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Abstract

This paper studies the origins of Ricardian comparative advantage. I develop a theory of how pro-

ductivity differences across countries and industries emerge from the process R&D investment choices

made by firms with heterogeneous R&D capabilities. The theory highlights the importance of knowl-

edge spillovers and learning in determining the global productivity distribution and international income

inequality. I use the theory to characterize how cross-country differences in R&D efficiency and knowl-

edge absorption capacity interact with cross-industry differences in the R&D technology and the strength

and geographic scope of knowledge spillovers to shape comparative advantage and the pattern of inter-

national trade.
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1 Introduction

The idea productivity differences across countries and industries shape the pattern of international trade dates

from Ricardo (1817). More recently, important theoretical advances have shown how Ricardo’s insight can

be formalized when there are more than two industries (Dornbusch, Fischer and Samuelson 1977) and in a

global economy with many countries (Eaton and Kortum 2002). Contemporary formulations of the theory of

Ricardian comparative advantage predict countries have higher relative exports in industries where they have

higher relative productivity. Empirical work finds strong support for this prediction and implies productivity

differences are an important determinant of the pattern of trade (Golub and Hsieh 2000; Costinot, Donaldson

and Komunjer 2012; Kerr 2013).

Less is known about why international productivity gaps differ by industry. Most studies of comparative

advantage take productivity levels as given and analyze the consequences of productivity differences, not the

causes.1 The productivity of an industry depends upon the productivity of firms operating in the industry. In

turn, the productivity of each firm depends upon its production technology and, consequently, upon both the

firm’s past innovations and what the firm has learnt from imitating other domestic and foreign firms. Thus,

comparative advantage is shaped by both innovation and learning as highlighted by Posner (1961).

Existing dynamic models of comparative advantage study how the innovation technology shapes com-

parative advantage in high-tech production (Grossman 1990; Grossman and Helpman 1991). Yet innovation

is highly concentrated in a few advanced countries and, within countries, at a few high productivity firms.

For most firms, and throughout much of the world, learning and imitation drive productivity growth. In

this paper I study how, in addition to innovation, learning and knowledge spillovers affect comparative

advantage.

To address this question, the paper develops a theory of the global productivity distribution and the

origins of Ricardian comparative advantage. The theory is based upon a new endogenous growth model with

many countries and industries. In the model firms have heterogeneous R&D capabilities and productivity

growth is driven by process R&D investment at incumbent firms that take advantage of knowledge spillovers

within and across countries. For firms close to the productivity frontier R&D is primarily about creating new

knowledge, while at less advanced firms R&D takes the form of imitation and learning (Cohen and Levinthal

1989). In steady state equilibrium, there are productivity gaps across firms, industries and countries. Cross

country differences in the innovation and learning environment combined with variation across industries

in the R&D technology and knowledge spillovers shape these productivity gaps and generate comparative

advantage.

The theory starts from the assumption each firm’s productivity has two components. An industry-specific

component that measures publicly available technological knowledge and is common to all firms in the in-

dustry. And the firm’s technical efficiency, which captures its private technical know-how. Because knowl-

edge is non-rival and partially non-excludable firms learn from the technical know-how of their competitors.

Firms invest in R&D to increase their technical efficiency, but the effectiveness of R&D investment depends

upon how much firms learn from knowledge spillovers. R&D also generates non-appropriable returns that
1Costinot and Donaldson (2012) develop an alternative approach that measures productivity using crop yield predictions from

agronomic models that take into account water availability, soil characteristics and climatic conditions.
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raise the public component of productivity.

How do the R&D technology and knowledge spillovers differ across countries and industries? The

institutions and policies that support R&D vary widely across countries giving rise to national innovation

systems which make some countries better at R&D than others (Nelson 1993). Countries also differ in

their capacity to absorb and learn from existing knowledge and technologies (Caselli and Coleman 2001).

In the model I introduce two parameters to capture these sources of cross-country heterogeneity: R&D

efficiency, which measures how good at R&D a country is, and; knowledge absorption capacity, which

measures a country’s ability to learn from ideas created anywhere in the world. A high R&D efficiency or

a high knowledge absorption capacity benefit all firms in a country by making their R&D investment more

productive.

Across industries, empirical studies of R&D and knowledge spillovers have found evidence of variation

in the persistence of productivity (Doraszelski and Jaumandreu 2013), the strength of knowledge flows from

innovators to technological laggards (Bernstein and Nadiri 1989) and the geographic scope of knowledge

flows (Peri 2005). To model this industry level heterogeneity, I introduce three key industry characteristics:

the advantage of backwardness, the strength of domestic knowledge spillovers and the strength of global

knowledge spillovers. Following Gerschenkron (1962) the advantage of backwardness benefits low produc-

tivity firms relative to firms closer to the technology frontier. To be specific, the advantage of backwardness

is a parameter that determines the rate at which R&D investment becomes less productive as the firm’s

technical efficiency increases.

The strengths of domestic and global knowledge spillovers are learning parameters that, together with

a country’s knowledge absorption capacity, affect the knowledge level in each country-industry pair. A

higher knowledge level raises productivity growth for any given R&D investment. Because of knowledge

spillovers firms learn from innovations that occur anywhere in the world, but I assume domestic spillovers

are stronger than international spillovers and restrict spillovers to occur within industries. Specifically, I

let domestic spillovers depend upon the domestic technical efficiency frontier and global spillovers depend

upon a weighted sum of the frontier technical efficiency levels in all countries with weights that capture

country-level barriers to spillovers. Stronger domestic spillovers increase knowledge flows within countries,

while stronger global spillovers increase knowledge flows throughout the world. Each country’s knowledge

absorption capacity determines how much it learns from global spillovers.

To understand how these country and industry characteristics affect comparative advantage I embed

firms’ R&D choices in a many country, many industry Armington trade model. I keep the general equilib-

rium structure simple. There are no trade costs. Within each country-industry pair there is perfect competi-

tion between firms that produce an homogeneous output under decreasing returns to scale. Labor is the only

factor of production and a free entry condition determines the number of producers.

The global economy has a unique balanced growth path on which incumbent firm R&D causes pro-

ductivity growth. Knowledge spillovers are too weak to sustain ongoing growth in firms’ private technical

efficiency levels, implying growth in the stock of publicly available technologies is the only source of long-

run growth. On the balanced growth path each firm is in steady state, meaning its R&D investment exactly

offsets knowledge depreciation and its technical efficiency is time invariant. Firm growth is independent of
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firm size consistent with Gibrat’s law, but growth rates differ across industries. Steady state productivity

levels are higher for firms that are more capable at R&D. However, the mapping from capability to steady

state productivity also depends upon country and industry characteristics, knowledge spillovers from other

firms and how trade affects output prices and the cost of labor.

Comparing firms with the same capability in the same industry, steady state productivity is higher in

countries with a greater R&D efficiency or knowledge absorption capacity. Unsurprisingly, this implies

countries with higher R&D efficiency or knowledge absorption capacity are richer. However, the degree of

international inequality in wages, income and consumption per capita depends upon how large the advantage

of backwardness is and the strength of knowledge spillovers. In a single sector version of the model, I show

international inequality is decreasing in the advantage of backwardness and increasing in the strength of

domestic spillovers. Provided the ranking of countries by wage levels and knowledge absorption capacities

is the same, international inequality is also increasing in the strength of global spillovers. This illustrates

how the R&D technology and learning affect cross-country income gaps.

With many industries, international productivity gaps differ by industry and this gives rise to comparative

advantage. The theory produces three main results concerning the origins of comparative advantage. First,

countries with a higher R&D efficiency or knowledge absorption capacity have a comparative advantage in

industries where the advantage of backwardness is lower. A lower advantage of backwardness implies larger

productivity gaps between countries are necessary to offset differences in R&D efficiency or knowledge

absorption capacity. Second, more productive countries have a comparative advantage in industries with

stronger domestic knowledge spillovers. Stronger domestic spillovers generate a comparative advantage for

countries with a higher R&D efficiency or knowledge absorption capacity because intra-national spillovers

allow them to pull further ahead of the rest of the world. Third, countries with a higher absorption capacity

have a comparative advantage in industries where global spillovers are stronger because they learn more

from these spillovers than other countries. However, the interaction between R&D efficiency and global

spillovers does not generate comparative advantage.

These results show how innovation and learning determine comparative advantage when productivity

growth is driven by incumbent firm R&D and provide testable predictions for the types of industries where

countries that are better at R&D or learning have a comparative advantage. The theory highlights that the

consequences of interindustry variation in the R&D and learning technologies depends upon the ability

of countries to take advantage of R&D opportunities and knowledge spillovers. In particular, the biggest

beneficiaries of stronger knowledge spillovers are not less productive countries that have more to learn, but

countries with high R&D efficiencies and knowledge absorption capacities that are better able to utilize

stronger spillovers.

The most important antecedent to this paper is Grossman and Helpman (1991, chs.7-8) who analyze the

determinants of comparative advantage in expanding variety and quality ladder growth models. They study

two country, two sector models in which R&D only occurs in the high-tech sector and analyze how factor

endowments, country size and initial conditions determine comparative advantage in high-tech production.

When knowledge spillovers are global, the relatively skill abundant country has a comparative advantage in

high-tech because R&D is relatively skill intensive, while if spillovers are purely domestic initial conditions
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and country size shape comparative advantage.2 In contrast to Grossman and Helpman’s focus on inno-

vation, this paper studies how knowledge spillovers and learning affect comparative advantage. Moreover,

while Grossman and Helpman adopt a Heckscher-Ohlin approach to explaining comparative advantage in

an environment where average firm productivity within each industry does not vary by country, this paper

analyzes Ricardian firm-level productivity differences. This leads to the identification of new sources of

comparative advantage.

Analysis of the pattern of trade and the location of innovation in endogenous growth models can also

be found in Grossman and Helpman (1990), Taylor (1993) and Durkin Jr. (1997). However, in these pa-

pers exogenous country-level variation in the productivity of R&D relative to output production determines

comparative advantage. Similarly, Somale (2016) develops a many industry version of Eaton and Kortum

(2001) in which comparative advantage in output production results from exogenous comparative advantage

in innovation and a home market effect in demand. The characterization of comparative advantage in terms

of the interaction of country and industry characteristics is also related to the work of Romalis (2004), Nunn

(2007), Chor (2010), Cuñat and Melitz (2012) and Manova (2013). In common with this literature, I study

the determinants of cross-sectional variation in steady state comparative advantage. A different approach is

taken by Hanson, Lind and Muendler (2013) who analyze how the pattern of comparative advantage changes

over time, but remain agnostic about what causes comparative advantage.

Learning and imitation do shape trade flows in product cycle models, but the product cycle literature fo-

cuses on understanding intraindustry trade patterns (Vernon 1966; Krugman 1979; Grossman and Helpman

1991, chs.11-12).3 Parente and Prescott (1994) note the importance of technology adoption for growth and

argue that barriers to technology adoption may explain cross-country productivity and income differences.

Learning and technology diffusion also play an important role in recent work on idea flows that analyzes

knowledge diffusion and growth in single sector economies (Lucas and Moll 2014; Perla and Tonetti 2014;

Sampson 2016a; Buera and Oberfield 2016) and in studies of the relationship between growth and the spa-

tial distribution of economic activity (Desmet and Rossi-Hansberg 2014; Desmet, Nagy and Rossi-Hansberg

2016). However, none of these papers consider comparative advantage.

Beyond offering insight into the origins of comparative advantage, this paper makes a methodological

contribution to the growth literature by developing a new model of productivity growth. The theory has

several attractive properties. First, it provides a tractable model of how growth and the distribution of pro-

ductivity within and across countries depends upon process R&D investment by incumbent firms.4 Foster,

Haltiwanger and Krizan (2001) estimate between around one-half and three-quarters of productivity growth

in US manufacturing from 1977-87 can be attributed to incumbent firms. Likewise, using 1992-2002 data,

Garcia-Macia, Hsieh and Klenow (2015) conclude most growth in US manufacturing comes from incum-
2Initial conditions also matter for comparative advantage in learning-by-doing models (Krugman 1987; Redding 1999). In this

paper the existence of global knowledge spillovers ensures steady state comparative advantage is not path dependent.
3A notable exception is Lu (2007) who use a quality ladder product cycle model to study how interindustry variation in the size

of the quality step determines North-South comparative advantage.
4For important previous work on process R&D investment see Atkeson and Burstein (2010) and Perla and Tonetti (2014).

Unlike Atkeson and Burstein (2010) I model knowledge spillovers as depending upon the location of the productivity distribution.
In contrast to Perla and Tonetti (2014) who study technology upgrading by low productivity firms, I analyze an economy where all
firms invest in R&D and R&D expenditure is higher at more productive firms.
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bent firms and that improvements in the production of existing varieties are a more important source of

growth than creative destruction or the introduction of new varieties. The model developed in this paper is

consistent with these findings and complements recent work on product innovation and imitation in closed

economy, quality ladder growth models (Klette and Kortum 2004; König, Lorenz and Zilibotti 2016).

Second, it shows how asymmetric countries and industries can be incorporated into the recent literature

on idea flows with heterogeneous firms to give a new general equilibrium theory of the global productivity

distribution.5 As in Parente and Prescott (1994), Barro and Sala-i-Martı́n (1997), Eaton and Kortum (1999),

Howitt (2000) and Buera and Oberfield (2016) international knowledge spillovers promote convergence

and, on a balanced growth path, all countries grow at the same rate while productivity levels are country-

specific. However, in contrast to the existing literature, productivity growth results from R&D investment by

incumbent firms and international inequality in productivity, wages and incomes depends upon the advantage

of backwardness and the strength of knowledge spillovers.

Third, the paper specifies the advantage of backwardness and knowledge spillovers in terms of observ-

able characteristics of the firm productivity distribution. Consequently, the innovation and learning param-

eters that shape comparative advantage could be estimated using available firm-level data. The paper shows

how the solution to the firm’s R&D problem can be used to obtain an estimating equation for the advantage

of backwardness. Estimating the innovation and learning parameters would be one way to test the paper’s

theory of Ricardian comparative advantage. More generally, the existence of a link between the R&D tech-

nology and observable microeconomic variables should facilitate using data to discipline or estimate the

model.

The remainder of the paper is organized as follows. To motivate the theory developed in the paper,

Section 2 briefly summarizes evidence documenting sources of heterogeneity across countries and industries

that affect innovation and learning. Section 3 presents the model. Section 4 solves for the balanced growth

path and analyzes its properties. Finally, Section 5 offers some concluding remarks.

2 R&D and Knowledge Spillovers: Country and Industry Heterogeneity

A country’s capacity to innovate depends upon how its economic characteristics support or impede R&D.

The term ‘national innovation system’ is often used to describe the overlapping set of institutions that deter-

mine innovative performance (Nelson 1993). Important components of a national innovation system include

the relationships between firms and research universities, government support for innovation, the supply of

trained scientists and engineers, managerial culture, attitudes towards risk and how firms are owned and

financed. Collectively these factors generate large cross-country differences in innovation outcomes and the

effectiveness of R&D. For example, in 2015 the US and Japan together accounted for 47% of all applica-

tions filed under the World Intellectual Property Organization’s Patent Cooperation Treaty, while producing
5Perla, Tonetti and Waugh (2015), Sampson (2016a) and Impullitti and Licandro (2016) study the effects of trade on growth

in symmetric country, single sector, heterogeneous firm models with productivity spillovers. An alternative approach to modeling
international productivity gaps is adopted by Basu and Weil (1998) and Acemoglu and Zilibotti (2001) who develop models in
which all countries have access to the same technologies, but productivity differences result from whether the technologies are
appropriate to a country’s factor supplies.
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30% of world GDP.6 As Ohlin (1933, p.86) puts it, “Nations vary much in inventive ability”. In this paper

I capture differences in national innovation systems in a simple manner by allowing the efficiency of R&D

investment to have a country-specific component.

Since knowledge is non-rival and partially non-excludible, the invention of new ideas, products and

technological processes not only advances the technology frontier, but also causes knowledge spillovers

to firms and countries behind the frontier. Gerschenkron (1962) calls this the advantage of backwardness.

However, countries differ in their capacity to absorb knowledge and learn from existing technologies as

argued by Parente and Prescott (1994). For example, Comin, Hobijn and Rovito (2008) document that the

rates at which new technologies are adopted differ greatly across countries and are highly correlated with

GDP per capita. Caselli and Coleman (2001) show computer adoption is greater in countries that have higher

human capital and import more manufacturing goods from the OECD. Griffith, Redding and Van Reenen

(2004) find that the effect of distance to the frontier on industry TFP growth in OECD countries is greater

in countries with more human capital. Comin and Hobijn (2009) find evidence political institutions affect

technology diffusion through changing the cost of erecting barriers to adoption.

Policies to support learning and knowledge absorption have also been credited with playing an impor-

tant role in the rapid industrialization of East Asian countries such as Japan, South Korea and Taiwan in

the second half of the twentieth century (Nelson and Pack 1999). Kim (1997) documents the extensive

involvement of the South Korean government in facilitating technological learning during South Korea’s in-

dustrialization. To model international differences in absorption capacity, I allow for variation in how much

each country learns from global knowledge spillovers.

Evidence the R&D technology varies across industries is provided by the literature on production func-

tion estimation, which frequently finds the elasticity of output to R&D and the rate of return to R&D differ

by industry (Hall, Mairesse and Mohnen 2010). Most of this literature uses observed R&D to construct

measures of firms’ knowledge capital stocks. However, in recent work Doraszelski and Jaumandreu (2013)

develop a new approach to estimating firm-level productivity dynamics that treats productivity as unobserv-

able to the econometrician. They find considerable cross-industry variation in both the elasticity of output to

R&D and the persistence of productivity. In the theory I model this heterogeneity by allowing for the R&D

technology that determines growth in the firm-specific component of productivity, which I call technical

efficiency, to vary across industries. In particular, I assume industries differ in the elasticity of technical ef-

ficiency growth to R&D investment and to current technical efficiency. The elasticity of technical efficiency

growth to current technical efficiency controls the degree to which the effectiveness of R&D investment

declines as firms become more productive. I refer to this elasticity as the advantage of backwardness.

An extensive empirical literature documents the existence and geographic localization of knowledge

spillovers (Griliches 1992; Jaffe, Trajtenberg and Henderson 1993; Eaton and Kortum 1999; Branstet-

ter 2001; Keller 2002). Less work has been done on how knowledge spillovers vary by industry, but the

available literature still demonstrates substantial cross-industry variation. Bernstein and Nadiri (1989) es-

timate intra-industry knowledge spillovers for four US industries: Chemicals, Instruments, Machinery and
6Patent application data obtained from http://www.wipo.int/pressroom/en/articles/2016/article_

0002.html on 27 September 2016. GDP data converted to US dollars at market exchange rates taken from the World Bank’s
World Development Indicators.
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Petroleum. They find the elasticity of variable and average costs to other firms’ R&D capital is twice as

large in the Chemicals and Petroleum industries as in Instruments and Machinery, implying the strength of

domestic spillovers varies by industry.

Peri (2005) studies knowledge flows, as measured by patent citations, within six sectors: Chemical,

Computers, Drugs, Electronics, Mechanical and Others. While confirming the localized nature of knowl-

edge, he finds knowledge flows in Electronics and, particularly, Computers are more global than in the other

sectors. Consistent with Peri’s results, Malerba, Mancusi and Montobbio (2013) find the size of interna-

tional, relative to domestic, R&D spillovers is greater in the Electronics industry (which includes Com-

puters) than in Chemicals or Machinery. Additional evidence geography has a smaller effect on spillovers

in the Computer industry than in other industries comes from Irwin and Klenow (1994) and Acharya and

Keller (2009). In a study of learning-by-doing among US and Japanese firms in the Semiconductor industry,

Irwin and Klenow (1994) find no evidence spillovers are stronger within countries than between the US and

Japan. Acharya and Keller (2009) estimate the the effect of R&D spillovers on output for 22 industries in

17 countries. They find the elasticity of output to US R&D varies more across industries than the elasticity

of output to domestic R&D suggesting there exist cross-industry differences in the strength of international

knowledge spillovers. Specifically, they find the elasticity with respect to US R&D is largest in the Radio,

TV and Communication Equipment, and Office, Accounting and Computing Machinery industries.

Taken together these papers provide evidence the strength and geography of knowledge spillovers vary

across industries. This variation likely results from many factors including the extent to which knowledge is

tacit or, alternatively, codifiable; the ease of reverse engineering products and technologies, and; the degree

of communication between firms within and across countries. The next section develops an endogenous

growth model that includes cross-industry differences in the structure of knowledge spillovers together with

the other sources of country and industry heterogeneity described above.

3 A Model of Innovation and Global Learning

The global economy comprises S countries indexed by s. Time t is continuous and all markets are compet-

itive. All parameters are assumed to be time invariant.

3.1 Preferences

Let Ls be the population of country s and assume there is no population growth. Within each country all

individuals are identical and have intertemporal preferences given by:

U(t) =

∫ ∞
t

e−ρ(τ−t) log c(τ)dτ,

where ρ > 0 is the discount rate and c denotes consumption per capita. With these preferences the elasticity

of intertemporal substitution equals one. Individuals can lend or borrow at interest rate ιs. An individual

in country s with initial assets a(t) chooses a consumption path to maximize utility subject to the budget

constraint:
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ȧ(t) = ιs(t)a(t) + ws(t)− zs(t)c(t), (1)

where ws is the wage and zs is the consumption price in country s.

Solving the individual’s intertemporal optimization problem gives the Euler equation:

ċ

c
= ιs − ρ−

żs
zs
, (2)

where to simplify notation I have suppressed the dependence of the endogenous variables on time. For the

remainder of the paper I will not write variables as an explicit function of time unless it is necessary to avoid

confusion. Since all agents within a country are identical, we can write per capita consumption and assets

as country-specific variables cs and as, respectively. Aggregate consumption in country s is csLs and the

aggregate value of asset holdings equals asLs. The transversality condition for intertemporal optimization

in country s is:

lim
τ→∞

{
as(τ) exp

[
−
∫ τ

t
ιs(τ̃)dτ̃

]}
= 0. (3)

There are J industries, indexed by j. Consumer demand is Cobb-Douglas across industries and within

industries output is differentiated by country of origin following Armington (1969). To be specific, aggregate

consumption in country s is given by:

csLs =
J∏
j=1

(
Xjs

µj

)µj
, with

J∑
j=1

µj = 1,

whereXjs denotes consumption of industry j in country s and µj equals the share of industry j in consump-

tion expenditure. Let xjs̃s be industry j output from country s̃ that is consumed in country s. Then:

Xjs =

(
S∑
s̃=1

x

σj−1

σj

js̃s

) σj
σj−1

,

where σj > 1 is the Armington elasticity.

There is free trade, implying consumers in all countries pay the same price pjs for industry j output that

is produced in country s. Therefore, solving consumers’ intratemporal optimization problem yields:
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PjXjs = µjzscsLs, (4)

zs =
J∏
j=1

P
µj
j , (5)

xjs̃s =

(
pjs̃
Pj

)−σj
Xjs, (6)

Pj =

(
S∑
s=1

p
1−σj
js

) 1
1−σj

, (7)

where Pj denotes the industry j price index which does not vary across countries, as shown by (7). It follows

from (5) that the consumption price zs = z is also constant across countries.

3.2 Production

Within each country-industry pair, all firms produce the same homogeneous output, but firms differ along

two dimensions: capability ψ and productivity φ. Capability is a time-invariant firm characteristic that

affects a firm’s R&D efficiency and, consequently, the evolution of its productivity. Section 3.3 describes

the R&D technology and productivity dynamics. I assume the distribution of capabilities in industry j has

support
[
ψ
j
, ψj

]
and cumulative distribution function Gj(ψ) that does not vary across countries.

Productivity is a time-varying, firm-level state variable that determines a firm’s production efficiency.

Labor is the only factor of production. A firm in industry j and country s with productivity φ that employs

lP production workers produces output:

y = φ
(
lP
)βj

, with 0 < βj < 1.

Note the production technology is independent of the firm’s capability ψ.

Each firm chooses production employment to maximize production profits πP = pjsy − wslP taking

the output price pjs, the wage ws and its productivity φ as given.7 The assumption βj < 1 ensures the firm’s

revenue function is strictly concave in employment.8 Solving the profit maximization problem implies the

firm’s production employment lPjs, output yjs and production profits πPjs are given by:

7R&D investment affects future productivity growth (see Section 3.3), but not the current value of φ. Consequently, the firm’s
static production decision is separable from its dynamic R&D investment decision.

8Decreasing returns to scale in production may result from production becoming less efficient as the firm’s span of control
increases. An alternative way to introduce concavity would be to assume each firm faces a downward sloping demand curve.
For example, suppose each firm produces a differentiated variety and there is monopolistic competition between firms and a con-
stant elasticity of substitution between varieties. This alternative would make little difference to the firm’s optimization problem,
but would make the model analytically intractable in general equilibrium given the existence of many asymmetric countries and
industries.
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lPjs(φ) =

(
βjpjsφ

ws

) 1
1−βj

, (8)

yjs(φ) =

(
βjpjs
ws

) βj
1−βj

φ
1

1−βj , (9)

πPjs(φ) = (1− βj)
(
βj
ws

) βj
1−βj

(pjsφ)
1

1−βj . (10)

Production employment, output and production profits are all increasing in productivity and the output price,

but decreasing in the wage level.

In country s, good j is produced by a mass Mjs of firms and the cumulative distribution function of firm

productivity is Hjs(φ). Both Mjs and Hjs are endogenous. Mjs is determined by the free entry condition

described in Section 3.5, while Hjs depends upon firms’ R&D investment choices. Summing up across

firms we have that aggregate production employment LPjs in industry j and country s is:

LPjs = Mjs

(
βjpjs
ws

) 1
1−βj

∫
φ
φ

1
1−βj dHjs(φ), (11)

and aggregate output is:

Yjs = Mjs

(
βjpjs
ws

) βj
1−βj

∫
φ
φ

1
1−βj dHjs(φ). (12)

3.3 R&D and Productivity

As well as producing output, firms undertake R&D to increase their future productivity. Following Cohen

and Levinthal (1989) I assume there are two faces of R&D: innovation and learning. Knowledge spillovers

across firms and countries allow firms that invest in R&D to utilize the knowledge created by past innova-

tions both at home and abroad. Firms with high productivity levels are close to the technology frontier and

increase productivity primarily through innovation. By contrast, productivity growth at firms far from the

frontier results mainly from learning existing knowledge and adopting technologies already used by more

productive firms. Using industry level data for OECD countries, Griffith, Redding and Van Reenen (2004)

provide evidence R&D leads to productivity growth through both innovation and catch-up learning.

Each firm’s productivity φ can be decomposed into a public component Aj and a private component θ

such that φ = Ajθ. The industry-specific term Aj summarizes the state of publicly available technological

knowledge in industry j and does not vary across firms. The private component θ measures firm-specific

technological knowledge. I will refer to θ as the firm’s technical efficiency. One possible interpretation

of this decomposition is that Aj represents the frontier technology level in industry j, while θ captures

how effectively the firm adopts and implements available technologies. However, the decomposition is also

consistent with an economy where differences in technical efficiency result from cross-firm variation in the

technologies and ideas used in production.
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Both Aj and θ evolve over time as a consequence of firms’ R&D investments. Since each firm is small

relative to the size of the industry, firms take the path of Aj as given. But firms still have an incentive to

perform R&D because R&D affects the firm’s technical efficiency. The growth in technical efficiency of a

firm with capability ψ and technical efficiency θ that employs lR workers in R&D is given by:

θ̇

θ
= Bsχjsψθ

−γj
(
lR
)αj − δj , (13)

where γj > 0, δj > 0 and αj ∈ (0, 1). The variable χjs represents the knowledge level in industry j in

country s. χjs is defined in Section 3.4 and depends upon the frontier technical efficiency in all S countries

and the strengths of both domestic and global knowledge spillovers. A higher knowledge level makes R&D

more efficient. The efficiency of R&D also varies across firms and countries. Firms with a higher capability

ψ are better at R&D. In equilibrium, this will lead to cross-firm heterogeneity in R&D investment and

productivity. Country-wide R&D efficiency is given by Bs, which represents the quality of a country’s

national innovation system.

The parameter γj gives the elasticity of technical efficiency growth to a firm’s current technical efficiency

for a given R&D investment level. The assumption γj > 0 implies the effectiveness of R&D is decreasing

in a firm’s technical efficiency. This means R&D is harder for more productive firms that have less to learn

from their competitors and must rely more on innovation to increase their technical efficiency. When γj
is high, an increase in θ has a large negative effect on R&D effectiveness implying productivity growth is

much more costly at firms with higher technical efficiency. Variation in γj across industries results from

differences in the extent to which growth becomes harder as technical efficiency increases. I will refer to γj
as the advantage of backwardness in industry j.9 The returns to scale in R&D are given by αj , while δj is

the rate at which a firm’s technological knowledge depreciates causing its technical efficiency to decline.10

In addition to increasing a firm’s technical efficiency, R&D generates spillovers that raise the industry

productivity level Aj according to:

Ȧj
Aj

=

S∑
s=1

Mjs

∫
(ψ,φ)

ajs(ψ)lRjs (ψ, φ) dH̃js(ψ, φ), (14)

where lRjs(ψ, φ) is R&D employment at a firm with capability ψ and productivity φ and H̃js(ψ, φ) denotes

the cumulative distribution function of (ψ, φ) across firms. The spillovers each firm generates are increasing

in its R&D employment, but the term ajs(ψ) allows the degree of spillovers to vary by industry, country and

firm capability. I assume ajs(ψ) ≥ 0 for all j, s and ψ.

Firms face a constant instantaneous probability ζj > 0 of suffering a shock that leads to the death of the

firm. Taking this risk into account, each firm chooses a path for R&D employment to maximize its value

subject to the R&D technology (13). Let Vjs(ψ, φ) be the value of a firm with capability ψ and productivity

φ. Vjs(ψ, φ) equals the expected present discounted value of the firm’s production profits minus its R&D
9Bartelsman, Haskel and Martin (2008) and Griffith, Redding and Simpson (2009) estimate the impact of productivity levels on

productivity growth using firm-level data for the UK. Consistent with the existence of an advantage of backwardness both papers
find lower productivity leads to higher productivity growth.

10Li and Hall (2016) provide evidence of depreciation in the returns to R&D investment and find depreciation rates vary by
industry.
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costs:

Vjs(ψ, φ) =

∫ ∞
t

exp

[
−
∫ τ

t
(ιs + ζj) dτ̃

] [
πPjs(φ)− wslR

]
dτ, (15)

where πPjs(φ) is given by (10). All endogenous variables in this expression, including the firm’s value

function, may depend on t, but I have suppressed this dependence to simplify notation.

3.4 Knowledge Spillovers

Knowledge is non-rival and at least partially non-excludable. Therefore, firms learn from the R&D suc-

cesses of their domestic and foreign competitors. Knowledge spillovers operate through both the industry

productivity Aj , as described in the previous section, and the knowledge level χjs which enters the R&D

technology (13). The knowledge level captures spillovers that result from each firm’s private technological

knowledge being partially non-excludable. Consequently, increases in technical efficiency raise the knowl-

edge level. I assume the knowledge level in each country-industry pair is a function of the frontier technical

efficiency in that industry in all countries. I also allow for domestic spillovers to be stronger than interna-

tional spillovers and for countries to differ in their capacity to create and absorb spillovers. I do not consider

interindustry spillovers in this paper.

To be specific, let ω index firms and let Ωjs denote the set of firms operating in industry j in country s.

Define:

θjs(ω) = sup
ω̃∈Ωjs,ω̃ 6=ω

{θ(ω̃)} .

θjs(ω) is the supremum of the technical efficiency of all firms in industry j in country s excluding firm ω.

Within each country-industry pair there will always be either zero or a continuum of firms with any given

technical efficiency.11 Therefore, θjs(ω) = θjs and does not vary with ω. I now define the knowledge level

χjs of industry j in country s to be:

χjs = θ
ηj
js

(
S∑
s̃=1

Ks

Ns̃
θjs̃

)νj
. (16)

Since χjs is independent of θ(ω) each firm takes the current and future values of χjs as given when choosing

its R&D investment.

The knowledge level depends upon two terms: domestic spillovers given by θ
ηj
js and global spillovers.

The elasticity ηj of the knowledge level to the domestic technical efficiency frontier measures the strength

of domestic spillovers. I assume ηj ≥ 0. The term that captures global spillovers is an increasing function

of the technical efficiency frontiers in all S countries including country s. The elasticity νj > 0 gives the

strength of global knowledge spillovers. The sum ηj + νj gives the total strength of knowledge spillovers in

11In steady state this follows from the assumption there are a continuum of firms with each capability ψ, as shown in Section 4.2.
Outside steady state it also requires assuming an initial condition in which there are either zero or a continuum of firms with each
(ψ, φ) pair.
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industry j. Note that an increase in θjs generates both global spillovers, which increase the knowledge level

in all countries including country s, and also domestic spillovers which are limited to country s.

Spillovers to country s from country s̃ also depend on the parameters Ks and Ns̃. I assume Ks > 0

for all s and Ns̃ > 0 for all s̃. Ks is the knowledge absorption capacity of country s which measures

how effectively country s learns from global spillovers. Ns̃ is an inverse measure of the extent to which

knowledge created in country s̃ generates global spillovers. Countries with policies and institutions that

limit global spillovers have a high Ns̃. I will refer to Ns̃ as measuring barriers to spillovers.

When ηj = 0 and Ks is constant across countries then χjs does not vary by country. In this case

knowledge is global and available to all firms regardless of their location. Whenever ηj > 0 there are

domestic spillovers in addition to global spillovers meaning within-country spillovers are stronger than

spillovers across countries. In general, the knowledge level varies across countries due to both the existence

of domestic spillovers and cross-country variation in knowledge absorption capacity Ks.

3.5 Entry

Entrants must pay a fixed cost to establish a new firm. To generate a unit flow of new firms, a potential

entrant must hire fEj
(
LEjs

)κj
workers where LEjs denotes aggregate employment in entry in industry j and

country s and fEj is an entry cost parameter. I assume κj ∈ (0, 1). Since κj > 0 the entry technology is

subject to congestion and the cost of entry is higher when there are more entrants.12 Each entrant is small

relative to the total mass of entrants in the industry and takes aggregate employment LEjs and, consequently,

the entry cost as given.

Following the idea flows literature (Luttmer 2007; Sampson 2016a) I assume the capability ψ and initial

productivity φ of each entrant are determined by a random draw from the joint distribution of ψ and φ

in the entrants’ country and industry at the moment the new firm is created. This implies the existence

of spillovers from incumbents to entrants within a country-industry pair.13 The entrants’ initial technical

efficiency is θ = φ/Aj . There is free entry and the free entry condition requires the cost of entry equals the

expected value of entry meaning:

fEj
(
LEjs
)κj

ws =

∫
(ψ,φ)

Vjs(ψ, φ)dH̃js(ψ, φ). (17)

The total flow of entrants in industry j and country s is
(
LEjs

)1−κj
/fEj . Since firms die at rate ζj this

means the mass of firms Mjs evolves according to:

Ṁjs = −ζjMjs +

(
LEjs

)1−κj

fEj
. (18)

12The congestion effect can be interpreted as a reduced form way of modeling industry-specific constraints on the supply of
entrepreneurial talent that cause start-up costs to rise as the mass of entrants increases. Congestion ensures that in each country
there is positive entry in all industries in equilibrium. The paper’s findings on the determinants of income inequality and comparative
advantage are unchanged if the mass of firms in each country-industry pair Mjs is exogenous.

13In Sampson (2016a) spillovers from incumbents to entrants lead to endogenous growth through a dynamic selection mecha-
nism. By contrast, in this paper the absence of selection implies incumbent firm R&D is the source of all productivity growth.
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3.6 Market Clearing

To complete the specification of the model, we need to impose market clearing for labor, goods and assets.

The labor market clearing condition in each country s is:

Ls =

J∑
j=1

(
LPjs + LRjs + LEjs

)
, (19)

where production employment LPjs in industry j is given by (11), LRjs denotes aggregate R&D employment

in industry j and LEjs denotes aggregate employment in entry in industry j.

Industry output markets clear at the national level, implying for each country-industry pair output Yjs
equals the sum over all countries of the consumption of output of industry j produced in country s. This

means:

Yjs =
S∑
s̃=1

xjss̃. (20)

I assume there is no international lending and asset markets clear at the national level. Therefore, for

each country s total asset holdings equal the aggregate value of all domestic firms:

asLs =

J∑
j=1

Mjs

∫
(ψ,φ)

Vjs(ψ, φ)dH̃js(ψ, φ). (21)

I also choose global consumption expenditure as the numeraire implying:

S∑
s=1

zcsLs = 1. (22)

Finally, I assume the parameters that govern the returns to scale in production and R&D, the advantage

of backwardness and the strength of domestic spillovers satisfy the following restriction.

Assumption 1. For all industries j, the parameters of the global economy satisfy: 1
1−βj > γj >

αj
1−βj + ηj .

Assumption 1 is sufficient to ensure concavity in firms’ intertemporal optimization problems.

3.7 Equilibrium

An equilibrium of the global economy is defined by time paths for consumption per capita cs, assets per

capita as, wages ws, the interest rate ιs, the consumption price z, consumption levels Xjs and xjs̃s, prices

Pj and pjs, production employment LPjs, industry output Yjs, the mass of firms Mjs, knowledge levels

χjs, R&D employment LRjs, employment in entry LEjs, industry productivity Aj and the joint distribution

of firms’ capabilities and productivity levels H̃js(ψ, φ) for all countries s, s̃ = 1, . . . , S and all industries

j = 1, . . . J such that: (i) individuals choose consumption per capita to maximize utility subject to the

budget constraint (1) giving the Euler equation (2) and the transversality condition (3); (ii) individuals’

intratemporal consumption choices imply consumption levels and prices satisfy (4)-(7); (iii) firms choose
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production employment to maximize production profits implying industry level production employment and

output are given by (11) and (12), respectively; (iv) firms’ productivity levels evolve according to the R&D

technology (13) and firms choose R&D employment to maximize their value (15); (v) industry productivity

growth is given by (14); (vi) knowledge levels are given by (16); (vii) there is free entry and entrants draw

capability and productivity levels from the joint distribution H̃js(ψ, φ) implying the free entry condition

(17) holds and the mass of firms evolves according to (18), and; (viii) labor, output and asset market clearing

imply (19)-(21) hold.

The economy’s state variables are the industry productivity levels Aj in all industries, the joint distribu-

tions H̃js(ψ, φ) of firms’ capabilities and productivity levels for all country-industry pairs and the mass of

firms Mjs in all countries and industries. An initial condition is required to pin down the initial values of

these state variables.

4 Balanced Growth Path

The properties of the equilibrium depend qualitatively on the relative magnitudes of the advantage of back-

wardness γj and the total strength of knowledge spillovers ηj + νj . I make the following assumption.

Assumption 2. For all industries j, the advantage of backwardness is strictly greater than the sum of the

strengths of domestic and global knowledge spillovers: γj > ηj + νj .

Assumption 2 imposes an upper bound on the total strength of knowledge spillovers. The sum ηj + νj

gives the elasticity of the knowledge level to growth in technical efficiency when the technical efficiency

frontier increases by the same proportion in all countries. When Assumption 2 holds, the R&D technology

(13) shows that if the technical efficiency of all firms in the world increases by the same proportion, then

the efficiency of R&D declines for all firms. This implies knowledge spillovers are too weak to generate

ongoing growth in technical efficiency, meaning there cannot be a steady state equilibrium in which the

technical efficiency frontier grows without bound. Since productivity increases are the only possible source

of long-run growth in this economy it follows that, in equilibrium, any sustained growth must come from

growth in the industry productivity levels Aj . In other words, Assumption 2 ensures that in the long-run

growth results from increases in publicly available technological knowledge not from the accumulation of

private know-how.

Given Assumption 2, this section looks for a balanced growth path equilibrium of the global economy. I

define a balanced growth path as an equilibrium in which all aggregate country and industry level variables

grow at constant rates and the productivity distributions Hjs(φ) shift outwards at constant rates. In what

follows I outline how to solve for a balanced growth path and characterize the properties of the balanced

growth path equilibrium. Full details of the solution together with proofs of the propositions can be found

in Appendix A.
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4.1 Growth Rates

The first step in solving the model is to derive a set of restrictions on equilibrium growth rates that must hold

on any balanced growth path. Suppose a balanced growth path exists. Since the frontier technical efficiency

in each country cannot grow without bound, it must remain constant on a balanced growth path. It follows

that the knowledge level χjs is constant on a balanced growth path. Let gj be the growth rate of industry

productivity Aj and suppose gj is time invariant. On a balanced growth path the productivity distribution

Hjs(φ) shifts outwards at rate gj for all s. This means Hjs(φ, t) = Hjs

(
egj(τ−t)φ, τ

)
for all times t, τ and

productivity levels φ. The productivity growth rate of each industry is constant across countries because

publicly available technology Aj is not country-specific.

Now let qs be the growth rate of consumption per capita cs. Appendix A shows that on a balanced

growth path qs = q is the same in all countries and equals a weighted average of productivity growth in the

J industries where the weights are given by the industry expenditure shares:

q =

J∑
j=1

µjgj . (23)

In this economy rising productivity is the only source of growth and since the productivity growth rate in

each industry does not vary by country, all countries have the same consumption per capita growth rate. It

follows that, on a balanced growth path, cross-country heterogeneity leads to differences in the levels, not

the growth rates, of the endogenous variables.

On a balanced growth path we must also have that the consumption price z declines at rate q, while

nominal wages ws and assets per capita as remain constant over time. This implies real wages and assets

per capita grow at rate q. Employment in production, R&D and entry in each country-industry pair is time

invariant, as is the mass of firms Mjs. Industry output Yjs and the quantity sold in each market xjs̃s grow

at rate gj , while prices pjs and Pj decline at rate gj . Finally, from the Euler equation (2) we obtain that the

interest rate is time invariant, constant across countries and given by ιs = ρ. Since the discount rate ρ > 0

and nominal assets per capita as remain constant over time, the transversality condition (3) is satisfied on a

balanced growth path.

Given these findings, we can now return to the question of whether a balanced growth path exists. For

the economy to be on a balanced growth path, industry productivity must grow at a constant rate gj and

the productivity distribution Hjs(φ) must shift outwards at rate gj implying the distribution of technical

efficiency must be time invariant. Are these requirements consistent with optimal firm behavior? The next

step in solving the model is to characterize firms’ R&D choices and productivity growth rates.

4.2 Firm-level R&D and Productivity Dynamics

Firms in industry j in country s choose R&D employment taking the time paths of ιs, ws, χjs, pjs andAj as

given. Suppose the economy is on a balanced growth path implying ιs = ρ, ws and χjs are time invariant,

pjs declines at rate gj and Aj grows at rate gj .

To solve the firm’s R&D problem it is useful to define φ̂ ≡ (φ/Aj)
1

1−βj = θ
1

1−βj . φ̂ is a transformation

17



of the firm’s productivity relative to the industry productivity Aj or, equivalently, a transformation of the

firm’s technical efficiency. I will refer to φ̂ as the firm’s relative productivity level. Taking the time derivative

of φ̂ and using the R&D technology (13) implies:

˙̂
φ

φ̂
=

1

1− βj

[
Bsχjsψφ̂

−γj(1−βj)
(
lR
)αj − δj] . (24)

Now, by substituting the production profits function (10) into the value function (15), using ιs = ρ and

changing variables from φ to φ̂, the optimization problem of a firm with capability ψ can be written as:

max
φ̂,lR

∫ ∞
t

e−(ρ+ζj)(τ−t)ws

[
1− βj
βj

(
βjpjsAj
ws

) 1
1−βj

φ̂− lR
]
dτ,

subject to the growth of φ̂ being given by (24) and an initial value for φ̂ at time t. Since ws and the product

pjsAj are time invariant, the payoff function depends upon time only through exponential discounting mean-

ing the firm faces a discounted infinite-horizon optimal control problem with state variable φ̂ and control

variable lR. I prove in Appendix A that any solution to the firm’s problem must satisfy:

l̇R

lR
=

1

1− αj

[
ρ+ ζj + γjδj − αjβ

βj
1−βj
j Bsχjsψ

(
pjsAj
ws

) 1
1−βj

φ̂1−γj(1−βj)
(
lR
)αj−1

]
. (25)

Equations (24) and (25) are a system of differential equations for φ̂ and lR. Setting ˙̂
φ = 0 and l̇R = 0

shows the system has a unique steady state φ̂∗js, l
R∗
js given by:

φ̂∗js =

αjβ βj
1−βj
j (Bsχjsψ)

1
αj

(
pjsAj
ws

) 1
1−βj δ

αj−1

αj

j

ρ+ ζj + γjδj


αj

γj(1−βj)−αj

, (26)

lR∗js =

αjβ βj
1−βj
j (Bsχjsψ)

1
γj(1−βj)

(
pjsAj
ws

) 1
1−βj δ

γj(1−βj)−1

γj(1−βj)
j

ρ+ ζj + γjδj


γj(1−βj)

γj(1−βj)−αj

. (27)

Under Assumption 1 there exists a neighborhood of the steady state within which the firm’s R&D problem

has a unique solution which, conditional on the firm’s survival, converges to the steady state. Thus, the

steady state is locally saddle-path stable. The steady state and transition dynamics are shown in Figure 1.

Along the stable arm, relative productivity and R&D employment increase over time for firms that start with

φ̂ below φ̂∗js, while the opposite is true for firms with initial φ̂ above φ̂∗js.

The steady state has several important properties. First, in steady state each firm’s relative productivity

and technical efficiency are time invariant meaning the productivity of each surviving firm grows at rate gj .

On a balanced growth path the productivity distribution Hjs(φ) must shift outwards at rate gj . The evolu-
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Figure 1: Steady state and transition dynamics

tion of Hjs(φ) depends upon productivity growth at surviving firms and how the productivity distribution

of entrants compares to that of exiting firms. Recall entrants draw their capability and productivity from

the joint distribution of ψ and φ among incumbent firms, while all firms face the same instantaneous exit

probability ζj . Therefore, if all incumbent firms are in steady state each new firm enters with the steady state

relative productivity level corresponding to its capability and the productivity distributions of entering and

exiting firms are identical. It follows that entry, exit and firms’ optimal R&D choices cause the productivity

distribution to shift outwards at rate gj if and only if all incumbent firms are in steady state. Consequently,

on any balanced growth path all firms are in steady state and each surviving firm’s relative productivity

and R&D employment are time invariant and given by (26) and (27), respectively.14 Moreover, when all

incumbent firms are in steady state and the mass of firms Mjs is constant, the industry productivity growth

rate given by (14) is also constant because the capability distribution Gj(ψ) does not change over time and

firm-level R&D employment is a stationary function of ψ, but is independent of φ.

Second, since in steady state all surviving firms have the same productivity growth rate, on a balanced

growth path each industry satisfies Gibrat’s law that incumbent firm growth is independent of firm size.

From (8) and (27) we also have that firm employment remains constant over time in steady state. This

implies the firm employment distribution is stationary on a balanced growth path. Luttmer (2010) observes

that the US firm employment distribution appears to be stationary.

Third, φ̂∗js is increasing in ψ implying that within any country-industry pair firms with greater capabil-

ities have higher steady state technical efficiency and productivity levels. This explains why, even though

capability differs across firms, all firms have the same productivity growth rate in steady state. The advan-

tage of backwardness raises the R&D efficiency of less productive firms and this effect exactly offsets the

disadvantage of having a lower capability. Similarly, level differences across countries in the location of
14Formally, balanced growth only requires a mass Mjs of firms to be in steady state, which allows for individual firms with zero

mass to deviate from steady state. I overlook this distinction since it does not matter for industry or aggregate outcomes.
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the productivity distribution cancel out all other sources of cross-country heterogeneity to ensure the pro-

ductivity growth rate in each industry does not vary across countries. The existence of an advantage of

backwardness is also necessary for the stability of the steady state because it implies a negative relationship

between a firm’s relative productivity and its productivity growth holding all else constant.

Fourth, steady state firm behavior is consistent with two key stylized facts about R&D highlighted by

Klette and Kortum (2004): (i) productivity and R&D investment are positively correlated across firms since

φ̂∗js and lR∗js are both increasing in ψ, and; (ii) R&D intensity is independent of firm size since using (9) and

(27) implies the steady state ratio of R&D investment to sales satisfies:15

wsl
R∗
js

pjsyjs

(
Aj

(
φ̂∗js

)1−βj
) =

αjδj
ρ+ ζj + γjδj

, (28)

which is constant across firms within an industry. Comparing industries, R&D intensity is increasing in

the returns to scale in R&D αj and the technological knowledge depreciation rate δj and decreasing in the

advantage of backwardness γj and the firm death rate ζj .

To obtain the distribution of productivity on a balanced growth path recall Gj(ψ) is the cumulative

distribution function of firms’ capabilities. Using (26) and the definition of φ̂we then have that on a balanced

growth path the productivity distribution of both incumbent firms and entrants is given by:

Hjs(φ) = Gj

α−αjj β

−αjβj
1−βj
j

1

Bsχjs

(
ws
pjsAj

) αj
1−βj

(ρ+ ζj + γjδj)
αjδ

1−αj
j

(
φ

Aj

) γj(1−βj)−αj
1−βj

 .
In this economy both the location and the shape of the productivity distribution are endogenously determined

by firms’ R&D decisions.16 The location varies by country, industry and time and depends upon ws, χjs,

pjs and Aj which are determined in general equilibrium as described in Section 4.3 below.

Within each industry the shape of the productivity distribution does not vary by country, but depends

upon the exogenous firm capability distributionGj(ψ) and upon the industry-specific parameters αj , βj and

γj . Consider two firms in the same country and industry with capabilities ψ and ψ′, respectively. The ratio

of these two firms’ steady state productivity levels is:
15Although empirical studies usually find R&D intensity is independent of firm size among firms that report positive R&D, they

also find smaller firms are more likely to report zero R&D investment. However, as Klette and Kortum (2004) point out this may
be an artifact of the R&D data which probably under measures informal investment in productivity growth, particularly at smaller
firms that do not have formal R&D divisions. This bias is likely to be exacerbated by the definition of R&D used in this paper,
which covers investment in both innovation and learning, whereas R&D data primarily measures investment in innovation. The
under measurement will be most severe for firms at which learning is the main source of productivity growth, e.g. less productive
firms and firms in developing countries.

16By contrast, in most heterogeneous firm models following Melitz (2003) the lower bound is the only endogenously determined
parameter of the productivity distribution. This holds not only in static economies, but also in the growth models of Perla, Tonetti
and Waugh (2015) and Sampson (2016a). An exception is Bonfiglioli, Crinò and Gancia (2015) who allow firms to choose between
receiving productivity draws from distributions with different shapes.
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φ∗js(ψ
′)

φ∗js(ψ)
=

(
ψ′

ψ

) 1−βj
γj(1−βj)−αj

. (29)

Thus, the productivity gap between firms is strictly increasing in αj and βj and strictly decreasing in γj . This

implies that, on a balanced growth path, inequality in productivity across firms within a country-industry

pair is strictly increasing in αj and βj , but strictly decreasing in γj .17 An increase in the advantage of

backwardness γj reduces the steady state productivity gaps between firms leading to lower productivity

inequality. An increase in βj raises the returns to scale in production giving higher capability, larger firms a

greater incentive to raise productivity by increasing R&D investment. Consequently, productivity inequality

grows. Similarly, an increase in αj raises the returns to scale in R&D which disproportionately benefits

higher capability firms that employ more R&D workers and leads to greater productivity inequality. Using

the solution to the firm’s R&D problem in equations (8)-(10) it also follows that on a balanced growth path

inequality across firms in production employment, revenue and profits are strictly increasing in αj and βj
and strictly decreasing in γj .

Proposition 1 summarizes the results obtained in this section regarding the distribution and dynamics of

firm productivity on a balanced growth path.

Proposition 1. Suppose Assumptions 1 and 2 hold. On a balanced growth path, within any country-industry

pair:

(i) All incumbent firms have the same productivity growth rate;

(ii) Productivity and R&D employment are strictly increasing in firm capability;

(iii) Productivity inequality across firms is strictly decreasing in the advantage of backwardness, but strictly

increasing in the returns to scale in production and R&D.

Before moving on from firm behavior, it is worth noting the solution to the firm’s R&D problem suggests

a strategy for estimating industry R&D parameters from firm-level data. Suppose for a panel of firms ω and

years t we have data on firm productivity φωt, firm R&D employment lRωt and the industry productivity

growth rate gj . Define φ̂ωt = e−gjtφωt to be the detrended productivity of firm ω which is constant in

steady state. Let φ̂∗ω be the firm-specific steady state value of φ̂ωt and lR∗ω be steady state R&D employment

at firm ω given by (27). Taking the time derivative of φ̂ωt, using the R&D technology (13) and log-linearizing

around the firm’s steady state gives:

d

dt
log φ̂ωt = −γjδj log

(
φ̂ωt

φ̂∗ω

)
+ αjδj log

(
lRωt
lR∗ω

)
,

= υω − γjδj log φ̂ωt + αjδj log lRωt, (30)

where υω = γjδj log φ̂∗ω − αjδj log lR∗ω is a firm fixed effect. Given an appropriate shock that causes

some firms’ detrended productivity levels to deviate from their steady state values, but does not affect the
17Throughout the paper, all results concerning inequality hold for any measure of inequality that respects scale independence and

second order stochastic dominance. See Lemma 2 in Sampson (2016b) for a proof of how elasticity changes affect inequality.
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aggregate industry equilibrium, equation (30) could be used to estimate γjδj and αjδj . The advantage of

backwardness could then be recovered given an estimate of the depreciation rate δj . Alternatively, the same

data could be used to estimate γj directly from (13) using industry-time fixed effects to control for the

knowledge level. Estimating ηj and νj imposes more stringent data requirements because of the need to

separately identify variation in the domestic and global technical efficiency frontiers. However, it would be

possible given comparable productivity data from more than one country such as that used by Bartelsman,

Haskel and Martin (2008).

4.3 General Equilibrium

To complete the solution for a balanced growth path we can now impose the remaining equilibrium condi-

tions of the global economy. Using the specification of the industry productivity growth rate, the definition

of the knowledge level, the free entry condition, the goods and labor market clearing conditions and firms’

steady state productivity and employment levels implies that on a balanced growth path for all countries

s = 1, . . . , S:

Ls =
J∑
j=1

µj
ρ+ ζj

(
ζj + ρβj +

ραjδj
ρ+ ζj + γjδj

)
(
K
νj
s Bsw

−σj
σj−1

(γj−ηj)
s

)Zj
∑S

s̃=1ws̃

(
K
νj
s̃ Bs̃w

−σj
σj−1

(γj−ηj)
s̃

)Zj , (31)

and for all industries j = 1, . . . , J :

gj =
µjαjδj

ρ+ ζj + γjδj

∑S
s=1

(
K
νj
s Bsw

−σj
σj−1

(γj−ηj)
s

)Zj ∫ ψj
ψ
j
ajs(ψ)ψ

1
γj(1−βj)−αj dGj(ψ)

∑S
s̃=1ws̃

(
K
νj
s̃ Bs̃w

−σj
σj−1

(γj−ηj)
s̃

)Zj ∫ ψj
ψ
j
ψ

1
γj(1−βj)−αj dGj(ψ)

, (32)

where:

Zj =
σj − 1

κj(σj − 1) [(γj − ηj)(1− βj)− αj ] + γj − ηj
.

Assumption 1 implies Zj > 0. Equations (31) and (32) form a system of S + J equations in the S + J

unknowns ws and gj . This system can be solved recursively. Equation (31) gives S equations for balanced

growth path wages and substituting the wage level solutions into (32) yields the productivity growth rates

gj for each industry. In Appendix A I prove the system has a unique solution, which gives the following

proposition.

Proposition 2. Suppose Assumptions 1 and 2 hold. The global economy has a unique balanced growth

path. On the balanced growth path wages, income and consumption per capita grow at the same rate in all

countries.

22



On the balanced growth path all countries have the same growth rates regardless of their underlying

differences. However, cross-country heterogeneity does generate international gaps in productivity lev-

els, wages and incomes. Moreover, the productivity gaps necessary to support the balanced growth path are

industry-specific, which generates comparative advantage. Sections 4.4 and 4.5 study the global productivity

distribution on the balanced growth path and how international productivity gaps lead to cross-country wage

and income differences and comparative advantage. To understand how innovation and learning shape the

global productivity distribution, the analysis concentrates on the consequences of heterogeneity across coun-

tries and industries in the R&D technology and knowledge spillovers. Specifically, I focus on cross-country

variation in R&D efficiency Bs, knowledge absorption capacity Ks and barriers to knowledge spillovers

Ns and cross-industry differences in the advantage of backwardness γj , the strength of domestic knowledge

spillovers ηj and the strength of global knowledge spillovers νj . I start by considering how wages and

income vary across countries and then proceed to analyze the pattern of comparative advantage.

4.4 International Inequality

To understand the determinants of international wage and income inequality on the balanced growth path

suppose the economy has a single industry. Since the consumption price z does not vary across countries,

real wage variation depends only upon differences in nominal wages. Setting J = 1 in equation (31) gives:

ws
ws̃

=

[(
Ls̃
Ls

) 1
Z
(
Ks

Ks̃

)ν Bs
Bs̃

] σ−1
σ(γ−η)

. (33)

The relative wage of country s is increasing in both its R&D efficiencyBs and absorption capacityKs, but is

independent of barriers to knowledge spillovers Ns.18 Moreover, the elasticity of the relative wage to R&D

efficiency is increasing in the strength of domestic knowledge spillovers η and decreasing in the advantage of

backwardness γ, while the elasticity of the relative wage to absorption capacity is increasing in the strength

of both domestic spillovers and global spillovers ν and decreasing in the advantage of backwardness. This

implies international wage inequality is increasing in η and decreasing in γ. The effect of ν on wage

inequality depends upon the cross-country correlation between Ks, Bs and Ls, but is positive whenever

Ks ≥ Ks̃ ⇔ ws ≥ ws̃.
The explanation for these results lies in how R&D efficiency and knowledge absorption capacity impact

the location of the productivity distribution. Consider two firms with the same capability ψ, but in different

countries. On the balanced growth path the ratio of these firms’ steady state productivity levels is:

φ∗s
φ∗s̃

=

[(
Ls
Ls̃

)κα(Ks

Ks̃

)ν Bs
Bs̃

] 1
γ−η

. (34)

This expression is the cross-country analogue of equation (29) which gives the ratio of steady state produc-

tivity levels for two firms in the same country and industry, but with different capabilities. Countries with a
18The relative wage is also decreasing in population Ls. This results from congestion in entry, which implies the mass of firms

per capita on the balanced growth path is decreasing in population. As noted in footnote 12, the model’s main predictions are
unchanged if the mass of firms is exogenous.
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higher R&D efficiency or absorption capacity have an advantage in R&D. Consequently, an increase in Bs
or Ks shifts the productivity distribution in country s outwards relative to other countries as shown by (34).

This leads to an increase in the relative wage of country s since substituting (34) into (33) gives:

ws
ws̃

=

[(
Ls̃
Ls

) 1
γ−η ( 1

Z
+κα) φ∗s

φ∗s̃

]σ−1
σ

,

implying the relative wage of country s is increasing in the relative productivity of its firms.

An increase in the advantage of backwardness disproportionately benefits lower productivity countries

because it reduces the cross-country productivity gaps necessary to support the balanced growth path. Thus,

a higher γ reduces productivity gaps between countries just as it reduces productivity gaps between firms

within the same country and industry. By contrast, the strengths of domestic and global knowledge spillovers

do not affect productivity gaps within country-industry pairs, but do affect international productivity gaps.

Stronger domestic spillovers allow countries with higher Bs and Ks to pull further ahead of other coun-

tries, raising international productivity and wage gaps. Countries with high knowledge absorption capacity

Ks are also better able to utilize stronger global spillovers to increase their relative productivity and wage

levels. Barriers to knowledge spillovers Ns do not affect relative productivity levels or relative wages be-

cause Ns has a symmetric effect on the knowledge level and, consequently, the location of the productivity

distribution, in all countries.

In a single industry economy, assets per capita as and consumption per capita cs are proportional to

ws. Therefore, relative income per capita and consumption per capita levels across countries are equal to

relative wages and given by (33). It follows that changes in γ, η and ν have the same effects on international

inequality in income and consumption as on inequality in wages. Proposition 3 summarizes how wages,

income and consumption vary across countries.

Proposition 3. Suppose Assumptions 1 and 2 hold and the economy has a single industry. On the balanced

growth path:

(i) Each country’s real wage, income per capita and consumption per capita relative to all other countries

is strictly increasing in its R&D efficiency and its knowledge absorption capacity;

(ii) International inequality in real wages, income per capita and consumption per capita is strictly de-

creasing in the advantage of backwardness and strictly increasing in the strength of domestic knowledge

spillovers;

(iii) If the ranking of countries by wage levels is the same as the ranking by knowledge absorption capac-

ities, then international inequality in real wages, income per capita and consumption per capita is strictly

increasing in the strength of global knowledge spillovers.

Proposition 3 highlights an important distinction between the advantage of backwardness and knowledge

spillovers. Although a greater advantage of backwardness reduces inequality between countries, stronger

knowledge spillovers disproportionately benefit not poorer countries, but countries that are better able to take

advantage of strong spillovers. For domestic spillovers this is richer, higher productivity countries with a

more advanced technical efficiency frontier, while for global spillovers it is countries with higher knowledge
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absorption capacities. In the plausible case where richer countries also have higher knowledge absorption

capacities, an increase in the strength of either domestic or global spillovers raises international inequality

in wages, income and consumption by expanding the productivity gaps between countries.19

Exploring the determinants of growth is not the purpose of this paper. However, in the single sector case,

the model does deliver a simple expression for the balanced growth path consumption per capita growth rate

q. When J = 1, equation (23) implies q = g and substituting (31) into (32) yields:

q =
αδ (ρ+ ζ)

ραδ + (ζ + ρβ) (ρ+ ζ + γδ)

S∑
s=1

∫ ψ
ψ as(ψ)ψ

1
γ(1−β)−αdG(ψ)∫ ψ

ψ ψ
1

γ(1−β)−αdG(ψ)
Ls. (35)

Unsurprisingly, growth is increasing in the terms as(ψ) which control the degree of spillovers from R&D to

publicly available technological knowledge A. In addition, growth is increasing in population Ls meaning

the global economy exhibits the scale effect that is common to all endogenous growth models in which the

growth rate depends upon the absolute size of the R&D sector. Interestingly, the growth rate is also increas-

ing in the technical efficiency depreciation rate δ. An increase in δ has two effects on R&D employment.

First, when private technology depreciates more quickly the returns to R&D are lower, which tends to re-

duce firms’ steady state technical efficiency levels and R&D employment. Second, an increase in δ implies

firms need higher R&D investment to maintain any given technical efficiency level, implying R&D intensity

rises as shown by (28). The second effect dominates leading to an increase in R&D employment and higher

growth.

When as(ψ) is independent of firm capability ψ, the summation in (35) reduces to
∑S

s=1 asLs. This

simplification is sufficient to ensure the growth rate is decreasing in the advantage of backwardness γ and

the returns to scale in production β, but increasing in the returns to scale in R&D α. A lower advantage of

backwardness or higher returns to scale in R&D raises the returns to R&D causing firms to increase R&D

employment which generates higher growth. By contrast, higher returns to scale in production leads to a

shift in employment from R&D to production, which reduces growth.

4.5 Comparative Advantage

Let C denote a country characteristic and I an industry characteristic. Countries with higher C have a

comparative advantage in industries with higher I on the balanced growth path if and only if balanced

growth path exports are log supermodular inC and I . For example, countries with high R&D efficiency have

a comparative advantage in industries with strong domestic knowledge spillovers if and only if, comparing

across countries and industries on a given balanced growth path, exports are log-supermodular in Bs and ηj .

Thus, we can analyze the determinants of comparative advantage by considering how exports vary across

countries and industries.

To characterize comparative advantage I make use of the following parameter restrictions.
19Keller (2002) finds evidence knowledge spillovers have become less localized over time, suggesting ν has increased relative to

η. According to Proposition 3, this change would lead to an increase in international inequality if caused by an increase in ν and
richer countries have higher knowledge absorption capacities, or to a decrease in international inequality if caused by a decline in
η.
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Assumption 3. For all industries j, the parameters of the global economy satisfy: (i) γj − ηj >
αj̃

1−βj̃
, for

all j̃; (ii) νj >
αj

1−βj .

Part (i) of Assumption 3 is a stronger version of Assumption 1. If the returns to scale in R&D and production

do not vary by industry, Assumption 1 implies part (i) of Assumption 3 holds. Part (ii) of Assumption 3

places a lower bound on the strength of global knowledge spillovers. Assumption 3 is sufficient to unam-

biguously characterize how innovation and learning determine comparative advantage. At the end of this

section I discuss the pattern of trade if Assumption 3 does not hold.

Let EXjss̃ = pjsxjss̃ be the value of exports from country s to country s̃ in industry j. On the balanced

growth path log exports can be written as:

logEXjss̃ = υ1
j + ξs̃ +

σj − 1

1 + κj(σj − 1)(1− βj)

(
log φ

∗
js − [1− κj(1− βj)] logws

)
, (36)

where the frontier productivity is:

log φ
∗
js = υ2

j +
1 + κj(σj − 1)(1− βj)

σj − 1
Zj (νj logKs + logBs)−

σj
σj − 1

κjαjZj logws. (37)

In these expressions υ1
j and υ2

j are industry-specific terms, while ξs̃ depends only upon the destination

country s̃.20 The relative productivity of firms with different capabilities within a country-industry pair is

the same in all countries by (29). Thus, we can interpret φ
∗
js as a measure of the location of the productivity

distribution Hjs(φ). A higher frontier productivity is equivalent to a uniform upwards shift in Hjs(φ).

Equation (36) shows that, holding all else constant, exports are increasing in the frontier productivity

and decreasing in the wage level. An increase in the frontier productivity implies all firms in the industry

are more productive, which leads to higher output and exports. By contrast, higher wages reduce exports

because the increase in labor costs leads to lower firm-level production and reduced entry. Equation (36)

also implies cross-industry variation in the advantage of backwardness and the strengths of domestic and

global knowledge spillovers affect comparative advantage only through the location of the productivity

distribution.21 Thus, innovation and learning only affect Ricardian comparative advantage.

The location of the productivity distribution in industry j and country s is given by (37). Across coun-

tries, a higher R&D efficiency Bs or knowledge absorption capacity Ks has a direct positive effect on

productivity, together with an indirect effect that operates through the wage level. Wages are given by (31)

and are higher in countries where either Ks or Bs is greater, implying the indirect wage effect on productiv-

ity is negative. The indirect effect is negative because higher wages raise the cost of R&D leading to lower

R&D investment and productivity.

Comparative advantage results from the interaction of these country-level effects with industry char-

acteristics. Accounting for the direct and indirect effects of Ks and Bs on φ
∗
js and using Assumption 3

20Both υ1
j and υ2

j are non-stationary which ensures the frontier productivity grows over time, while the value of exports and the
pattern of comparative advantage are time invariant. The analysis in this section compares exports and productivity levels across
countries and industries at a point in time.

21To see this, note log φ
∗
js is the only term on the right hand side of (36) that depends upon both country characteristics and either

γj , ηj or νj .
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yields:

∂2 log φ
∗
js

∂νj∂ logBs
= 0,

∂2 log φ
∗
js

∂(γj − ηj)∂ logBs
< 0,

∂2 log φ
∗
js

∂νj∂ logKs
> 0,

∂2 log φ
∗
js

∂(γj − ηj)∂ logKs
< 0.

An increase in R&D efficiency raises productivity relatively more in industries where domestic spillovers

are strong or the advantage of backwardness is low. An increase in knowledge absorption capacity raises

productivity relatively more in industries where either domestic or global spillovers are strong or the advan-

tage of backwardness is low. Together (31) and (37) also imply barriers to knowledge spillovers Ns do not

affect the pattern of comparative advantage because they have symmetric effects on wages and productivity

levels in all countries. Proposition 4 summarizes the implications of these results for comparative advantage.

Proposition 4. Suppose Assumptions 1, 2 and 3 hold. On the balanced growth path:

(i) Countries with higher R&D efficiency have a comparative advantage in industries where the advantage

of backwardness is lower or domestic knowledge spillovers are stronger;

(ii) Countries with higher knowledge absorption capacity have a comparative advantage in industries where

the advantage of backwardness is lower, global knowledge spillovers are stronger or domestic knowledge

spillovers are stronger;

(iii) Cross-country differences in barriers to knowledge spillovers do not affect comparative advantage.

The mechanisms that lead to the results in Proposition 4 are analogous to those that drive the changes in

international inequality described in Proposition 3. Except, Proposition 4 compares countries’ exports across

industries on the balanced growth path, rather than comparing countries’ wage and income levels across

different balanced growth paths. Countries that are better at either R&D (higher Bs) or learning (higher Ks)

have a comparative advantage in industries where the advantage of backwardness is lower. The advantage

of backwardness imposes a cost on firms with higher technical efficiency by reducing their R&D efficiency.

In industries where the advantage of backwardness is lower, this cost is smaller. Consequently, the cross-

country productivity gaps that support the balanced growth path are larger which generates comparative

advantage.

Having a higher Bs or Ks is also relatively more beneficial in industries where domestic spillovers

are stronger because stronger domestic spillovers raise the knowledge level by relatively more in countries

with higher productivity. This gives a boost to R&D in industries with stronger domestic spillovers in

more productive countries and allows them to pull further ahead of the rest of the world. The interaction

between R&D efficiency and global spillovers does not affect comparative advantage because the effect of

stronger global spillovers on the knowledge level is independent of R&D efficiency. However, countries

with higher knowledge absorption capacities are better able to take advantage of global spillovers, making

them relatively more productive in industries where global spillovers are stronger.

To understand the role Assumption 3 plays in proving Proposition 4 start by observing that:
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∂ log φ
∗
js

∂ (γj − ηj)
−

∂υ2
j

∂ (γj − ηj)
∝ −νj logKs − logBs +

κjσjαj
1 + κj(σj − 1)(1− βj)

logws.

A higher Bs affects the right hand side of this expression not only directly, but also indirectly by raising

wages. The proof of Proposition 4 shows part (i) of Assumption 3 is sufficient to ensure the direct effect

dominates the indirect effect. If part (i) of Assumption 3 does not hold, there may be some industries in

which αj/(1−βj) is relatively high where the indirect effect is sufficiently large that it dominates the direct

effect. However, the indirect effect can never dominate the direct effect for all industries, meaning variation

in (γj − ηj) does not generate a clear pattern of comparative advantage in this case. Similarly, part (ii) of

Assumption 3 is sufficient to ensure the direct effect of higher Ks on the expression above dominates its

indirect effect. If part (ii) fails, then the indirect effect may be larger than the direct effect for some industries

where global spillovers νj are small relative to αj/(1− βj), but it cannot be larger for all industries.

Although Assumption 3 is sufficient to unambiguously characterize comparative advantage, it is not

necessary. For example, if γj and ηj are the only industry-specific parameters then the productivity frontier

is always log submodular in (γj − ηj) and either Ks or Bs regardless of whether Assumption 3 holds.

By ensuring the direct effects of variation in country characteristics dominate their indirect wage effects,

Assumption 3 simply isolates the most relevant case for understanding how the advantage of backwardness

and the strength of domestic knowledge spillovers determine comparative advantage. The effects of global

knowledge spillovers on comparative advantage described in Proposition 4 do not depend on Assumption 3.

Before concluding, it is worth remarking briefly on how industry parameters other than γj , ηj and νj
affect comparative advantage. Inspection of the expressions for exports (36) and the frontier productivity

(37) shows that comparative advantage does not depend upon the depreciation rate δj , the firm death rate

ζj , the expenditure share µj , the entry cost fEj or the capability distribution Gj(ψ). To understand how the

returns to scale in R&D αj and in production βj , the congestion parameter κj and the Armington elasticity

σj affect comparative advantage, suppose we allow each of these parameters in turn to be industry-specific,

while assuming all other parameters are constant across industries. Then αj , βj and κj have no effect on

comparative advantage. However, countries with a higher R&D efficiency or knowledge absorption capacity

do have a comparative advantage in industries where the Armington elasticity is higher (see Appendix A

for details). The Armington elasticity affects the strength of terms of trade effects. A higher Armington

elasticity implies greater substitutability between the exports of different countries meaning terms of trade

effects are weaker. Consequently, in industries where the Armington elasticity is higher more productive

countries can capture a greater market share, which provides an incentive for firms in high wage, high

productivity countries to invest more in R&D. This leads to a greater productivity gap between countries

with high R&D efficiency or knowledge absorption capacity and their foreign competitors, which generates

comparative advantage.
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5 Conclusions

There are substantial and persistent productivity differences across firms, industries and countries. These

differences give rise to both Ricardian comparative advantage and international income inequality. Any

explanation of these differences must account for how firm-level innovation and learning affect productiv-

ity. Some firms and countries are better at R&D and learning than others and the ease with which firms

can discover new ideas and improve existing technologies differs across industries, as does the strength and

geographic scope of knowledge spillovers. Yet developing a general equilibrium model of the global econ-

omy in which productivity growth results from firms’ profit maximizing investment decisions is far from

straightforward. Building on the idea that knowledge spillovers depend upon the location of the technol-

ogy distribution, this paper presents a new theory of the global productivity distribution where productivity

growth is driven by incumbent firm R&D and there are many asymmetric countries and industries.

The theory generates a rich set of predictions concerning comparative advantage. Countries where

R&D is more efficient have a comparative advantage in industries where the advantage of backwardness

is lower or domestic knowledge spillovers are stronger. Countries that have higher knowledge absorption

capacities and are better at learning have a comparative advantage in industries where the advantage of

backwardness is lower, domestic spillovers are stronger or global spillovers are stronger. The paper also

shows how innovation and learning affect firm size inequality within an industry and income inequality

across countries.

Beyond the observation there exists a positive correlation between countries’ measured R&D expen-

diture as a share of GDP and their high-tech exports (Fagerberg 1995), there has been surprisingly little

empirical work on the dynamic origins of Ricardian comparative advantage. This may, in part, be due to

a paucity of relevant theoretical work to provide testable predictions. Hopefully, this paper will stimulate

further empirical work in this area.

The framework developed in this paper should also prove useful in addressing other important questions.

Governments often cite the manipulation of comparative advantage as a motive for industrial policy. The

theory could be used to analyze how optimal industrial policy design depends upon the R&D technology,

knowledge spillovers and country characteristics. The model could also be extended to analyze inter-sectoral

spillovers or to study the undoubtedly important role of foreign direct investment in international technology

diffusion.

Finally, although incumbent R&D is probably the most important source of productivity growth (Foster,

Haltiwanger and Krizan 2001; Garcia-Macia, Hsieh and Klenow 2015), endogenous growth theory has pri-

marily studied variety creation and creative destruction. Complementing Klette and Kortum’s (2004) model

of product innovation by incumbents, the R&D technology introduced in this paper provides a methodology

for modeling incumbent process R&D that is tractable in general equilibrium and consistent with Gibrat’s

law. For example, a monopolistic competition variant of the model developed in this paper could be used

to analyze how growth depends upon the interaction of incumbent R&D and selection in a dynamic Melitz

(2003) model. More broadly, studying incumbent R&D is a promising way to impose greater empirical

discipline on growth theory by linking the origins of growth to observable firm behavior.
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Appendices

A Proofs and Derivations

Analysis of growth rates in Section 4.1

On a balanced growth path the knowledge level χjs must grow at a constant rate. Differentiating (16)

implies:

χ̇js
χjs

= ηj
θ̇js

θjs
+ νj

∑S
s̃=1

Ks
Ns̃
θjs̃

θ̇js̃
θjs̃∑S

s̃=1
Ks
Ns̃
θjs̃

,

which is time invariant if and only if the frontier technical efficiency θjs grows at the same rate in all

countries. Since technical efficiency cannot grow without bound it follows that both θjs and χjs are constant

on a balanced growth path.

On a balanced growth path the individual’s budget constraint (1) gives:

ẇs
ws

=
ȧs
as

= qs +
ż

z
. (38)

while substituting the free entry condition (17) into the asset market clearing condition (21) implies:

asLs =
J∑
j=1

Mjsf
E
j

(
LEjs
)κj

ws. (39)

Next, the growth rate of production employment can be obtained by differentiating (11). Since the produc-

tivity distribution Hjs(φ) shifts outwards at rate gj this implies:

L̇Pjs

LPjs
=
Ṁjs

Mjs
+

1

1− βj

(
ṗjs
pjs
− ẇs
ws

+ gj

)
.

There is no population growth, meaning that on a balanced growth path L̇Pjs = L̇Ejs = 0. Therefore, (38) and

(39) imply Ṁjs = 0. Using (38) together with the expression above we then have:

qs =
ṗjs
pjs

+ gj −
ż

z
. (40)

Now, differentiating the industry price index (7) yields:

Ṗj
Pj

=

∑S
s=1 p

1−σj
js

ṗjs
pjs∑S

s=1 p
1−σj
js

,

which is time invariant if and only if prices pjs grow at the same rate in all countries implying:

ṗjs
pjs

=
Ṗj
Pj
.
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Substituting this expression into (40) implies implies the growth rate of consumption per capita qs = q is

the same in all countries and given by:

q =
Ṗj
Pj

+ gj −
ż

z
. (41)

Differentiating the numeraire condition (22) we obtain:

q = − ż
z
. (42)

and substituting this result into (41) shows the industry price index Pj declines at rate gj . Therefore, differ-

entiating (5) implies:

q = − ż
z

= −
J∑
j=1

µj
Ṗj
Pj

=
J∑
j=1

µjgj ,

which shows equation (23) holds. To obtain ιs = ρ we can then substitute (42) into the Euler equation (2).

Note also that using (4) to substitute for Xjs in (6) and then appealing to (42) together with the fact prices

decline at rate gj implies xjs̃s grows at rate gj . It then follows from the industry output market clearing

condition (20) that industry output Yjs also grows at rate gj .

Solution to firm’s R&D problem in Section 4.2

The firm faces a discounted infinite-horizon optimal control problem of the type studied in Section 7.5 of

Acemoglu (2009). The current-value Hamiltonian is:

H(φ̂, lR, λ) =

[
1− βj
βj

(
βjpjsAj
ws

) 1
1−βj

φ̂− lR
]
ws + λ

φ̂

1− βj

[
Bsχjsψφ̂

−γj(1−βj)
(
lR
)αj − δj] ,

where λ is the current-value costate variable. From Theorem 7.13 in Acemoglu (2009), any solution must

satisfy:

0 =
∂H
∂lR

= −ws + λ
αj

1− βj
Bsχjsψφ̂

1−γj(1−βj)
(
lR
)αj−1

, (43)

(ρ+ ζj)λ− λ̇ =
∂H
∂φ̂

=
1− βj
βj

(
βjpjsAj
ws

) 1
1−βj

ws

+
λ

1− βj

{
[1− γj(1− βj)]Bsχjsψφ̂−γj(1−βj)

(
lR
)αj − δj} ,

0 = lim
τ→∞

[
e−(ρ+ζj)(τ−t)H(φ̂, lR, λ)

]
, (44)

where equation (44) is the transversality condition. Differentiating the upper expression with respect to τ

gives:
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(1− αj)
l̇R

lR
= [1− γj(1− βj)]

˙̂
φ

φ̂
+
λ̇

λ
, (45)

and using the first order conditions of the Hamiltonian to substitute for λ and λ̇ and (24) to substitute for ˙̂
φ

we obtain equation (25).

Equations (24) and (25) are an autonomous nonlinear system of differential equations in (φ̂, lR) whose

unique steady state (φ̂∗js, l
R∗
js ) is given by (26) and (27). Suppose we write the system as:(

˙̂
φ

l̇R

)
= F

(
φ̂

lR

)
.

At the steady state, the Jacobian DF of the function F is:

DF

(
φ̂∗js
lR∗js

)
=

 −γjδj αj
1−βj

φ̂∗js
lR∗js
δj

−1−γj(1−βj)
1−αj

lR∗js
φ̂∗js

(ρ+ ζj + γjδj) ρ+ ζj + γjδj

 .

The trace of the Jacobian is ρ+ ζj which is positive. The determinant of the Jacobian is:∣∣∣∣∣DF
(
φ̂∗js
lR∗js

)∣∣∣∣∣ = −δj(ρ+ ζj + γjδj)
γj(1− βj)− αj
(1− αj)(1− βj)

,

which is negative by Assumption 1. This means the Jacobian has one strictly negative and one strictly

positive eigenvalue. Therefore, by Theorem 7.19 in Acemoglu (2009), the steady state is locally saddle-path

stable. There exists an open neighborhood of the steady state such that if the firm’s initial φ̂ lies within

this neighborhood, the system of differential equations given by (24) and (25) has a unique solution. The

solution converges to the steady state along the stable arm of the system as shown in Figure 1 in the paper.

From equation (45) it follows that λ̇→ 0 as the solution converges to the steady state. Since ρ+ ζj > 0 this

implies the solution satisfies the transversality condition (44).

The solution to (24) and (25) is a candidate for a solution to the firm’s problem. To show it is in fact

the unique solution we can use Theorem 7.14 in Acemoglu (2009). Suppose λ is the current-value costate

variable obtained from the solution to (24) and (25). Equation (43) implies λ is always strictly positive.

Therefore, given any path for φ̂ on which φ̂ is always positive we have limτ→∞

[
e−(ρ+ζj)(τ−t)λφ̂

]
≥ 0.

Now define:

H(φ̂, λ) = max
lR
H(φ̂, lR, λ),

=

[
1− βj
βj

(
βjpjsAj
ws

) 1
1−βj

ws −
λδj

1− βj

]
φ̂+

1− αj
αj

w

−αj
1−αj
s

(
αjλBsχjsψ

1− βj

) 1
1−αj

φ̂
1−γj(1−βj)

1−αj ,

where the second line follows from solving the maximization problem in the first line. Assumption 1 implies

H(φ̂, λ) is strictly concave in φ̂. Thus, the sufficiency conditions of Theorem 7.14 in Acemoglu (2009) hold,
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implying the solution to (24) and (25) is the unique solution to the firm’s optimal control problem.

Derivation of equations (31) and (32)

Suppose the global economy is on a balanced growth path. Using (10), (15), (26) and (27) yields that, on a

balanced growth path, the steady state value of a firm with capability ψ is:

Vjs
(
ψ, φ∗js

)
=

(
1− βj −

αjδj
ρ+ ζj + γjδj

)
ws

ρ+ ζj

×

[
α
αj
j β

γjβj
j Bsχjsψ

(
pjsAj
ws

)γj δ
αj−1
j

(ρ+ ζj + γjδj)
αj

] 1
γj(1−βj)−αj

,

where φ∗js = Aj

(
φ̂∗js

)1−βj
is the firm’s steady state productivity which grows over time at rate gj . As-

sumption 1 implies 1 − βj > αjδj
ρ+ζj+γjδj

which ensures Vjs
(
ψ, φ∗js

)
is positive. Section 4.2 showed that

on a balanced growth path each new firm enters with the steady state relative productivity corresponding

to its capability. Since entrants’ capabilities have distribution Gj(ψ), substituting the above expression for

Vjs

(
ψ, φ∗js

)
into the free entry condition (17) and setting Ṁjs = 0 in (18) to solve for LEjs yields:

M

κj
1−κj
js =ζ

−κj
1−κj
j

(
fEj
) −1

1−κj

(
1− βj −

αjδj
ρ+ ζj + γjδj

)
1

ρ+ ζj

∫ ψj

ψ
j

ψ
1

γj(1−βj)−αj dGj(ψ)

×

[
α
αj
j β

γjβj
j Bsχjs

(
pjsAj
ws

)γj δ
αj−1
j

(ρ+ ζj + γjδj)
αj

] 1
γj(1−βj)−αj

. (46)

Define χj =
(∑S

s̃=1
θjs̃
Ns̃

)νj
. From (16) the knowledge level χjs can then be written as:

χjs = θ
ηj
jsK

νj
s χj , (47)

and using (26) to substitute for the steady state technical efficiency frontier θ
∗
js =

(
φ̂∗js

)1−βj
implies:

χjs =
(
K
νj
s χj

) γj(1−βj)−αj
(γj−ηj)(1−βj)−αj

αjβ βj
1−βj
j

(
Bsψj

) 1
αj

(
pjsAj
ws

) 1
1−βj δ

αj−1

αj

j

ρ+ ζj + γjδj


ηjαj(1−βj)

(γj−ηj)(1−βj)−αj

.

(48)

Note that Assumption 1 ensures (γj − ηj)(1− βj)− αj > 0.

Next, observe that on a balanced growth path:
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∫
φ
φ

1
1−βj dHjs(φ) =

∫ ψj

ψ
j

A
1

1−βj
j φ̂∗jsdGj(ψ),

where φ̂∗js is given by (26) and depends upon ψ. Thus, by substituting (11) and (27) into the labor market

clearing condition (19) and using (18) with Ṁjs = 0 to solve for LEjs we obtain:

Ls =

J∑
j=1

Mjs

{∫ ψj

ψ
j

ψ
1

γj(1−βj)−αj dGj(ψ)

(
1 +

βj
αj

ρ+ ζj + γjδj
δj

)
(49)

×

[
α
γj(1−βj)
j β

γjβj
j Bsχjs

(
pjsAj
ws

)γj 1

δj

(
δj

ρ+ ζj + γjδj

)γj(1−βj)] 1
γj(1−βj)−αj

+
(
fEj ζjM

κj
js

) 1
1−κj

 .

Similarly, substituting (4), (6), (12), (22) and (26) into the goods market clearing condition (20) we obtain:

p
σj−1+

γj
γj(1−βj)−αj

js =
µjP

σj−1
j

Mjsws
A

−γj
γj(1−βj)−αj
j

[∫ ψj

ψ
j

ψ
1

γj(1−βj)−αj dGj(ψ)

]−1

×

[
α
αj
j β

γjβj
j Bsχjs

(
1

ws

)γj δ
αj−1
j

(ρ+ ζj + γjδj)
αj

] −1
γj(1−βj)−αj

. (50)

Equations (46)-(50) together with equation (7), which gives the industry price index, form a system of

equations that can be used to solve for ws, Mjs, pjs, χjs and Pj . Equation (31) is obtained by simplifying

this system of equations in the following manner: (i) use (46) and then (48) to substitute for Mjs and χjs in

(49); (ii) use (46) and then (48) to substitute for Mjs and χjs in (50); (iii) use (7) and the output from step

(ii) to obtain an expression for Pj that does not explicitly depend on pjs; (iv) substitute the expression for

Pj obtained in step (iii) into the output from step (ii) to obtain:

p

γj−ηj
(γj−ηj)(1−βj)−αj
js = µ

κj
j ζ

κj
j f

E
j (ρ+ ζj)

1−κj
(

1− βj −
αjδj

ρ+ ζj + γjδj

)κj−1
∫ ψj

ψ
j

(
ψ

ψj

) 1
γj(1−βj)−αj

dGj(ψ)

−1

×

[
α
αj
j β

βj(γj−ηj)
j ψj

δ
αj−1
j

(ρ+ ζj + γjδj)
αj

] −1
(γj−ηj)(1−βj)−αj

w

−κj(γj−ηj)Zj
σj−1

s

×

(
K
νj
s χjBsA

γj−ηj
j

w
γj−ηj
s

) −(γj−ηj)
(γj−ηj)(1−βj)−αj

Zj
σj−1

 S∑
s̃=1

ws̃

Kνj
s̃ χjBs̃A

γj−ηj
j

w

σj(γj−ηj)
σj−1

s̃


Zj

−κj

;

(51)

(v) finally, use (51) to substitute for pjs in the equation obtained from step (i) giving equation (31).
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To obtain equation (32) start by substituting (27) into (14). Next use (46) and then (48) to substitute for

Mjs and χjs and obtain an expression for gj in which the only endogenous variables are pjs, Aj , ws and χj .

Finally, substituting for pjs using (51) yields equation (32).

Proof of Proposition 2

The proof of Proposition 2 uses results from Allen, Arkolakis and Li (2015). It is sufficient to prove there

exists a unique solution to (31) since, given a unique solution for wages ws, it follows immediately from

(32) that there exists a unique solution for the industry growth rates gj .

Let w = (w1, . . . , wS) be the S-dimensional wage vector and by substituting Ls from both sides write

equation (31) as f(w) = 0 where f : RS++ → RS . Let fs(w) denote element s of the vector f . For all

s = 1, . . . , S define the scaffold function F : RS+1
++ → RS by:

Fs (w̃, ws) =

J∑
j=1

µj
ρ+ ζj

(
ζj + ρβj +

ραjδj
ρ+ ζj + γjδj

)
(
K
νj
s Bsw

−σj
σj−1

(γj−ηj)
s

)Zj
∑S

s̃=1 w̃s̃

(
K
νj
s̃ Bs̃w̃

−σj
σj−1

(γj−ηj)
s̃

)Zj − Ls.

Note that fs (w) = Fs (w, ws) for all s and since Zj > 0 the function F is continuously differentiable.

To prove the existence of a solution to equation (31) it is now sufficient to show that conditions (i)-(iii)

of Lemma 1 in Allen, Arkolakis and Li (2015) are satisfied. Condition (i) follows from observing that, for

any w̃, Fs (w̃, ws) is strictly decreasing in ws, positive for ws sufficiently close to zero and negative for ws
sufficiently large. To see that condition (ii) holds, note that 1− σj

σj−1(γj − ηj)Zj < 0 implying Fs (w̃, ws)

is strictly increasing in w̃s̃ for all s̃.

Now, given λ > 0 and w̃ ∈ RS++ define ws(λ) by Fs [λw̃, ws(λ)] = 0. Let u ∈ (0, 1) be such that

−1 +
σj
σj−1(γj − ηj)Zju < 0 for all j. Then Fs

[
λw̃, λ1−uws(1)

]
is strictly negative if λ > 1 and strictly

positive if λ < 1. Since Fs (w̃, ws) is strictly decreasing in ws it follows that ws(λ) < λ1−uws(1) if λ > 1

and ws(λ) > λ1−uws(1) if λ < 1. Therefore, when λ → ∞, λ
ws(λ) → ∞ and when λ → 0, λ

ws(λ) → 0

implying condition (iii) holds. Thus, a solution to equation (31) exists.

To prove uniqueness I use Theorem 2 in Allen, Arkolakis and Li (2015). Since fs (w) is strictly

increasing in ws̃ whenever s̃ 6= s, f (w) satisfies gross substitution. Also, fs (w) can be written as

fs (w) = f̃s (w)−Ls where f̃s (w) is positive and homogeneous of degree minus one, while Ls is positive

and homogeneous of degree zero in w. Consequently, Theorem 2 in Allen, Arkolakis and Li (2015) implies

the solution is unique.

Derivation of equation (34)

The steady state productivity of a firm with capability ψ in industry j and country s is given by (26) and

φ∗js = Aj

(
φ̂∗js

)1−βj
. Therefore, the steady state productivity ratio of two firms with the same capability in

the same industry, but different countries is:
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φ∗js
φ∗js̃

=

[(
Bsχjs
Bs̃χjs̃

)1−βj (pjsws̃
pjs̃ws

)αj] 1
γj(1−βj)−αj

.

Using (48) and (51) to substitute for χjs/χjs̃ and pjs/pjs̃ then implies that on the balanced growth path:

φ∗js
φ∗js̃

=

[(
K
νj
s Bs

K
νj
s̃ Bs̃

)1+κj(σj−1)(1−βj)(ws
ws̃

)−κjσjαj] Zj
σj−1

. (52)

Now suppose there is only a single industry. Then using (33) to substitute for ws/ws̃ in (52) yields equation

(34).

Proof of Proposition 3

To solve for as start by setting Ṁjs = 0 in (18) to obtain
(
LEjs

)1−κj
= ζjf

E
j Mjs. Using this expression to

substitute for LEjs in (39) yields:

asLs = ws

J∑
j=1

ζ

κj
1−κj
j

(
fEj Mjs

) 1
1−κj . (53)

Next, substitute (46) into (49) which gives:

Ls =

J∑
j=1

1

ζj

(
fEj
)−1
κj

(
ζj + ρβj +

ραjδj
ρ+ ζj + γjδj

)(
1− βj −

αjδj
ρ+ ζj + γjδj

) 1−κj
κj

(
1

ρ+ ζj

) 1
κj

×

[∫ ψj

ψ
j

ψ
1

γj(1−βj)−αj dGj(ψ)

] 1
κj

[
α
αj
j β

γjβj
j Bsχjs

(
pjs
ws

)γj δ
αj−1
j

(ρ+ ζj + γjδj)
αj

] 1
κj

1
γj(1−βj)−αj

.

Setting J = 1 and substituting this expression into (46) implies:

ζ
κ

1−κ
(
fEMs

) 1
1−κ =

(
ζ + ρβ +

ραδ

ρ+ ζ + γδ

)−1(
1− β − αδ

ρ+ ζ + γδ

)
Ls,

and combining this result with (53) shows that when J = 1 assets per capita as is proportional to ws.

To complete the proof note that setting ȧs = 0 in (1) and using ιs = ρ gives:

zcs = ρas + ws.

It follows that consumption per capita is proportional to wages on the balanced growth path.

Proof of Proposition 4

To derive equation (36) start by substituting (4) and (6) into EXjss̃ = pjsxjss̃ to obtain:
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EXjss̃ = p
1−σj
js P

σj−1
j zcs̃Ls̃.

Then use (46) and (48) to substitute for Mjs and χjs in (50). Substituting the resulting expression for pjs
into the equation above gives:

logEXjss̃ = υ3
j + ξs̃ + νjZj logKs + Zj logBs +

[
1− σj

σj − 1
(γj − ηj)Zj

]
logws. (54)

Next, note that equation (37) follows from equation (52). Substituting (37) into the expression above gives

equation (36). When interpreting (36) and (37) it is important to remember that υ1
j , υ2

j and ξs̃ are endogenous

and, in general, will vary across balanced growth paths.

Wages are given by (31). Since the summation in the denominator of (31) does not vary by country, we

can analyze wage variation across countries on the balanced growth path by differentiating (31) holding the

summation term fixed. This yields:

∂ logws
∂ logBs

=

∑J
j=1 λjsZj∑J

j=1 λjs
σj
σj−1 (γj − ηj)Zj

,

∂ logws
∂ logKs

=

∑J
j=1 λjsνjZj∑J

j=1 λjs
σj
σj−1 (γj − ηj)Zj

< 1,

where:

λjs =
µj

ρ+ ζj

(
ζj + ρβj +

ραjδj
ρ+ ζj + γjδj

)
(
K
νj
s Bsw

−σj
σj−1

(γj−ηj)
s

)Zj
∑S

s̃=1ws̃

(
K
νj
s̃ Bs̃w

−σj
σj−1

(γj−ηj)
s̃

)Zj .
Using these results to differentiate (37) gives:

∂2 log φ
∗
js

∂νj∂ logBs
= 0,

∂2 log φ
∗
js

∂νj∂ logKs
=

1 + κj(σj − 1)(1− βj)
σj − 1

Zj > 0,

∂2 log φ
∗
js

∂ (γj − ηj) ∂ logBs
∝ −1 +

∑J
j̃=1 λj̃sZj̃

κjσjαj
1+κj(σj−1)(1−βj)∑J

j=1 λj̃sZj̃
σj̃
σj̃−1

(
γj̃ − ηj̃

) ,
∂2 log φ

∗
js

∂ (γj − ηj) ∂ logKs
∝ −1 +

∑J
j̃=1 λj̃sZj̃

νj̃
νj

κjσjαj
1+κj(σj−1)(1−βj)∑J

j=1 λj̃sZj̃
σj̃
σj̃−1

(
γj̃ − ηj̃

) .
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Recall σj > 1 and note that 0 < βj , κj < 1 ensures κjσjαj
1+κj(σj−1)(1−βj) <

αj
1−βj . Combining these observa-

tions with part (i) of Assumption 3 implies
∂2 log φ

∗
js

∂(γj−ηj)∂ logBs
< 0. Finally, combining the same observations

with Assumption 2 and part (ii) of Assumption 3 gives
∂2 log φ

∗
js

∂(γj−ηj)∂ logKs
< 0.

Other sources of comparative advantage in Section 4.5

The pattern of comparative advantage resulting from variation in αj , βj , κj or σj does not depend upon

whether cross-country heterogeneity comes from Bs or Ks. To avoid repetition, I restrict attention to differ-

ences in Bs.

Equation (54) shows αj , βj and κj only affect comparative advantage through their impact on Zj . Let

Ij be any one of these three parameters. Differentiating (54) gives:

∂2 logEXjss̃

∂Ij∂ logBs
=
∂Zj
∂Ij

(
1− σj(γj − ηj)

σj − 1

∂ logws
∂ logBs

)
,

which equals zero if Ij is the only industry-specific parameter. More generally, if either σj or (γj − ηj)
varies across industries then industries can be divided into two non-empty groups such that the expression

above is positive for one group and negative for the other. Thus, differences in αj , βj and κj do not generate

an unambiguous pattern of comparative advantage.

The Armington elasticity σj affects both Ricardian comparative advantage and the value of exports

holding Ricardian comparative advantage constant. We have:

∂2 logEXjss̃

∂σj∂ logBs
∝

∂2 log φ
∗
js

∂σj∂ logBs
∝ 1− {(γj − ηj) [1− κj(1− βj)] + κjαj}

∂ logws
∂ logBs

.

Assuming (γj − ηj) does not vary across industries is sufficient, but not necessary, to ensure this expression

is strictly positive.
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