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This paper presents a multi-country version of the Ramsey growth model with
cross-country technological interdependence. The results rationalize several stylized facts
about growth and convergence. First, individual countries tend to converge toward
country-specific balanced growth paths rather than steady-state equilibria. Second, an
economy that accounts for a smaller share of the world technology distribution harnesses
the “advantages of backwardness” to catch up at a faster speed. Third, countries grow at
different rates during the phase of transitional dynamics. However, technological
interdependence creates a force toward cross-country convergence in the growth rate and
stability of world income distribution in the long run. Finally, cross-country differences in
structural characteristics and initial conditions lead to divergences in the level of income
per capita.
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Advantages of Backwardness

1. INTRODUCTION

The highly globalized world economy shows an overarching trend toward
cross-country technological interdependence, where individual countries are
simultaneously inventing and adopting each others technologies [e.g., European
Commission (2013)]. In a world economy with technological interdependence,
technological progress and economic growth in an individual country is not only
a direct outcome of the fundamentals of its own but also depends on the character-
istics of all other countries. This observation suggests that a better approximation
of this reality might need a framework in which world technology depends on the
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FIGURE 1. (a) Annual growth rate of GDP per capita between 1960 and 2000 versus log
GDP per capita in 1960 for core Organisation for Economic Co-operation and
Development (OECD) countries; (b) The evolution of income per capita in major
economies, 1820-2000.

innovation efforts of all technologically interconnected countries, rather than on a
single technology frontier country. For the analysis of growth and convergence in
an interdependent world economy, the model incorporating cross-country techno-
logical interdependence provides a more satisfactory framework than the one with
unidirectional technology diffusion from a single world frontier country [e.g.,
Nelson and Phelps (1966), Parente and Prescott (1994), Chu et al. (2014), Stokey
(2015)].

This paper contributes to an analysis of growth and convergence through the
lens of cross-country technological interdependence.! In doing that, we aim to
rationalize the following stylized facts as shown in Figure 1. First, income per
capita tends to increase along country-specific endogenous growth paths rather
than to converge toward a common growth path or steady state. Second, an
economy that, initially, had a low level of income tends to grow faster, and
the correlation between the growth rate and the initial level is negative—the
so-called S-convergence [e.g., Baumol (1986), Barro and Sala-i-Martin (1992),
Galor (1996), Caselli et al. (1996)]. Third, although countries grow at different
rates during transitional periods, there are more limited differences in sustained
growth rates over recent years. Potential forces might exist in the world econ-
omy to ensure a relatively similar growth rate. Fourth and finally, the disparity in
country-specific characteristics and initial conditions (e.g., preferences, technolo-
gies, population) could lead to cross-country divergence in the income level—the
phenomenon coined as club convergence [e.g., Galor (1996), Azariadis (1996),
Quah (1997)].2

We present a multi-country version of the Ramsey growth model, incorporat-
ing cross-country technological interdependence. Countries are technologically
interdependent in the sense that the technology of individual economies both con-
tributes to, and benefits from, a world technology pool. Technology diffusion
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from the world technology pool is determined by all technologically interde-
pendent countries, rather than by a single world technology frontier that grows
autonomously. This explicit account of cross-country technological interdepen-
dence is the main departure from the existing literature on technology diffusion
and growth [e.g., Parente and Prescott (1994); Barro and Sala-i-Martin (1997);
Chu et al. (2014); Benhabib et al. (2014); Stokey (2015); Acemoglu et al.
(2006)].3

We show that the technologically interdependent world equilibrium is neither
simply the equilibrium of each country on its own nor the equilibrium gener-
ated by unidirectional technology diffusion from a single frontier country. With
cross-country technological interdependence, individual countries tend to grow
along their country-specific balanced growth path, rather than converge toward
the world technology frontier. A country with a wider technology gap can catch
up at a faster rate by taking advantage of a greater amount of untapped knowledge
in the rest of the world (RoW)—the so-called “advantages of backwardness” [e.g.,
Gerschenkron (1962), Rosenberg (1982), Abramovitz (1986)]. During the phase
of transitional dynamics, individual countries grow at different rates, but the dif-
ferences in growth rates are narrowing over time and will converge in the long run.
Technological interdependence generates a pulling force to ensure cross-country
convergence in growth rates. In particular, the common growth rate for cross-
country convergence is endogenously determined by structural characteristics of
all technologically interdependent countries rather than a single world frontier
economy that grows autonomously. These results rationalize the stylized fact of
convergence in growth rates as in Howitt (2000), Acemoglu and Ventura (2002),
and Howitt and Mayer-Foulkes (2005).

The technologically interconnected world economy has a stable long-run dis-
tribution in technology and income that depends on the structural characteristics
of all individual countries. An economy with greater indigenous innovation effi-
ciency and knowledge absorption capacity tends to account for a larger share in
the world distribution. Meanwhile, when other countries enhance the indigenous
innovation efficiency and knowledge absorptive capacity, the country under con-
sideration will end up with a smaller share in the world distribution. The long-run
trend in the world income distribution depends only on fundamental characteris-
tics, independently of initial conditions. This result is consistent with the insights
offered in the seminal paper of Acemoglu and Ventura (2002).

The pulling force in the interconnected world economy, working through tech-
nological interdependence, creates a force toward convergence in the growth rate.
However, cross-country differences in both fundamental characteristics and ini-
tial conditions lead to divergences in the level of technology and income. This
result coincides with the evidence of o-convergence: the level of income per
capita diverges across countries over time [e.g., Bernard and Durlauf (1995,
1996), Quah (1996, 1997)]. While having an initial wider technology gap can
generate a faster pace of catch-up (“advantage of backwardness”), an economy
with inferior country-specific characteristics and initial conditions (e.g., lower
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indigenous innovation efficiency, weaker knowledge absorptive capacity, and
lower initial technology levels) would end up with a lower level of technology
and income per capita in the long run. This result provides an informed interpre-
tation of the club convergence: income levels tend to converge to one another only
among countries with similar structural characteristics and initial conditions but
diverge between countries with quite different ones [e.g., Galor (1996), Azariadis
(1996), Howitt (2000), Acemoglu and Ventura (2002), Howitt and Mayer-Foulkes
(2005)].

Related Literature. This paper relates mostly to the influential studies on the
distance to frontier, catching up, and convergence. Nelson and Phelps (1966) pro-
vide an early contribution of technology diffusion and growth where technology
diffusion depends on human capital investment and the technology gap relative
to the world technology frontier. Parente and Prescott (1994) propose a theory of
economic development in which domestic barriers that retard the inflow of tech-
nology from the world frontier account for the income disparity across countries.
Barro and Sala-i-Martin (1997) find that a follower grows relatively fast and tends
to catch up to the leaders by imitation, which is cheaper than invention. As the
pool of copiable technology decreases, the costs of imitation tend to rise, and the
followers growth rate tends to fall. Hence, a pattern of conditional convergence
emerges in this model of the diffusion of technology. Acemoglu et al. (2006) show
that certain institutional arrangements and policies that might initially increase
the growth and speed of convergence could then lead to slower growth and fail-
ure to converge to the world technology frontier. Benhabib et al. (2014) present
a stylized model of distance to frontier, in which countries choose a portfolio
of innovation and imitation that facilitates technology diffusion from the world
frontier for domestic productivity improvement. Stokey (2015) shows that the
economy might either keep path with the technology frontier (sustained growth)
or converge to a minimal technology level that is independent of the world frontier
(stagnation). Chu et al. (2014) develop a Schumpeterian growth model in which
economic growth in the developing country is driven by both domestic innova-
tion and transfers of foreign technologies from the world technology frontier.
Acemoglu et al. (2017) analyze asymmetric growth and institutions in an inter-
dependent world based on a model of technologically interconnected countries.
Building on Schumpeterian growth models with technology transfers, Aghion and
Howitt (1998), Howitt (2000), and Howitt and Mayer-Foulkes (2005) show that
countries that converge to a common growth rate tend to have different produc-
tivity levels. These seminal works consider technology diffusion from a single
world technology frontier that grows autonomously. In contrast, the focus of this
paper is on cross-country technological interdependence. The world technology
is determined by all interdependent countries rather than a single frontier one.*
This paper also connects with the literature on technology diffusion and
adoption. Eaton and Kortum (1996, 1999, Eaton and Kortum (2001)) estimate
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the direction and magnitude of international technology diffusion. Caselli and
Coleman (2001) examine the determinants of computer technology adoption.
The linkages between productivity, technology adoption lags, and intensity of
technology use are examined by, among others, Zeira (1998), Basu and Weil
(1998), Acemoglu and Zilibotti (2001), Comin and Hobijn (2004, 2010), Schafer
and Schneider (2015), Alesina et al. (2018), and Comin and Mestieri (2018).
This strand of literature focuses on the process of technology diffusion and
adoption, and the representations of linkages between technology diffusion and
economic growth are parsimonious. In contrast, our analytical framework tends to
be more disaggregated and provides richer specifications of the linkage between
technology diffusion, growth, and convergence.

Layout. The rest of this paper is organized as follows. Section 2 presents the
model. Section 3 characterizes the world equilibrium. Section 4 gives analyti-
cal results of growth and convergence. Section 5 provides calibrated simulations.
Section 6 tests the theory empirically. Section 7 concludes.

2. THE MODEL

The framework builds on a multi-country version of the Ramsey growth model
developed by Acemoglu (2009, Chapter 18), in which individual countries
assimilate technology diffusion from a single world frontier country that grows
autonomously at an exogenous rate. We differentiate our model by introducing
cross-country technological interdependence, in which individual countries are
technologically interdependent by simultaneously inventing and absorbing each
other’s technologies.’ For a given country, technology diffusion from the RoW
is determined by characteristics of all other countries, rather than by a single
technology frontier country. Our explicit account of cross-country technological
interdependence is the main departure from the existing literature which focus on
unidirectional technology diffusions from a single world frontier country [e.g.,
Parente and Prescott (1994), Barro and Sala-i-Martin (1997), Acemoglu et al.
(2006), Chu et al. (2014), Benhabib et al. (2014), Stokey (2015)].

Demographics and Preference. The world economy consists of J countries,
indexed by j=1,2,...,J. Each country admits a representative household. The
number of populations within each representative household in country j at time
t is given by L;(t) = L;(0) exp(n;t), where n; = i ,;/Lj is the rate (constant) of
population growth and L;(0) = 1 the normalized initial condition.

The intertemporal utility is given by fooo exp(—p;H)Li(Hu(ci(?))dt, where u(.)
is the instantaneous utility function. The household in the economy j at time ¢
has an asset holding of B;j(f) and the corresponding law of motion is given by
Bj(t) = rj()Bj(t) + w;j(t)L;(1) — c;j(1)L;(t), where r;(¢) is the rate of return on assets,
and w;(¢)L;(¢) labor income earnings. Define by b;(t) := B;(t)/L;(t) the per capita
assets, the law of motion for the asset holding is rewritten as b;(t) = (r;(t) —
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nj)b;(t) + wj(t) — ¢j(t). With a constant relative risk aversion utility function, the
problem of the representative household in the economy j thus reads

max /oo exp(—(p; — n')t)cj(t)l‘ei -1
[ej.b;i012y Jo P J 1-6
bj(t) = (1j(1) — nj)b;(®) +w;(t) — ¢j(1), 1)

where ¢;(t) := C;(t)/L;(t) is the consumption per capita, p; is the discount rate, and
0; is the coefficient of relative risk aversion.

dt s.t.

Production and Capital Accumulation. Each country admits a representative
firm producing final goods with an aggregate production function as follows:

Y;(0) = F(K;(0), A (DL;(D)) , 2

where Y;(7) and Kj(t) are the outputs and physical capital stocks in country j at
time ¢, respectively. The households supply labor L;(f) inelastically. The labor-
augmenting technology, A;(?), is a country-specific and time-varying endogenous
variable. The production technology F(.,.) satisfies the standard neoclassical
assumptions and exhibits constant returns to scale. We proceed by defining the
income per capita:

:mzf\,a)L,-(r)F( K;(1)
T L Lo \AOLOD

. _K®
where k;(t) .= AOLO

yi(0)

1) — AU 0), 3

is the effective capital-labor ratio, and f(k;(?)):=

K; . . . . .
F (/#(LI)(I) l) is the intensive form of the production function. Hence, the firm
J J

solves a problem of profit maximization as follows:

max  F (K;(1), Aj()Lj(1)) — Ri(nK;(1) — wi()L;(), @

[Kj(O.Li(0172,

where the firm optimally chooses capital stocks K;(#) and labor L;(¢) to maxi-
mize profits given the rental rate of capital R;(¢), the wage rate w;(?), and the
labor-augmenting technology A;(f) in country j at time ¢. Given the production
technology in (2), the stock of physical capital in country j is accumulated as
follows:

Kj(1) = F(K;(1), Aj(DL;(1)) — Ci(t) — 8;K;(0), )
where §; is the rate of capital depreciation.
Technological Interdependence. Following the seminal works of Comin and
Hobijn (2010) and Comin and Mestieri (2018), we consider that technologi-

cal progress is driven by both undertaking indigenous innovation and absorbing
foreign technology diffusion.® Hence, the law of motion for the technology in
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country j at time ¢ is specified as follows:

J

Aj(1) = MA;(1) + 0j(Awrp(t) — Aj(0) = MA(1) + o; (Z Ai(t) — Aj(ﬂ) . (6)

i=1
Here, the effect of indigenous innovation depends on the efficiency parameter A;
and the existing technology level A;(f). The higher the current level of technology,
the faster the pace of technological progress—the “standing on the shoulders of
predecessor” effect [e.g., Romer (1990), Jones (1995, 1999)]. Meanwhile, tech-
nology diffusion is determined by knowledge absorptive capacity, oj, and the
untapped technology in the world technology pool (WTP), Awrp(t) — A;(#). In
a technologically interdependent world economy, all individual countries fea-
ture complementary patterns of innovation specialization and thus contribute to
the world technology as given by Ayp(7) = Z{Zl A;(¢).” This specification is
the point of departure from the existing literature that focuses on unidirectional
technology diffusions from a single world frontier country.

Each country benefits from technology diffusion by assimilating untapped
technology from the RoW according to the technology gap, Awrp —A;. A
larger technology gap creates a greater amount of diffusion from the external
world that potentially favors domestic technological progress—the “advantage of
backwardness” proposed by Gerschenkron (1962). However, the “advantage of
backwardness” does not necessarily mean that a country with a larger technol-
ogy gap can absorb all untapped knowledge from abroad and immediately catch
up. In fact, only part of the technologies available in the RoW can be absorbed
effectively according to the country-specific knowledge absorptive capacity o;. In
other words, a weaker knowledge absorptive capacity becomes an inhibitor that
slows the effective adoption of technology diffusion, even if a greater amount
of untapped technology is accessible in the external world [e.g., Zeira (1998),
Comin and Hobijn (2004), Comin and Mestieri (2018), Alesina et al. (2018)].
Aj and o; are country-specific, reflecting cross-country differences in structural
characteristics.

The World Equilibrium. For the above-described growth model with cross-
country technological interdependence, the world equilibrium is defined by the
allocations [c;(?), bj(1), K;(t), Li(1), Aj(1), Rj(t), wij(t)] in country j=1,2,...,J at
time ¢ € [0, 00), such that

i. The household chooses consumption and asset allocations
{lei(0), (OIS, };:1 to maximize intertemporal utility subject to the
budget constraint given by (1);

ii. The firm chooses capital and labor {[K;(1), Li(t)]2, }]J= , to maximize profits
given by (4);

iii. The stock of capital { [Ki (D], };=1 is accumulated according to (5);

iv. The labor-augmenting technology {[Aj(t)];’iO}fz , evolves according to (6);
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v. The rental rate of capital and the wage rate {[Rj(t), wi(H12, }j=1 are such that
both capital and labor markets clear. The asset holding by the household is
equal to the capital stock used by the firm, and the labor supplied by the

household is equal to the labor demanded by the firm.

3. CHARACTERIZATION OF THE WORLD EQUILIBRIUM
Technology Gap. For analytical tractability, we define the proportional technol-
ogy gap of country j relative to the world technology by:
Aj()
aj(t) = ———, @)
! Awrp ()

where a;(t) is the share of country j in the world technology distribution. The law
of motion for the technology (6) is thus rewritten by:

a;(t) = 0j — (07 — A; + gwre(D)) a;(0), @®)

where the rates of technological progress specific to the world and an individual
country are given, respectively, by:?

A J
gwrp(t) == Avre®) _ Z (% =) a0 +05) ,

Awrp(1) =
j=
A(0) 1
gty=-1—=x+o0 (— — 1) . 9
T A aj(1)
Combining (8) with (9), the law of motion for the proportional technology gap is
determined by:

ajt)y =0;— —Aj+ Z crj a;(t) + aj) a;(h). (10)

Effective Capital-labor Ratio. Define consumption per effective unit of labor in

o _ G
country j at time 7 as ¢;(f) .= ,W(Ll)(z)
J J

in (5) is thus rewritten by ki(r) = f(k;(1)) — (1) — (n; + 8; + gj(1)) k;(1), where
g = A ;/Aj is the rate of technological progress, n; ;= [ ,/L; the rate of population
growth, and §; the rate of capital depreciation. Substituting the second expression
of (9) to replace g;(¢), we derive the law of motion for the effective capital-labor
ratio as follows:

k() = f (ki) — &(0) - <n,+<s + +a,< o )) k(. D
/

The law of motion for the capital stock given

Euler Equation of Consumption. Solving the problem given by (1) yields
the Euler equation: ¢;(¢)/cj(t) = 9 ! (rj(t) ) and the transversality condition:
lim;_, oo exp(—(p; — n))t);j(H)b; (t) = 0. Meanwhile, solving the problem given by
(4) determines the rental rate of capital and the wage rate as: R;(t) =f"(k;(?)),
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and w;j(1)/A;(t) = f(k;(1)) — kj(t)f'(kj(t)). The equilibrium rate of return on cap-
ital assets is given by r;(f) = R;j(t) — 8; =f'(k;(t)) — &;. The Euler equation of
consumption can thus boils down to:

Gty o A 1, 1
ST T (P ) — 8 — )~ —o (——— 1), (1)
Gt oty At 6 (' 1= ) =i 0 a;(t)

G0 _ G
A — AOL0
growth rate depends on the marginal product of capital f'(k;(#)), and the rate of
technological progress A; (1) /A;(2) is given by (9).

where ¢;(t) = is consumption per effective unit of labor. The

Transitional Dynamics. The world equilibrium is characterized by the time path
of the technology gap, effective capital-labor ratio, and consumption per effec-
tive unit of labor {[aj(t), ki(0), Ej(t)]fio};:]. Starting from the initial condition
[a;(0), k;(0), Z’j(O)]f 15 {[aj(t) ki(1), ci(D]72, }J evolve according to the equations
(10)—(12) and converge toward the corresponding steady state [a, s k/*, cr J .- The
stationary conditions of (10)—(12) determine [a, k} _*] iy as follows:

177
0= T S =8 i
0j = Aj+ gwrp
& =fk) = (8 +nj+ &irp) K. (13)

where the superscript “*” corresponds to the long-run balanced growth path’ and
&wrp =AVyrp/Alyrp 1s the long-run trend rate of world technological progress
endogenously determined by:

J
Z =1. (14)

— A +gWTP

Here, gjy;p depends on structural characteristics of all interdependent countries in
the world economy.

For any given initial condition of technology [A;(0), A>(?), ..., A;(0)], if there
are some countries, say country j, of which the initial value of the tech-

nology gap is not equal to the steady state, that is, ZJLZ)(O) =a;(0) #a; =
j=1

2 , then the technologically interdependent world equilibrium has tran-

9j—kj+8yrp
sitional dynamics from the initial condition toward the long-run balanced growth.
Furthermore, the transitional dynamics are saddle-path stable. Given the initial
values of [a;(0), k(O)]jJ |» there is a stable manifold that determines the ini-

tial value of [cJ(O)] _1, such that from the initial condition [a;(0), k;(0), CJ(O)]] 1
{laj(0), ki(1), c;()]22 } __, evolve according to (10), (11), and (12) and converge

toward the long-run steady state [a], k}', ¢ _*] _, determined by (13) (Appendix A
provides details).
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4. GROWTH AND CONVERGENCE
4.1. Convergence in the Growth Rates

In the long-run world equilibrium, proportional technology gap, consumption
per effective unit of labor, and effective capital-labor ratio tend to be constant
[aj(tl), ki), ci(] = [aj, kJ’-‘, EJ’-‘] as given by (13). Hence, we derive the following
result.

PROPOSITION 1. In a technologically interdependent world equilibrium, there
is cross-country convergence in the growth rates of technology, consumption per
capita, and income per capita, that is,

&j_i_f\_}‘_A’cm._g* as)
=k = Ax T owrps
Yoo AT Ay

where y; :=Y;/L; = Aif(k;), c; == Cj/L; = Ajc;, and A; are income per capita, con-
sumption per capita, and technology, respectively. The common growth rate
for cross-country convergence is the long-run trend rate of world technological
progress gy,rp as determined by (14).

Proposition 1 shows that Ramsey growth with cross-country technological
interdependence can generate a trend of convergence in growth rates. This result
rationalizes the empirical fact that there are more limited differences in the long-
run sustained growth rates, though countries tend to grow at different rates during
the phase of transitional dynamics [e.g., Baumol (1986), Williamson (1996)]. This
paper isolates technological interdependence as a mechanism for cross-country
convergence. This novel perspective complements the existing studies explaining
convergence through the lens of international trade or technology transfers from
the world technology frontier [e.g., Howitt (2000), Acemoglu and Ventura (2002),
Howitt and Mayer-Foulkes (2005)]. Furthermore, the growth rate for convergence
is endogenous and depends on the structural characteristics of all individual coun-
tries in a technologically interdependent world economy. This result departs from
the existing literature, which views each economy as converging to the growth
rate of a single world frontier country that advances technology autonomously
[e.g., Parente and Prescott (1994), Barro and Sala-i-Martin (1997), Acemoglu
et al. (2006), Chu et al. (2014), Benhabib et al. (2014), Stokey (2015)].

In a world equilibrium with cross-country technological interdependence, the
common growth rate for convergence depends on structural characteristics of all
individual countries. The following result gives the comparative static effects of
indigenous innovation efficiency and knowledge absorptive capacity.

COROLLARY 1. The comparative static effects of indigenous innovation effi-
ciency Aj and knowledge absorptive capacity o; on the common growth rate for
cross-country convergence gy,rp are given, respectively, by
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agh o;
- 211 —— >0, (16a)
i (o =2+ &) e m
éa’WTP _ 8W€P : j - ~0. (16b)
%G (o5 =+ &ivre) Xz [Em—
Proof. See Appendix B. |

The interdependent world economy tends to grow at a larger rate if some
national economies improve their indigenous innovation efficiencies and knowl-
edge absorptive capacities. As technological interdependence drives cross-
country convergence to the rate of world technological progress, the improvement
in structural characteristics of one country has a positive effect in promoting the
long-run growth of other countries.

4.2. World Technology Distribution

In a technologically interconnected world, changes in one country’s structural
characteristics affect another country’s position in the world technology distribu-
tion. While technological interdependence ensures cross-country convergence in
the rate of technological progress, there tends to be divergence in the world tech-
nology distribution due to cross-country disparity in fundamental characteristics.
Specifically, following the first expression of (13), the long-run distribution of the
world technology boils down to af =A% /A}yp = 0j/ (0j — A; + &lyrp)- The fol-
lowing result shows the effect of country characteristics on the world technology
distribution.

PROPOSITION 2. The within- and cross-country effects of country characteris-
tics on the world technology distribution are given, respectively, by:

8a’f‘ o;

= (0= hi+ i)’ ) %

o
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i

Y/
a_a;'k _ Oi Ogwrp _ _ (oi—ritgire)” <0
YV ot )V OA et VN a7
7 (‘71 Ai + gWTP) J (GJ Aj+ gWTP) 2ini (ot lyrp)
17¢)
% (e* . — A\
80? —_ (oF] agﬂl;VTP - _ ((Ti—)\i"!‘gx‘;vrp)z (gWTP j) < 0
ao; 4ot ) do; et VN o ’
J (‘71 i+ gWTP) J (U/ it gWTP) 2ini (ot lp)
(17d)
da* da*
where a% and a% are the effect of the country j’s indigenous innovation efficiency
J J

. . . , da*
and knowledge absorptive capacity on this country’s technology share. ﬁ and
dat e e g . . . .
a_alf are the country j’s indigenous innovation efficiency and knowledge absorptive

capacity on another country i’s technology share.
Proof. See Appendix C. |

Proposition 2 emphasizes that we should often consider the world economy
as an interconnected equilibrium in which one country’s technological position
depends on characteristics of all other countries, not simply an equilibrium of each
country on its own. While technological interdependence creates a force driving
convergence in the growth rates, the shares that different countries account for in
the world technology distribution tend to diverge due to cross-country disparity in
fundamental characteristics. This result coincides with the insights offered by the
seminal works of Howitt (2000), Acemoglu and Ventura (2002), and Howitt and
Mayer-Foulkes (2005). More specifically, an economy with a stronger capacity
to undertake indigenous innovation and absorb technology diffusion will end up
with a larger share in the world technology distribution. Furthermore, changes in
a particular country’s characteristics have effects on another country’s technolog-
ical position. The negative cross-country effect suggests that improvement in one
country’s indigenous innovation efficiencies and knowledge absorptive capacity
will shrink the share of other countries in the world technology distribution.

4.3. Divergences in Levels

The pulling force in the interconnected world economy, working through techno-
logical interdependence, drives technological progress and ensures cross-country
convergence in the long-run growth rates. However, we will show below that
there tends to be cross-country divergence in the aggregate level, owing to
cross-country disparity in fundamental structural characteristics. For analyti-
cal tractability, we use the relative ratio between countries (proportional level
differences) as a proxy for cross-country divergence and obtain the following
proposition.
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PROPOSITION 3. The technology ratio between any given two countries i,j =
1,2, ..., J is determined by:

o;
Af _ (oi—hitgyrp)

“Tx o; > (18)
AY L G
J (o= 8&wrp)
the capital ratio between countries is determined by:
ﬁ — (o-’-i)“iigtVTP) flil (81 + ’Oi + 91g>;VTP) L;k (19)
* oj ’ —1 * TN
K aoimy T Gt e+0gia) L
and the consumption ratio between countries is determined by:
oj
C_;'k _ (oi—kitglyrp) .
cr 9
T (g—tgiyrp)
fGr! (5i + pi + eigypr)) - (5i +n; + gi/kVTP) ! (51' + pi + eig;VTP) . L_;k
FG S+ o+ 6iire)) — (8 + 1+ ire) £ (8 + 05+ 0i8hp) L
(20)
where [’ ! (-) is the inverse function (denoted by “~'”) of the derivative (denoted
by “1”) of the intensive-form production function f(k) .= F (ﬁ 1). [r,0,6,60,p]

are indigenous innovation efficiency, knowledge absorptive capacity, capital
depreciation rate, coefficient of relative risk aversion, and rate of time prefer-
ence, respectively. gy p is the long-run trend rate of world technological progress
determined by (14). The labor ratio between countries is given by Li/L! =
exp((ni — nj)t*), where n is the growth rate of labor and t* is the time point
in the long-run balanced growth phase. Cross-country differences in structural
characteristics [r,0,8,0, p,n] lead to cross-country divergence in the level of
technology, capital stocks, and consumption, and the divergence becomes wider
as time proceeds t* — 00.

Proof. See Appendix D. |

Proposition 3 shows that the aggregate levels of technology, capital stocks,
and consumption tend to diverge, owing to cross-country disparity in structural
characteristics such as indigenous innovation efficiency and knowledge absorptive
capacity. The following result gives the comparative static effects.

PROPOSITION 4. The cross-country divergence in technology, capital stocks,

and consumption, measured by Af/AY, KI/K: and C}/C}, respectively,

depends on indigenous innovation efficiency and knowledge absorptive capacity
[)"h 0, )"j, O}]

i. The comparative static effects of [A;, 0i, Aj, 0j] on divergence in technology

are given by:
A(A]/AT) 0
X

(A} /AT
ArAD
80','

AL/ BA/AD)

, 0. (1
o <0 @D

s s

do;
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ii. If the following condition holds

0, 0, 1 : 1 <
PN *//j*+_2 % 2 % 2>0’
Kk K UG i (o= A+ ghre)” Y (05— A+ i)

(22)
the comparative static effects of [A;, 0;, Aj, 0;] on divergence in capital stocks
are given by:

a(K* /K a(K* /K a(K* /K a(K' /K
K/KD) o /KD KD KK
8)Ll' 30',' 8)»1 30,
Otherwise the comparative static effects are opposite, that is,
a(K*/K* a(K*/K* a(K*/K* a(K*/K*
(KiJKp) o KK o OKKD KK
8)\,,‘ 80'i 8)\7 Baj
iii. If the following condition holds
(0 Vi o) )
ey i— 18 Pi—Ni) s — K
& e 17k
! " 9 .
G (((91 = Dgwrp + 0) —”j)m - kj)
1 ) 1 ;
+=y % - % >0, (25

iy (05— ni+8he)’ G (05— 2+ &)

the comparative static effects of [A;, 0;, Aj, 0j] on divergence in consumption
are given by:

WG/, NG NG a(C,-/g)

) , , <0. (26)
3)\,- 80’,’ 8)»1 aO‘J
Otherwise the comparative static effects are opposite, that is,
a(Cr/Ct a(CF/Ct a(Cr/Ct a(Cr/Cr
@IS, NCHG) NG A
aki 30’,‘ 3)\]‘ 80']
Proof. See Appendix E. |

Proposition 4 shows that an economy with higher indigenous innovation efficien-
cies and knowledge absorption capacities tends to have a higher technology level
as compared to other countries. However, increases in one country’s indigenous
innovation efficiencies and knowledge absorption capacities might not necessarily
lead to a larger stock of capital and a higher level of consumption as compared to
other countries. As Proposition 4 shows, when conditions (22) and (25) are met,
the improvement of one country’s indigenous innovation efficiencies and knowl-
edge absorption capacities can generate a larger stock of capital and a higher level
of consumption relative to other countries.
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The intuition of (22) is as follows. The effect of indigenous innovation effi-
ciency A; on country i and j’s effective capital-labor ratio through the channel

dk 9: diTP
of world technological progress is characterized by - Tl f,,’(k* 2 an nd
10k _ 0 gyrp lv. If i 0 ; in A
7 “ =T o respectively. k*f,,(k* ~ >0, an increase in A;
generates a posnive effect to widen cross-country differences (between coun-
/K K
A k*(k*f”(k* -

0;

try i and j) in the effective capital-labor ratio, that is,

g} . . .
7 f,,(k*)) ngX,'TP > 0. Meanwhile, the effect of indigenous innovation efficiency A,

on country i and j’s technology gap through the channel of world technologi-

10af o1 o) 8gWTP L a“/ _
cal progress is characterized by — = o (—:_F Z] - )2) and =

% 1 9

1 9 agWTP 1
— respectivel If E - — >0
af (o )”]JrgWTP)z i 2 P Y- JEL (0—hjt&hp)’ G 0=kt &yp) ’

an increase in A; Wlll widen the cross- country differences in the technology gap,
a(a / 4 ) 1 oj diTP ..

that is, —;- @ (a, D i o /\/+8WTP) Pl /\/+8wrp)2) > (. Combining

the effects on both effective capital-labor ratio and technology gap, we can

accordingly show an increase in A; will widen the cross-country difference in

) i ) .. . AK;/KY)
capital stock if the sufficient condition (22) is met, because we have —g5—— =
*oOOT/KD kF daf/a)) | LY .. . . . .

( Z—; o+ k* ) i A similar reasoning applies to the sufficient condi-

j 1 1

tron (25) ensurlng the comparatlve static effects on cross-country divergence in
consumption given in (26).

4.4. Advantage of Backwardness

The analysis proceeds by understanding cross-country growth patterns from the
perspective of “advantage of backwardness,” that is, a technologically back-
ward economy tends to catch up at a faster pace [e.g., Gerschenkron (1962)].

Specifically, the technology position of a given country j =1, 2, ..., J in the world
A0

—L—— and
Y A

distribution is measured by the proportional technology gap a;(t) =

transition dynamics along the stable saddle path is determined by:
aj(t) = a;(0) exp(—|x;|1) + @} (1 — exp(—|x;11)), (28)

where the technology gap starts from the initial condition a;(0) and converges
toward the long-run steady state a;, and the speed of transition dynamics is
governed by the negative stable eigenvalue y; (Appendix A provides details):

o
Xi=—8wrp — O —ojlaj — 1) = — (a_i = Uf)“f) <0 @9
j

We thus establish the following proposition to explain the advantage of economic
backwardness.
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PROPOSITION 5. A technologically backward country j with a smaller share
in the world technology distribution, a; ‘= A7/ Zf:] A7, takes the “advantage of
backwardness” to converge toward its corresponding balanced growth path at a
faster speed.

Proof. See Appendix F. |

A country that is relatively “backward” tends to make faster transitions to its cor-
responding long-run balanced growth path, and this is because technologically
backward economies, with access to a larger amount of untapped knowledge in
the RoW, can assimilate foreign technology diffusion to advance their domestic
technology level. The pulling force attributable to the Gerschenkron’s “advan-
tage of backwardness” tends to be stronger to facilitate catching up at a faster
pace [e.g., Gerschenkron (1962)]. This result can shed light on the stylized fact of
B-convergence: an economy that initially had a low level of income tends to grow
faster, and the rate of income growth over time and the initial income level are
correlated negatively [e.g., Baumol (1986), Barro and Sala-i-Martin (1992), Galor
(1996), Caselli et al. (1996), Barro (2015)]. Note that, while technologically back-
ward economies can harness the “advantage of backwardness” to experience a fast
pace of transitional dynamics, their long-run growth trend will still converge to the
growth rate that is common to all interdependent countries. Also, technologically
backward economies will end up with a lower position in the world technology
distribution, owing to their lower indigenous innovation efficiency and knowledge
absorptive capacity.

5. QUANTITATIVE ANALYSIS
5.1. Model Calibration

Parameterization. The quantitative analysis considers the world economy as
three countries/regions: the USA, the EU, and the RoW. The model is cali-
brated using the Penn World Table (PWT) version 9.1 database which covers
182 countries between 1950 and 2017 [Feenstra et al. (2015)]. The calibrated
parameters are given in Table 1. The average growth rates of labor are estimated
as nys = 1.4%, ngy =0.5%, ng,w =2.0%. The average rates of capital depre-
ciation are set at dys = 3.82%, Sgy = 3.56%, and Sg,w = 3.36% according to
the PWT. The rate of time preference is set at a standard value p =0.02 [e.g.,
Grossmann et al. (2013), van der Ploeg and Withagen (2014)]. We use 6 =2 as
an implied coefficient of relative risk aversion that is within the consensus range
1-3 [e.g., Mehra and Prescott (1985), Epstein and Zin (1991), Acemoglu et al.
(2012)].'9 The production technology is specified as a Cobb-Douglas function,
Y =F(K,AL) = KP(AL)'~#. The corresponding intensive-form representation is
F ( A—KL, 1) := f(k) = kP, where the factor share of labor income is given by 1 — .
We use the PWT database to calculate the factor share of labor compensation
in GDP, and the average values over the period 1950-2017 are estimated as 0.62,
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TABLE 1. Calibrated parameters for quantitative analysis

L Value
Description Parameter

j=US  j=EU j=RoW
Indigenous innovation efficiency Aj 0.03 0.025 0.02
Knowledge absorptive capacity 0j 0.02 0.015 0.01
Output elasticity of capital B 0.38 0.39 0.4
Growth rates of labor n; 0.014  0.005 0.02
Rate of capital depreciation S; 0.038 0.036 0.034
Coefficient of relative risk aversion 0; 2 2 2
Rate of time preference Jor 0.02 0.02 0.02
Initial values of technology gap a;(0) 0.289 0.385 0.326

Initial values of effective capital-labor ratio k;(0) 22.98 11.22 2.65

0.61, and 0.6 for the USA, the EU, and RoW, respectively. Hence, the output elas-
ticities of capital (the factor share of capital) are set at Bys = 0.38, ey = 0.39 and
Brow =0.4.

We calibrate the parameters of indigenous innovation efficiency and knowl-
edge absorptive capacity as follows. We collect the date of intangible capital
stocks from the PWT database as a measurement of the technology level. The
PWT 9.1 documents the data of intangible capital stocks over the period 1950-
2017.'" As Figure 2(a)—(c) shows, we fit the trend of intangible capital stocks
for the USA, the EU, and RoW using the law of motion for the technology
given by (6) with the calibrated parameters Ayg = 0.03, Agy = 0.025, tgow =
0.02, oys =0.02, ogy =0.015, and og,w =0.01. Aggregating the three coun-
tries/regions gives the calibration for the world as shown in Figure 2(d). With
the parameters [A;, 0jlj—us,cu row, the long-run trend rate of world technological
progress is endogenously determined by:

Z —(i —}J ;i.* 1 gVVlP—0.0SS.
j—US,EU,ROW J J gW]P

The calibrated parameters also satisfy the condition o; < A; < gjy7p, given that
the technology gap is less than unity, oj/(0; — Aj + gyyrp) < 1 = A < glyrp-
Undertaking indigenous innovation contributes more to domestic technological
progress than absorbing foreign technology diffusion (no free riding behavior).

Boundary Conditions. We use the PWT data of intangible capital stocks for
the year 1950 (14,341, 19,130, and 16,199 in millions 2011 USD for the
USA, the EU, and RoW, respectively) to estimate the initial condition of tech-
nology gaps as [ays(0), agy(0), ag,w(0)] = [0.289, 0.385, 0.326]. With the PWT
data of physical capital K;(0) and labor L;(0), we use the formula k;(0) =
K;(0)/(A;(0)L;(0)) to calculate the initial condition of the effective capital-labor
ratio as [kys(0), kgy(0), krow(0)] =[22.98, 11.22, 2.65]. Hence, the initial values
of predetermined state variables [a;(0), k;(0)]j—us,zv.row give the initial condition
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FIGURE 2. Panel (a) fits the US data of intangible capital stocks using the law of motion
for the technology (6) with the calibrated parameters Ays = 0.03 and oys = 0.02. Panel (b)
fits the EU data of intangible capital stocks using the law of motion for the technology
(6) with the calibrated parameters Agy = 0.025 and oys = 0.015. Panel (c) fits the RoW
data of intangible capital stocks using the law of motion for the technology (6) with the
calibrated parameters Ag,w = 0.02 and og,w = 0.01. Panel (d) gives the calibration for the
world technology by aggregating the USA, the EU, and RoW.

of differential equations (10)—(12). Meanwhile, we use (13) to compute the long-
run Balanced Growth Path (BGP) and establish the terminal condition as follows:

a = % k;:(5/+/0j+9jg’€wp>ﬁfl"
0j = A+ 8wrp B
& = ()" = (@ + i) K
This boils down to [ajy, agy, ag,wl =10.44,0.33,0.23], [k}, kiy» kpow] =
[3.72,4.07,4.44], and [c}5, Chy» Crow] = [1.25, 1.34, 1.33].

Solving Transitional Dynamics. With the initial and terminal conditions, we
solve the differential equations numerically with the boundary value problem
characterized by (10)—(12). As Figure 3 shows, there is a stable saddle path that
determines the initial value of [¢;(0)]j=us u,row endogenously, given the initial
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FIGURE 3. Panel(a) depicts transitional dynamics of technology gap a;, effective capital—
labor ratio k;, and consumption per effective unit of labor ¢;. Panel (b) plots the time path of
technology gap a;(t) = A;(t)/Awrp(t). Panel (c) plots the time path of effective capital-labor
ratio k;(1) = K;(1)/(A;(t)L;(¢)). Panel (d) plots the time path of consumption per effective
unit of labor ¢;(t) = Cj(t)/(A;(t)Lj(?)). The dashed red, solid blue, and dash-dotted black
lines correspond to the USA, the EU, and RoW, respectively.

values of predetermined state variables [a;(0), kj(0)]j—us,zv row- Then, starting
from the initial condition [a;(0), k;(0), ¢;(0)]j=us,zu.row» the world equilibrium
evolves along the stable saddle path of transitional dynamics toward the long-run

balanced growth phase [a;f, kf, Z’;‘] |i=US,EURoW -

5.2. Simulation Results

Convergence in Growth Rates. Figure 4(a), (b), and (c) shows the cross-country
pattern of convergence in the growth rates of technology, income, and consump-
tion per capita, respectively. The USA, the EU, and RoW with different structural
characteristics and initial conditions increase their technology and income levels
at different rates during the phase of transitional growth. However, the difference
is narrowing over time, and there tends to be cross-country convergence in
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FIGURE 4. Panel (a), (b), and (c) plots cross-country convergence in the rate of techno-
logical progress A,«/A-, the growth rate of income per capita y;/y;, and the growth rate
of consumption per capita ¢;/c;j, respectively. Panel (d), (e), and (f) plots cross-country
divergence in the level of technology A;, income per capita y;(f) = Y;/L;, and consump-
tion per capita ¢; = Cj/L;, respectively. The solid red, dashed blue, and dotted black line
corresponds to the USA, the EU, and RoW, respectively.

the long-run growth trend with all three countries/regions converging to a
common growth rate of 5.52%. Technological interdependence provides the
pulling force that ensures a similar growth rate across countries in the long-run
sustained growth. This quantitative result coincides with the analytical finding of
convergence obtained in Proposition 1.
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Divergence in Levels. Although technological interdependence plays a role to
generate cross-country convergence in the growth rates, the level of technol-
ogy and income tends to diverge, owing to cross-country disparity in funda-
mental characteristics and the initial conditions of economic development. As
Figure 4(d), (e), and (f) show, advanced economies, such as the USA and the
EU, with higher indigenous innovation efficiencies and knowledge absorptive
capacities, tend to generate higher levels of technology. Then, divergence in
technology leads to cross-country differences in the level of income and con-
sumption per capita. These results are in agreement with the analytical findings
obtained in Proposition 3: cross-country disparities in structural characteristics
lead to divergence in technology and income levels. Put differently, individual
countries with different fundamental characteristics and initial conditions tend
to grow along their country-specific balanced growth path, rather than converge
toward a common growth path (e.g., the growth rate of the world technology fron-
tier). Accordingly, our findings strengthen the viability of club convergence as a
competing hypothesis with unconditional convergence: countries that differ in
their structural characteristics and initial conditions may cluster around different
steady-state/balanced growth equilibria [e.g., Galor (1996)].

World Technology Distribution. Starting from the initial condition of world
technology distribution [ays(0), agy(0), agow(0)] =[0.29,0.38,0.33], the USA
and the EU will continue to have dominant shares in the world technology, while
the contribution made by the RoW will decline. The long-run world technology
distribution will end up with [ajs, afy, ag,w] = [0.44, 0.33, 0.22]. This result sug-
gests that technologically advanced economies with strong capacities to undertake
indigenous innovation and absorb technology diffusion tend to account for larger
shares in the long-run world technology distribution. In contrast, countries with
relatively backward innovative capacity end up with a lower position in the world
technology distribution.

Comparative Statics. Figure 5 shows the comparative static effects of technol-
ogy characteristics on cross-country divergence. As shown in Figure 5(a), when
the USA improves its indigenous innovation efficiency and knowledge absorptive
capacity, the pace of technological progress tends to be faster in that country,
widening the technology gap for both the EU and RoW relative to the USA.
Meanwhile, Figure 5(b) shows that the faster technological progress in the USA
also drives capital accumulation at a relatively larger rate as compared to that in
both the EU and RoW. Hence, the capital ratio of the EU and RoW relative to the
USA becomes smaller as a result of an increase in US indigenous innovation effi-
ciency and knowledge absorptive capacity. Similar comparative statics results are
reached for consumption and income as shown in Figure 5(c)—(f). The divergence
between the EU/RoW and the USA tends to widen when the USA increases its
indigenous innovation efficiency and knowledge absorptive capacity.
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FIGURE 5. Panel (a) plots the comparative statics for technology ratios between the USA,
the EU, and RoW. Panel (b) plots the comparative statics for capital ratios between the
USA, the EU, and RoW. Panel (c) plots the comparative statics for consumption ratios
between the USA, the EU, and RoW. Panel (d) plots the comparative statics for output
ratios between the USA, the EU, and RoW. Panel (e) plots the comparative statics for
per capita consumption ratios between the USA, the EU, and RoW. Panel (f) plots the
comparative statics for per capita income ratios between the USA, the EU, and RoW. The
comparative static effects of structural characteristics are examined by considering 10%
increases in the parameters of the US indigenous innovation efficiency and knowledge
absorptive capacity from the benchmark values Ays = 0.03 and oys = 0.02.
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6. EMPIRICAL TESTS
6.1. Empirical Strategy

This section describes empirical tests for the theoretical results obtained in pre-
vious sections. In our empirical analysis, we adopt intangible capital stock as
a proxy indicator of technology. The reasons for this treatment are twofold.
First, our Ramsey growth framework has factored into physical capital, that is,
K; in the production function (2). It is important to include intangible capital
and link it to A; in our empirical analysis. This follows from the fact that the
advanced economy such as the USA and the EU has shifted toward service- and
technology-based industries, which has made intangible assets such as innova-
tive products, brands, patents, software, customer relationships, databases, and
distribution systems increasingly important.

Second, in our growth model with cross-country technological interdepen-
dence, the technology level A; is a stock variable that is cumulative over time (as
described by the law of motion for technology), and technology across economies
can be aggregated to be the world technology, that is, Ayzp(7) = Z]{ZI Aj(1). These
features can be captured using intangible capital which is both accumulative over
time and aggregatable across countries. In contrast, total factor productivity as
used in traditional growth accounting literature to measure technology is nei-
ther accumulative over time nor aggregatable across countries and is thus not
applicable to our model. The method of using intangible capital as a proxy of
technology builds on the literature of intangible capital and growth account-
ing including, among others, Corrado et al. (2009), Corrado and Hulten (2010),
Nakamura (2010), Corrado and Hulten (2014), Eisfeldt and Papanikolaou (2014),
Peters and Taylor (2017), Chen (2018), and Kogan and Papanikolaou (2019). It is
widely acknowledged in these studies that intangible capital is closely related to
total factor productivity, and the growth rates of output per worker are found to
increase at a similar rate as that of intangible capital.

Specifically, we test the following three results obtained in the theoretical
expositions. First, there is cross-country convergence in the rate of technologi-
cal progress. Second, a country with a stronger capacity to undertake indigenous
innovation and absorb technology diffusion tends to have a larger share in the
world technology pool (a higher level of technology relative to other countries).
Third, a country’s structural characteristics affect its relative technology level. To
test these results formally, we estimate the following equations:

AIHAJ'(I) =a;—¢j (lnAj(t — 1) —dInAyp(t — 1)) + 6, A]HAJ'(I —1)

+ O AAwrp(t — 1) + 94(0), (30a)

AA(D) =e; —f; (At — 1) — djAwrp(t — 1)) + 03 AA;(t — 1)
+ 04 AAwrp(t — 1) + €;(2), (30b)
dj = yy + y1HK; + 2 1SQ; + §;, (30c)
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where A;(t) is country j’s technology level in period f, Awrp(t — 1) is the world
technology pool in period (t — 1), HKj is country j’s initial human capital stock,
and ISQ; is country ;s initial institutional quality. Equation (30a) characterizes
a panel cointegration model for all countries in the sample. The long-run equi-
librium relationship is InA;(r — 1) =d InAwzp(t — 1), with the coefficient of
cointegration denoted by d. As Proposition 1 indicates, technology converges to
a common growth rate across countries in the long run, and this common growth
rate is equal to the growth rate of the world technology pool. This result sug-
gests that the cointegrating coefficient should be equal to one, d =1, since d
corresponds to the ratio of A;(f) which is the rate of technological progress in
the economy j and the rate of the progress of the world technology Ay7p(f).

Furthermore, we use the level of technology A;(?) in (30b), instead of the nat-
ural logarithm of the technology InA;(f) in (30a). The long-run relationship is
Aj(t — 1) =djAwrp(t — 1), where d; denotes the coefficient of cointegration that is
country-specific. In particular, the values of d; represent the share that a country j
accounts for in the world technology pool in the long run. The specification given
in (30b) is used to test the theoretical results in the proposition : a country with
a stronger capacity to undertake indigenous innovation and absorb foreign tech-
nology diffusion accounts for a larger share in the world technology distribution.
Then, we could test whether the value of dj is greater when the capacity of inno-
vation and absorption is stronger. Finally, (30c) examines how the value of d; is
influenced by variables that reflect a country’s structural characteristics in terms
of the capacity of indigenous innovation and technology adoption. Specifically,
we test for the effect of human capital HK; and institutional quality /SQ; on the
value of d;.

6.2. Data

The data source for our empirical tests is the latest version of the PWT 9.1 which
contains data for variables required in the estimation. PWT 9.1 categorizes all
capital in an economy into four types and provides data for each of them in
the sample. These four types are (1) residential and nonresidential structure; (2)
machinery and non-transport equipment; (3) transport equipment, and (4) other
assets including software, intellectual property products, and cultivated assets.
According to the study of Corrado et al. (2009), the intangible capital consists of
three main categories: computerized information (software), intellectual property
(R&D), and economic competency (advertising, staff training, and organization
capital). The category “other assets” in the PWT 9.1 reflects the intangible capi-
tal conceptualized by Corrado et al. (2009). Therefore, we use the values of the
“other assets” as a proxy for the intangible capital stock, which is the proxy for
the technology level. In general, intangible capital consists of the stock of imma-
terial resources that enter the production process and is important for the creation
and improvement of products as well as production processes [Arrighetti et al.
(2014)]. It has been identified in the existing literature that intangible capital plays
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an increasingly important role in determining firm productivity and economic
performance [Marrocu et al. (2012)].

We also collect data for factors that may potentially determine a country’s
indigenous innovation efficiency and knowledge absorptive capacity: human cap-
ital stock HK; and institutional quality ISQ;. We include these two variables based
on the findings in Comin and Hobijn (2004) that the most important determinants
of the speed at which a country adopts technologies are the country’s human cap-
ital endowment, type of government, degree of openness to trade, and adoption
of predecessor technologies. Since institutional quality covers a measure of trade
openness, we do not include another measure of trade openness separately. When
estimating (30c), we use the initial values of the variables in the year 1970 which
is the earliest year with all the variables required in the estimation. The human
capital index in the year 1970 is obtained from PWT 9.1 and is used as a proxy
for an initial value of the human capital stock. Initial values of institutional qual-
ity are measured by the economic freedom index in 1970, obtained from Fraser
Institute’s Economic Freedom Database. The database reports a chain-linked
summary index that is the average of five subindices: (1) size of government;
(2) legal structure and property rights; (3) access to sound money; (4) freedom to
trade internationally; and (5) regulation of credit, labor, and business.

6.3. Estimation Methods

The estimation is conducted in STATA 15. We run panel cointegration regressions
based on the specifications in (30a) and (30b), and the ordinary least squares
estimation for (30c). The empirical results are presented in Tables 2—4.

As we have 180 countries over 45 years (1970-2014) in the sample, the panel
is of a large-N and large-T structure. There are several approaches to estimate
the regression equation for a heterogeneous dynamic panel with both large N and
large T. At one extreme, a fixed-effect (FE) estimation approach could be used in
which the time series data for each group are pooled and only the intercepts are
allowed to differ across groups. However, if the slope coefficients are not iden-
tical, the FE approach produces inconsistent and potentially misleading results.
At the other extreme, the model could be fitted separately for each group, and
a simple arithmetic average of the coefficients could be calculated. This is the
mean group (MG) estimator proposed by Pesaran and Smith (1995). With this
estimator, the intercepts, slope coefficients, and error variances are all allowed to
differ across groups. In between the two extremes, Pesaran et al. (1999) propose a
pooled mean group (PMG) estimator that combines both pooling and averaging.
This intermediate estimator allows the intercept, short-run coefficients, and error
variances to differ across the groups but constrains the long-run coefficients to be
equal across groups.

We adopt the PMG estimator for (30a) and the MG estimator for (30b). The
reason for using the two estimators above, respectively, is that for (30a) a com-
mon relationship is tested for all countries in the sample, that is, in the long
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TABLE 2. The cointegration test of (30a)

d 1.2 (0.33)

Gt = —2.14 (p-value=0.000)
Cointegration tests, under Ga = —10.42 (p-value=0.000)
anull of no cointegration Pt = —22.34 (p-value=0.006)

Pa = —5.86 (p-value=0.00)

Number of observations 7113

Number of groups 180
Observations per group avg 40

Testd =1 F =1.81 (p-value=0.18)

Note. Standard errors in parenthesis. Significance levels are denoted as *of 10%,
#kof 5%, ***of 1%.

TABLE 3. The cointegration test of (30b)

All test statistics of panel cointegration v="1736
are distributed N(0, 1) under a null, rho=—1.654
of no cointegration and diverge to 1=2.68
negative infinity. adf=-2.125

run, whether the growth rate of an individual country’s technology level is equal
to that of the world technology pool. Therefore, in the long-run relationship,
the coefficient d is common across countries, and the suitable estimator is the
PMG estimator. In contrast, (30b) identifies a pairwise relationship between each
country and the world in terms of relative technology levels. In the long run,
each country ends up with different technology levels relative to world technol-
ogy. Therefore, the coefficient d; varies across countries, and the more suitable
estimator is the MG estimator.

6.4. Results

In Tables 2 and 3, we can see that the test statistics for the cointegration test with
the null of no cointegration are all statistically significant, thus rejecting the null
of no cointegration. This finding suggests that there exist long-run relationships
as specified in (30a)—(30b). In Table 4, the F-statistic is 1.81 and the associated
p-value is 0.18. The test fails to reject the null at conventional significance levels
that d is equal to 1 and therefore supports the result that growth rates of technology
level are equal across economies in the long run.

In Table 4, we regress the values d; of individual countries on a country’s
structural characteristics variables. The results suggest that both human capital
and institutional quality are important factors determining a country’s relative
technology level in the long run. In other words, human capital is an essential
input required for indigenous innovation and technology absorption, and institu-
tional quality is also critical in shaping regulatory policy frameworks that enhance

https://doi.org/10.1017/51365100520000589 Published online by Cambridge University Press


https://doi.org/10.1017/S1365100520000589

1364 WEI JIN AND YIXIAO ZHOU

TABLE 4. The effect of explanatory variables
on d;, estimation of (30c)

Dependent variables d;

HK; 0.44*(0.20)
ISQ; 0.23"(0.11)
Number of observations 53
R-squared 0.32

Note. Standard errors in parenthesis. Significance levels are
denoted as *of 10%, **of 5%, ***of 1%.

both domestic innovation and the absorption of knowledge spillovers from the
RoW. These empirical results support the analytical findings in our model and are
consistent with the theoretical works on the determinants of technology adoption
[e.g., Parente and Prescott (1994), Comin and Hobijn (2004), Stokey (2015)].

It is worth noting that the sample size used to estimate (30c) is smaller than that
used to estimate (30a) and (30b) because of limited data available for measuring
institutional quality. Another caveat is that we are estimating the long-run rela-
tionship using an error correction specification in (30c) for the sample from 1970
to 2014. Although the sample period is long, it is possible that the economies
are still in the phase of transitional dynamics and have not entered the BGP yet.
Therefore, when interpreting the estimation results, we should bear this caveat in
mind.

7. CONCLUSION

The key takeaways from our analysis and findings are as follows. The world equi-
librium with technological interdependence is neither simply the equilibrium of
each country on its own nor the equilibrium resulting from unidirectional technol-
ogy diffusion from a single frontier country that grows autonomously. Different
countries grow at different rates during transitional dynamics but converge toward
a common growth rate in the long run. The pulling force of technological interde-
pendence ensures convergence in the long-run growth rates. The common growth
rate for convergence is endogenously determined by structural characteristics of
all individual countries in the world economy, rather than by a single frontier
country that grows autonomously. Cross-country disparities in structural charac-
teristics and initial conditions lead to divergence in technology and income levels,
though technological interdependence ensures convergence in the growth rate.
This finding rationalizes club convergence: the income levels tend to converge
among countries that are identical in structural characteristics and initial condi-
tions but diverge between countries with quite different characteristics and initial
conditions.

There are still important caveats. First, our model focuses on specifications of
technological interdependence, and the structural characteristics such as indige-
nous innovation efficiencies and knowledge absorptive capacities are described in
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exogenous, parsimonious representations. One important direction for extensions
is to provide endogenous specifications of indigenous innovation efficiency and
knowledge absorptive capacity and to relate them to deeper determinants, such
as R&D learning [e.g., Cohen and Levinthal (1989)], intellectual property rights
[e.g., Marchese et al. (2019), Iwaisako (2020)], trade barriers [e.g., Parente and
Prescott (1994)], education and human capital [e.g., Nelson and Phelps (1966),
Stokey (2015), Chu et al. (2019), Dutt and Veneziani (2020)], labor market reg-
ulations [e.g., Alesina et al. (2018)], appropriate technology [e.g., Basu and Weil
(1998), Acemoglu and Zilibotti (2001)], financial development [e.g., Trew (2014),
Sunaga (2019)], and institutional arrangements [e.g., Acemoglu et al. (2006,
2017), Li et al. (2020)]. Second, there can potentially be cross-country linkages
through the channel of international capital flows, besides the channel of tech-
nological spillovers and interdependence as emphasized in this paper. We expect
that there might still be a cross-country pattern of convergence in the growth rates
when international capital flows are introduced. But cross-country capital flows
provide a channel for widening divergence in levels. Countries with a smaller rate
of time preference (a high degree of patience) tend to maintain a positive asset
position and consume the larger share of net world outputs, while countries with
a larger rate of time preference (a low degree of patience) run a persistent current
account deficit and consume less at later dates. The established results of both
convergence in growth rates and divergence in levels might be robust. We leave
details expositions of these areas for future research.

NOTES

1. The growth accounting literature shows that cross-country differences in income cannot be
solely explained by differences in the physical or human capital, and technology differences across
countries are likely to be at the heart of cross-country income differences [e.g., Barro (1991), Mankiw
et al. (1992), Galor and Tsiddon (1997), Hall and Jones (1999), Galor (2005), Madsen (2008), Jones
(2016)].

2. Cross-country differences in productivity and income have increased dramatically over the last
200 years. The average income ratio between Maddisons Western countries and the non-Western
countries was 1.9 in 1820 and increased to 7.2 by 2000 [e.g., Maddison (2003)].

3. Without taking technological interdependence into account, the world behaves as an integrated
economy rather than an interdependent collection of economies. There is no interaction between
countries, and they simply grow in tandem. It would have sufficed to look at one economy only and
analyze its growth compared with that of the world leader. Hence, the growth model would become a
single-country one, and the equilibrium would be specific to each country on its own, rather than an
interdependent world equilibrium.

4. We also acknowledge a strand of literature that examines growth and convergence through
the channel of international trade such as Krugman (1979), Ventura (1997), Acemoglu and Ventura
(2002), and Prettner and Strulik (2016).

5. For analytical simplicity, the focus of our analysis is on cross-country linkages through the
channel of technological spillovers and interdependence. Cross-country interactions through the
channel of international capital flows are omitted.

6. While indigenous innovation plays a critical role in improving technical efficiency, an additional
source is to be found in the adoption of technologies already developed in other countries according
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to macroeconomic evidences [e.g., Coe and Helpman (1995), Coe et al. (1997), Eaton and Kortum
(1999)].

7. European Commission (2013) shows the trend of complementarity in the specialization patterns
of three major world areas in the decade 2000-2010. The European Research Area is characterized by
a marked specialization in transport and mechanical-related technologies. Asia is markedly specialized
in Information and communications technology (ICT) and nanotechnology, and the USA presents
a profile of strong specialization in pharmaceuticals, biotechnology, space, and the more service-
oriented segments of ICT.

8. Dividing both sides of (6) by A;(¥) obtains Aj(t)/Aj(t) =Ai+o0; (AWTp(t)/Aj(t) — 1) =
A +0; ()" — 1), and substituting it into gurp(r) := Awrp(t)/Awrp(t) = Y1 (A1) /Awrp(D)(A(0)/
Ai(0) = Y1, ai(DA;(1)/A(t) derives (9).

9. In the long-run phase of balanced growth, variables with effective levels [a;‘, k;‘, barc;.‘] are sta-
tionary, and variables with aggregate levels [c;(1), b;(t), K;(t), L;(t), A;(t)] increase in a balanced growth
pattern.

10. As we tend to put our focus on cross-country disparity in technological characteristics such as
indigenous innovation efficiencies and knowledge absorptive capacities, the rate of time preference
and the coefficient of relative risk aversion are set at the same level across the three countries/regions.

11. Intangible capital consists of the stock of immaterial resources that enter the production process
and are important for the creation or improvement of products as well as production processes [e.g.,
Arrighetti et al. (2014)]. The intangible capital is playing an important role in the productivity and
performance of the economy [e.g., Marrocu et al. (2012)] . The intangible capital consists of three
main categories: computerized information, intellectual property, and economic competency such as
advertising, staff training, and organization capital [e.g., Corrado et al. (2009)].
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APPENDIX A: TRANSITIONAL DYNAMICS
STABILITY

Local stability of transitional dynamics is investigated by evaluating the Jacobian matrix
of (10), (11) and (12) at the steady state [a_;*, k,*, E_;‘]:

rok, ok 0k
Bkj 8aj 35‘1
da;  da; A4y
Bkj Baj BEj
9 9 0g
L Bk] adj BE] .
- 1 ajk;
S = | nj+ 68+ A+ o; E_] 2 -1
i (“.i)
= 0 8w — (=) (@ =1 0
1 et 3 //(k*) O'/Cj
—c7 !
6" (a)°

(A1)

The determinant of the Jacobian matrix (A1) boils down to a three-order polynominal
equation as follows:

(6 + &irp + O — )@ — 1)
I & (k)
x (xﬁ - (f’(k}‘) — =8 =0 (a* - 1)) X%+ C’fg’) =0, (A2)
j g

where the root of the polynominal equation, y;, corresponds to the eigenvalue of the
Jacobian matrix (A1). The three-order polynominal equation has three roots, and one of the
three eigenvalues takes the form x; = —gyp — (4 —0))(@; — 1) = — (:—i + - aj)a]’.‘) <
0, where the second equality follows from the first expression of (13), that is, gj,;p =
Aj —o;+0j/a;. &; > o; pins down the negative sign. Meanwhile, given that ¢;f"(k)/6; < 0
in (A2), the other two eigenvalues are one positive and one negative. The negative
eigenvalues of the Jacobian matrix thus establish the saddle-path stability of transitional
dynamics.
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APPENDIX B: PROOF OF COROLLARY 1

To prove dgj,,p/9A; > 0, differentiating (14) with respect to A; yields

o 9 (0 = + &irr) o; 0 (0i =2+ 8we) _,
2 2 ] -
(05 = & + ghvap) 92, iz (0= i+ grp) 0%
and simplifying the terms yields (16a). Similarly, differentiating (14) with respect to
o; yields
1 _ 9j 3 (o) = & + gvrp)
0= kit (0;— A+ glyrw) do;
_ [of el (Ui _)Li+g;:VTP) -0
* 2 . -
7 (01 =2+ 8ire) 90

and simplifying the terms yields (16b), where the positive sign follows from gy, — 4; > 0
given by (14).

APPENDIX C: PROOF OF PROPOSITION 2

Differentiating the first expression of (13) with respect to A; yields

%: o — A+ &y - 11 0gyp
a4,

gj o 05 9k
2 o (C1)
« ) U._)\‘._’_ * l-,i_o"
— (cfj — +gWTP> (07 i) 2 (oi—ritgimp)”
- * 2 o; ’
% Jj (Uj — A+ gWTP) Zl

= ("i*)‘eré’;VTP)Z

where (16a) is used to replace dgj,;»/0A; in the first equality of (C1), and the nominator in
the last term on the right-hand side of (C1) can be simplified as:

|:(Uj =+ g*WTP)Z i U')z:| —Gj

= (01— Xi+ &yrp

= (Jj =2 +ngTP)2 Z

i (Ui — A+ gy\jvrp)z.

We hence obtain (17a). Similarly, differentiating the first expression of (13) with respect to

O;

(€2)

oj yields

* -2 * *
Ez g — X+ Swrp Swrp — A 1 08y
d0; 9 o’ o; 0o

2 J oj
) o — A+ g - ——— —0
- . . * 2 J o
%j % gj (Uj —A+ gWTP) > ini (i—m+5im)”

(C3)
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Using (C2) to simplify the terms of (C3) yields (17b).
We proceed by differentiating the first expression of (13) with respect to A, yields

* * -2 *
da; _ (oAt S 1 3gwyrp <o,
8)»,— O; g; 8}\,/

da* . * -2 *
4 _ (9 Ai 4 Gyrp 1 9gyyrp <0,
d0; o; o; 00

and using (16a) to replace the expression of gWT” yields (17¢) and (17d).

APPENDIX D: PROOF OF PROPOSITION 3

First, imposing the stationary condition on &;/a; = A;/A; — Awrp/Awrp yields A*JAF =
A?‘/A]* = AYyrp/Ayyrp = gyrp for countries i, j=1,2,..,J. Given Aj/Af=A7/A7 =
Ayrp/Ayrp, we have A7 /AT = a7 /a;. Then substituting the first expression of (13) yields
(18). Second, following the second expression of (13), we derive

ke f 7 (84 pi+ Oigip)

K8+ o+ 08he)

which yields (19). Finally, following the last expression of (13), we have

*

o*p

~*\~

Ny 1
|0

* g %
(oi—%i+girrp)
9j

(o5=hj+8vrp)
(1 (8 i+ 0iglyre)) — (8 + i+ glyrp) £ (8 + pi + Oilrp)
(854 0+ 6i&hre)) — (8 + 1+ &vre) 7 (85 + pj + 6,8hve)
which yields (20).

APPENDIX E: PROOF OF PROPOSITION 4

Given that AT /A7 = aj /a7, differentiating a; /a; with respect to A;, o;, A; and o; yields

d(a}/at 1 da* o 0ar a(d;/a; 1 da* ’.‘8a*
w:iﬁ_iif>0’ w:ia 4i 7>0 (Ela)
A ar ok (@) o do; ai do;  (aj)* do;
T S S UL S L
a2, a 9k (a)? N d0; a; do; (a"‘)2
where the signs of (Ela) (E1b) are determined followmg > 0, m] <0, T > 0, i(z <
da* dar
O’aT,-<O’ M’ >0, —* <Oand >Oasg1venby(61)
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For the within-country effect, differentiating the second and third expression of (13)
with respect to A; and o; yields

0k _ 6 08w

Y ’ (Eza)
O k) 9N

ok _ o . 8w _ (E2b)
do; — f'(k) o

ac g

L = -1 —k WIP <, E2
DA (( i 2= 1) G f”(k* ") A - (520
ac g

2 = -1 —k WIP ), E2d
o, (( Ko 0 )f”(k* ") do; 20

where (0; — 1gjyrp — 1 > 0 with 6; > 1, and the negative sign follows from f" (k) <0,
0gyrp/0A; > 0, and dg},,p/00; > 0. Meanwhile, for the cross-country effect, differentiat-
ing the second and third expression of (13) with respect to o; and A; yields

ok* 0; ogk

i 8wrp <0, (E3a)
Ay k) A
ok* 0, og

i gWTP ) (E3b)
doj  f'(k7) do;
ac; 6i 9gwrp

L= (0 — g i — N —k 0, E3
o, [(( i+ =) Fre ] o (30
ack 0; g

L=1(6; — 1)g5; i — 1 —k 0, E3d
do; [(( 8o+ 0 n)f”(k?‘) ‘] da; - (30

where the negative sign follows from (6; — 1)g3,p + pi —n; > 0, f"(k}) <0, dgw”’ >0 and

8yrp
20, > 0.
K* k* A* L* k¥

. . s L
For the comparative static effect on K]‘* = JT*FF = ? L— differentiating K* _ with

= *\_

respect to A; and o; yields

AKT/KY)  (ar B(ki‘/kj-‘)+k;‘ da;/ar) \ L
ar s

(E4)

where the first term in the right-hand side of (E4) is given by:
pAk /KD ar ( 1ok & 8k*) arkt ( o; o, ) agt

S

I ar \kor (k) or a ke \kfre) k) on

K|

and the second term in the right-hand side of (E4) is given by:

Ko@) k(1 a oa
a 9k (a)? o

K .k

) )

_agk 1 Z 9j 1 9j 98wrp
%

*

_a]’f ki \ @ J#i (Gj—)»;—f—g”;wp)z 4 (Uj_)”j'f'g’\jm))z .
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We thus simplify (E4) as:
(KT /K)  af kLY e

o a kL oo

0; 0; 1 0j 1 0;
* L1 * - * L1 * + 7* - 7* 2
kifr ki) ki kr) - a Z (07— A +g’;VTP)2 @4 (oj— A+ g”{VTp)z

J#i
. . . AKE/K?) AKF /KF)
and obtain the condition (22). Similarly, we can show that pP = >0, e - <0, and
i j

A} /KY)

152 < 0/ the condition (22) holds.

G _gAaL _g4q4r ¢
For the comparative static effect on ol ?7 , differentiating c* with

respect to A; and o; yields

A(Cr/CY) oa(cr/cr) ¢ daf/al)\ Lr
4 (4% / EAA ?’ . / J = (E5)
a)\.,’ Cl;f 8)», C;-k BA, L
where the first term in the right-hand side of (E5) is given by:
ar /e _ar (10 g g
a]* BA, a]* E‘j* 8)», (Z'j*)2 8A,
aic; [ 1 ((9 Dk + ) 0; K
== i i —Ni) T — K
a e Swrp O Gy
1 0; ag;
- —1 + _ k* WTP ,
C]{F <(( )gWTP Pj— ) f”(k* J >i| a)Li
and the second term in the right-hand side of (ES) is given by:
¢ Oai/a) ¢ (1 0ar  ar 04
¢ or ¢ \afox  (a)? dn
ac |1l 9j 1 9j 98wrp
===\ Z T a ’

a4 ¢\ 4 (Uj — A+ g%rp)z 4 (U./' =X+ gy!;VTP)2 i

We thus simplify (ES) as:

HGIG) L tgins [ 152 o L g
T T i A | o T AR
I ai ¢ Lj 9k 4 (0/ — A +gWTP) 4 (Uj _)“j‘*'gwrp)

1 o
+ = (((9;' — Dglyrp + 0 _ni)]Tk;‘k) —ki>

i
1 0;
—— (G = Dglyp+ 0 —1) —— —k | |-
Cj (( 7 WTP ] /) f”(kj) J
and obtain the condition (25). Similarly, we can show that xa ;C* >0, a(c /C ) <0, and
ML < 01if the condition (25) holds.
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APPENDIX F: PROOF OF PROPOSITION 5

For the negative eigenvalue given by (29), Z—i + (4; — 0j)a; is decreasing in af when a; is

J
within the range a; € [0, Vo — (rj)/(rj]. As the value of the technology gap decreases
a; |, the absolute value of the negative eigenvalue increases |x;| 1, thus translating into a
larger speed of convergence and a shorter time of transitional dynamics.
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