ay, i) implies that
the dynamics are similar to the non-Ramsey case for solutions noi involving a technological

transition. Assumec that g is fixed and thal innovation will occur at hh(g) for Ay and As.

Then using the vector of variables {a, h,log(¢)), the relevant Jacobian for the case A = A;is

—¢_g ql)h(l_a) ¢ 0
M= | shs USRS - B [S4+g4g) —o
¢a—2 r;.ngiul _ ‘t{’h (-a-l _ 1) 0 ey

The characteristic polynomial p () = 1% + agu® + a1 + ap has

ap = (¢ + g)c* (ﬂ‘g’_) — ¢y (a™' - 1)) Fou(L—a")cpat <0

w = (4D - P15 g, 4 g)
¢‘/’ 2 1- * h* -
SIS N v

The first. inequality follows from r, < 0 and the climination of all terms in ¢, by usiug the
steady state condition (1 — a) ¢ = ag. It clearly implies that p () has at least one positive

root. By substituting ¢* in (38) we obtain

) b (1 —
0, = —(¢ +g)(‘11,3h'(ﬂ 1 _ 3\% ~[6+ gL+9)) - %@

+ (u:h.’” - Xiﬂ —(6+gr+4] h*) (———T“;m -y (a7 - 1))

T 1’}
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We assume thai the cocfficient of ¢, satisfies

T~ WP =[5 gL+ glh) (e P - 1) <0,

which means y is not so large as to induce instability in the (g, k) plaue, and that
WBA* B — (6 + g1 + g] > 0,

which means the intercst rate paid to human capital in the absence of incentives to innovation
would be positive. Then a; < 0. This additional condition implics that the remaining two
roots have negative real parts (see section 2.6 of Appendix 2) so there are no exploding
solutions in a and A.

It is not too difficult to show that none of the eigenvectors, associated with real or complex
cigenvalues, can have any entry equal to zero. This implies that, at least locally, the two
dimensional surface of solutions which is tangent to the eigenvectors corresponding to the
two roots with negative real parts defines a policy function ¢(a, k), and that the dynamics
on the (@, h) plane obtained by Lhe substitution ¢, = ¢(ay, h:) are stable. Dividing the (a, h)
planc into two parts on either side of ah = Ay, and assuming that the policy function c(a, h)
exists everywhere, we obtain a phase diagram similar to the cne used in the non-Ramscy

casc to show the existence of a window ol opportunity (IFigure 5).
B.2 Mobile human capital

Let C; = Z;"_l Cj: be global aggregate consumption. Then

‘f‘-jﬁ e, g
45t Ty

and the same equation is obeyed by C;. The global stock of human capital H, = E;":l Hj,
obeys

' . B . /\,h L Amu.x
H, = Z (q/jA;t BIIftL:I 8 _ ?_"( Jt )‘_:)p 12K - (5H3t) - Ct.




Definc & = Cy/A*™ L, and lel Ry - H, AP L, as before. ‘I'hen

L by (Nes Ry )1
T _ O 1-878 rl-3 2 jky Foj0 ) 474 ~ 7
(39) ho= ): (‘Pjaﬁ L™ - J—TT—) ~ = (6+gta)h

This equation and (21) for h; replacc the equations for h;. In the case of m identical
countries considered above, with ¥; = 1, the h; will be identical, and equations (23) and

(24) will continue to hold. Ilowever, there will be one more equation in the system,

E 7 {he) —
a_rhd=p_
cl. 0'-,,,

It is clear that near an steady state, as the global saviugs rate tends to a constant, behavior
similar to that obtaining for Solow savers will hold for each country, so that a window of

opportunity exists in this casc too.
Appendix 2. Proofs

2.1 Proof of Proposition 1. Closed econowy with single innovation technology.

In this case A is {ixed and
7oty — el <
U = 0 U=
Tt -+ ASIy‘_'Ut -_ 7rt€ Wt 2

-

1=y
)

1-%
X

where r, = r(h), 1, = w(he), ¥ = y(h;). In the first case the locus of ©, = 0 is given by

i - D . . . .
v} = L= gj‘;)——gl_?,—’fgf. Since we are only concerned wille the region 7, > (), the denominator

Tt

is positive. u the sccoud case 9, = 0. In the third case, 9, = 0 would imply that »; must

a8 = T g = BO—AIVA] ; L Ting g8 < AU
equal v = =Rl = AN T un] £. However, the assumption on s implics »] < 5%,

in contradiction to the definition of case 3. Thus there is no 7 = 0 locus so in case 3. Now

let us cxarine

, sURY — (64 g1) by v < ¥
ho=q U] (6 +gu+08 (MR he v =152
SURY — (6 + g1, + Mosiyu(h) he v > 152

The locus of A = 0 is given by h = hg, h* and Asuper (nO research, standard equilibrium, and

maximum possible research) respectively. These steady state valucs satisfy hy > h* > hgyper,
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because innovation lcads to growth and to a depreciation of cffective human capital. Let
hyin be the solution to ¢ (A, by} = 0. We assume that ¢ (A, h*) > 0 so that therc will be
inmovation in steady state. Figure 1 shows the phasc diagram for ¢ and A in the case where
Anin < Agupes, although this ineguality has no qualitative conscquence on the nature of the
solution. The divergent solutions are excluded by the transversality condition allowing uo
bubbles in #,.

Observe for reference that v} and ho are independent of A, while Ay, (A) is an increasing,
h* (A) and hguper (A) decreasing functions of A.

2.2 Proof of Proposition 2. Part 1 is trivial. Part 2. R&D becomes possible and
h* (A2) < hee < 1 (A1) . Tt is clear that therc is no point oun the ¥ = 0 locus at which there
is a steady state. The only remaining possibic equilibria are on the line h == hg,. Fix some
g1,y > 0 and suppose for rising h that R&D becomes fcasible only when it exceeds Aq,i +€1,
while for falling % it ccases to be feasible only if it diminishes below hicn, — €2. I is clear that
any solution satisfying the transversality condition must occur with l;—j— <y < 'T"’—', because
above these valucs v tends to infinity faster than the asymptotic rate of interest, and below
them v tends to negative infinity, on both sides of hge. Suppose we approach heyy; from
above, as we do when we begin at the steady statc value h* (A;). Then h and v will follow

the equations

(40) O = Tan+ Aesry (hy) v~ 7w d,

hy

i

SWh? - [6 + gL -+ 0')\23]3/[,(]1-:)] ht.

Since h* (Az) < hee, b will descend until Aq, — £2. Then R&D becomes infeasible and &

and v satisfy the equations

(41) Dy = rap—md,

hy = sUh? —~ (6 + gr] .

Now hgiie < h* (A1) implies A rises above fhicy + £y, where the cycle commences again.
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Observe that the cquations for It is independent of », so that so long as the altcrnaling

behavior is observed, a trajectory for h is fully determined. Observe next that both when

h s descending and when it is ascending, the solution for v is a monotonically increasing

function of its initial vaine. Thus the full solution for v is monotonically increasing in its

initial value. Consider now a single cycle starting at ke, + €1- If the initial value for » is

1—/\‘—:*, al the end ol the cycle v will have diminished. On the other hand, if the iuitial valie
1—1f

for v is 5%, at the end of the cycle v will have increased. It follows that there is a unique

value v(g1, £2) for which the cycle will be periodic. For small values of £1, €3, the time taken

. i e pn S s —(r‘.1+52) .
for h to descend from hq + €1 to hey, — €2 is approximately P o vy TR

the duration of the return trajectory is ~———%t2—— ‘Therefore the proportion b of the
swh(’l‘iL—[6+!’T.]hCIiL

time spent doing research is defined by the condition:

b _ Swh'grit - [6 + gL] hCril,
1=b  sORL, — 16 + g + adasry(hese)] hose

from which it follows that:

b= sWhige — [6 + g1
0)\2-91y(h0rit)

Since v is constant over a complete cycle, growing according to (40) the fraction & of the
time and falling according to (41) the complementary fraction 1 — b of the time, therefore
the limiting stcady-state value as (g,,£4)is given by:

o = g4
o+ by’

with r, 7 and y evaluated at i = hq,;.'The rate of growth is given by
g = obhspy
= sUhSl -6~ gu

Thus there is a unique chattering steady state Fenee. The remainder of the solution

is worked out by solving the differential cquations backward, since the problem is forward
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looking. On both sides of A, the time spent doing no research or the maximum research
before rcaching a scgment of the ¢ = 0 locus is finite (recall that the derivatives of v are
discontinuous). The part of the trajectory lying on the v = JT;'L part of this locus need not
oceur if Aoy is too close to fygg,. In this case by the time enough human capital becomes
accnmulated for implementation to be attractive the expected rise in creative destructlion
that will occur due to the onset of R&D will deler it.

Part 3. R&D becomes possible and he., < k" (A;). Therc is & unique point on Lhe
v = 0 locus on v = l;‘;"h al which there is a stable stcady state, corresponding to A* (A,).
However, the line i = hqyy sustains a chattering steady state Ecp,, similar to the one just
described, with value v > lf;"f At Eqy. intermediale goods firins deciding to pursue research
all of the time will increase creative destruction and bring down the value of inuovations,
thereby destroying the cquilibrium. The differential equation for £ again gives the expression
9 = guep = sYA* (Ag)ﬂ ~! — & — gy, for the rate of growth, from which it follows that gq < g,
so also @ (A, h* (A1) < ¢ (A2, h* (X2)).

2.3 Proof of Proposition 3. We construct the phase diagram for the system of
equations (18), (19), Figures 5 and 6. For /na, = he < f.zcm, the locus of 4, = 0 is
given by ¢, (A1, h:) = ga:/(1 —a;). When ¢ > 0, this is an upward sloping curve pass-
ing throngh (hysin (A1),0), while for ¢ < 0 the solution is @ = 0. The h, = 0 locus satisfies
O (A, h)/ [S‘I’hf l_6- g;,] = a;/ (1 — a;) . When ¢ > (, this is also upward-sloping, while
for ¢ < 0 the solution is A = h*(0). At a steady state with ¢ > 0, h = h*(y), expressing the
usual neoclassical relation. The equilibrinin level gy < g of world growth at steady state Eq
before the advent of R&D in the leading country implied a higher lcvel of effective human
capital h*(go). In the case ¢ < 0 we get a stagnating equilibrium Lg,,, = (h*(0),0).

Suppose first that Ay, (A1) < h*(g). Then the implementation steady state Eipyp remains
viablc after the leading econouy begins 1o grow (Figure 5). We have s¥h7 ' —6-g, > 0

for hy < h*(go). Thus the h, = 0 locus also passes through (i (A1) ,0) . Moreover, for
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ke > h*{y), s\I‘hf‘l — 6~ gs. < g s0 the hy = 0 locus lies to the right of the @ = ) locus on
the (a, h) plane. The conversc relation holds for h, < /11*{g). The technology steady state level
@p(9) at Einp is given by ¢(Ar, 2*(g)) = gajy,,(9)/(1 = af,u(9)). For the implementation
steady state Fyy,, to exist, we assume that the innovation-cffective human capital level at
this steady slate lics helow the threshold level neccssary for R&D, h*(g)as,..(9) = At (9) <
hese. 1+ Considering now A, instead of A, for the productivity of innovation, we obtain the
loci of by = 0 and &, = 0 in the region ha > ﬁgm in which R&D is feasible. Let afgn(y) be
the steady state level for @ at the new steady state Ergp; the one for h remains unchanged.
For the R&D steady state Epan Lo exist, we assume that h*(g)af,,,(9) = ﬁ;t&D(g) > ilCrit-
Il is easy to see that both equilibria arc locally stable. Recall that the diagram is only valid
for paths not crossing the boundary ha = fir,. Note that the locus of @ = 0 shifts to the
left when g increases. The locus of k, = 0 remains nuchanged. Thus aty,, < aj. Nole also
that since ¢ (A1, h™ (A1) < @ (A, B (A2)), af < afen-

In the remaining case hy, (A1) 2 A™(g). The same arguments lead to Figurc 6. In this
case when the leading economy starts growing the laggard economy is thrown into stagnation.

2.4 Proof of Proposition 4. We prove that the system of equations in @V, @t
h, h, converges to a unique stable stcady state. Siuce initially a}*? = 1, it follows from its
differential equation that it will descend inonotonically to its steady state value. We examine

the remaining system in the two variables a2, /i, assuming for now that aR*P is fixed. Let

my 17
o __(lR&D + (l _ __)a?ther’
m m

~t - 1
0 hy = Ay /z. The locus of thz 0is

3(17'-3(1{*&" +(1- %)aO**'°f)1-ﬁ = (6+ g1+ omig(ra, /) ) B,

which is positively sloped. The arrows in the A direction give rise to a stable configuration.

1 Equality can be considercd under the £y, £2 definition used above.
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Note that

(Y = M)m (h) €
1—-9)

{;)()‘21 h’) - 4)(‘)‘11 h’) =

s0, writing ~ for ‘has the same sign as’,
__(?_(b(A21 h) ~ _(’14)(/\2: h) - (]5(/\1, h)
Oh (A, ) al d(Ar, )
~ 7 (h) (M, k) — 7 (h) (A1, h)

~ =r(h)n' (W) + 1" (h) 7 (h)

[';((—’;%], ~ [r71) <0

2

Hence, as a?™" obeys,

‘/’()\27 ﬁt/z!) )aOther)

a9t — oA, T/ 2)(1 — (1 + am =
¢ O(An, e/ 2)(1 — ( ‘qs()\],ht/zt)

k]

the a0 == 0 locus

alte = (1 + om, ——————qb()'z@‘/zt) -!

(A1, e/ 20)
has a positive slope also with stable arrows. On this locus 2, is fixed and A has a single
stable steady state. independent of aPt™he*. Therefore the loci of E-——. 0 and a9 = () can
only meet once and the coufiguration of the phase diagram is the stable one. Hence there
is a unique stable steady state for cach alD, As this variable converges, so the full system

must converge.

2.5 Proof of Proposition 5. It only remains to prove that the saving rate for a closed

I (1 —freg ) 1—evgy_ - . . .
cconormny, 'ﬂa(‘f f%,' !ﬁ) w(%l_f}f)l s, 18 less than s, the saviug rate for an open economy. Write

u=al-9g), v=P58(1—¥y). Keeping u-+v constant, the maximuin value of the cocfficient

¥2% can be shown to be smaller that a*(1 — «)'~, which is smaller than 1.

2.6 Proof of Proposition 6. 1) i} (A1) < hgwe implies Ay (A2) < ey so that R&D is

not viable.
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2) When immplementation takes place and A > hyn, the locus of h=0Iis given by

¢ (A1, By 1)

L= pRP —
G ‘I;t Alf

- 404 0@ (M, by W) Ry,

a concave function that first increascs and eventually decreases to zero. When instead

h < hytin,
C = ‘I’hlta — [fg +gLJ ht.

‘Thus the ~ = 0 locus is concave, with a discontinuous derivative at by, the value of A at,
which innovation begins. The b = 0 locus for R&D is obtainerd replacing A, with A\;. Figure
10 corresponds to the case Anin (M) < harie, @ = 1,2. The phase diagram under alternative
assumptions is similar, It is clear from these diagramns that no usual steady state exists end
the economy must tend to some chattering steady state.

3) The construction of the phase diagram is similar. As soon as R&D appcars, it becomes
viable at the original steady state and remains so in the trajectory to the new steady state.
The propertics of the solution are apparent from the diagram.

2.6 Two negative real parts. We show thal 2 polynomial p(;) = p? 4 aup® + a1+ uo
with ag < 0, a; < 0 has two roots which are either negative or have ncgative real parts.
Because p(0) = ag < 0 and p(u) — 00 as ¢ — oc, there is at least one positive root jz; > 0.
Suppose the other two roots u, and gy are real. Theun p(u) = (p— py) (g ~ 1) (11 — 13),
Oy = —ppiolis < 0, 80 pyuy > 0, while @y = popts + pypts - po 8y < ). Therefore p, and
i3, which must be the same sign, are ncgative. Suppose instead that the other two roots
are the complex numbers o 5. Then p(p) = (10— py) (1~ fy — 411q) (8 — gy +ipy) , SO

ay = pd + pd + pyp, < 0, which implics i, < 0.
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hM in h Super h ‘0‘-) h 0 h

Figure 1. Dynamics and steady statc for a single technology of
innovation (Casc 2y > Anmin).
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hMin h*(_)t.z) h(,‘.rit h‘(lx) ho h

Figure 2. Dynamics when R&D emerges. Case 4 (A) > hca > h'(%). The
economy cvolves from original stcady state £ to a chattering steady state Ecna.
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Figure 3. Dynamics when R&D emerges. Case /(&) > hca. The economy
evolves from original e steady state Ep to a [ully viable R&D steady state £rap.
The chattering steady statc Ecngy is unstable to competition by intermediate goods

firms with expectations consistent with Ersgp.
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Figure 4. Some possible trajectories for leading edge technological growth
when R&D becomes viable in a closcd economy.
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h(g)

hMin

a’\mp a’(go) a'Rab a

Figure 5. Window of Opportunity for Lagging Countrics with Immobile
Human Capital after R&D Emerges (Case # (g) > Ami). If the institutions
supporting R&D come into place soon enough, the economy will evolve
from original e stcady state £ to an R&D steady state Epgp. Otherwise it

will tend to the implementation stcady state Ejnyp.

57



h
h (go)
hMin
h*(g)
: | ) _’
a (go) a R&D a

Figure 6. Window of Opportunity for Lagmng Countries with Mobile
Human Capital after R&D Emerges (Casc 4'(2) < o). If the institutions
supporting R&D come into placc soon enough, the economy will evolve
from original steady state Ep to an R&D stcady state Ergp. Otherwise it will

tend (o the stagnation steady state Fgq,.
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Figure 7. Window of Opportunity for Lagging Countries with Mobile
Iluman Capital after R&D Lmerges in m; Leading Countries. If the
institutions supporting R&D do not come into place, the arrows leading to
@' wan (marked lightly) are not present, and the economy will evolve from
the original steady statc £q to the implementation steady state Eymp (first
diagram} or to the stagnation steady state Fsie (second diagram). This
depends on the viability of implementation at the new steady state human
capital and growth levels. Only if the institutions supporting R&D come into
place soon cnough will the economy converge to the R&D steady state
Exgp. The moving quantities @ \mp, @ rap, acrir, all converge to values which
depend on m. The window of opportunity is shortcr for larger m; because
a Tups a'rap, decrease while aci increases.
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AMin

Figwe 8. Modem Day Window of Opportunity. ‘The economy, originally at
an implementation steady state Limp(0), moves to the R&D steady state Erep
afier parameter changes in 5, yw or A lead w the disappcarance of the
implcmentation stcady state. A subsequent rise in /gy, the threshold level
for R&D, may close the window of opportunity (lighter arrow), causing the
cconomy to remain in an implementation steady state Emp.
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Figure 9. Implementation Difliculics Leading Implementing Countries to
Stagnation. The economy, originally at an implementation steady state
Eimp(0), moves to the stagnating equilibrium E'sig after parameter changes in
s, wor A Icad to the disappearance of the implementation steady state.
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Figure 10. Ramsey Savers, Closed Cconomy: Dynamics when R&D

emerges. Case B () > he > B #(%). There is no solution involving
only one innovation lechnology. A chattering equilibriin Ecp,y must

exist.
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Figure 11, Ramscy Savers, Clscd Economy: Dynamics when R&D

emerges. Case B (22) > her. The economy evolves from original
equilibrium £y to a fully viable R&D equilibrium Ergp.
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