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Abstract

In this paper we study the incentives for basic-research investments by gov-
ernments in a globalized world. For this purpose, we develop a two-country
Schumpeterian growth model in which each country chooses its basic-research
investments. We find that a country’s basic-research investments increase with
the country’s level of human capital and decline with its own market size. This
may explain the large basic-research investments by small open economies. Com-
pared with the optimal investments achievable when countries coordinate their
basic-research policies, a single country may over-invest in basic research. How-
ever, in the decentralized case the total amount of basic-research investments is
always below the socially optimal investment level, which justifies policy coordi-
nation in this area.
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1 Introduction

Basic-research investments are arguably a core driver of economic growth in industri-
alized countries. Traditionally, they are a matter of national policy-making. In some
areas, however, international cooperation and coordination are playing an increasingly
important role. This is most pronounced in the European Union, where large research
programs are funded by member states and designed and operated at Union level in
Brussels. Moreover, the basic research undertaken at several major institutes such as
CERN in Geneva or by other high-technology ventures such as ARIANE are the re-
sult of joint efforts and agreements between several countries. Whether international
coordination on basic research investment is considered necessary depends both on the
way we conceptualize basic research and on the way how investments in one country
affect growth and welfare in other countries. There are arguments for and against the

coordination of basic research across countries.

e When basic research is viewed as a global public good whose output is freely avail-
able and whose consumption is non-rivalrous and non-excludable (Arrow, 1962,
Nelson, 1959), the standard “free-rider argument” suggests that uncoordinated

investment decisions will entail considerable under-investment.

e Basic research may also be viewed as a regional good with international spillovers.
The ideas created by basic research are non-rival goods in the country where
these ideas have been generated. As a consequence, basic research may induce
and increase prospects of success for regional firms’ innovation efforts.? Moreover,
firms with successful innovations may be able to increase the rents generated by
these innovations through exports or foreign direct investments. The possibility
of capturing rents in foreign markets by taking away business from established
firms suggests that basic-research investments have negative externalities on other

countries, which would cause over-investment.?

e When the benefits of basic research are embodied in new products and services,

IThe positive side-effects occur through various channels whose outputs are: supply of trained
scientists and problem-solvers, new scientific instrumentation, network for knowledge diffusion, en-
hancement of problem-solving capacities, start-ups and spin-offs from universities, prototypes of new
products and processes (e.g., Salter and Martin, 2001, Brooks, 1994, Movery and Sampat, 2005, and
Gersbach et al., 2009).

2The negative and positive externalities described in this paragraph are well documented in the
literature (Baily and Gersbach 1995, Keller and Yeaple 2003, Alfaro et al. 2006)



and if a country is open to foreign direct investments, this country could benefit
from the basic research of other countries. Foreign direct investments by leading-
edge firms directly contribute to higher levels of productivity by transferring the
best production techniques and products to the host country, thereby raising
wages and consumer surplus. These positive externalities suggest that countries

tend to under-invest in basic research.

In this paper we develop a framework to study the direction of externalities of basic-
research investments and examine whether there is an under- or overprovision of such
investments when each country acts on its own. We consider two large countries that
select their basic-research investments in each period. Such investments foster the

3 Firms that develop leading-

innovation prospects of domestic intermediate firms.
edge technologies in one country obtain patents and can enter foreign markets through
foreign direct investments to earn monopoly profits. When another country invests
more in basic research, a country will experience positive and negative externalities
of the kind described above. Moreover, if both countries invest in basic research, this
increases the risk that innovation efforts may be duplicated in the world. We study
decentralized basic-research investments when governments maximize the consumption
of the current generation, and we explore the long-term consequences of such decisions.
There we determine the basic-research levels when countries coordinate their decisions.
Finally, we study the path of uncoordinated and coordinated basic-research decisions

when governments maximize the welfare of all generations.

Our main insights are as follows: First, we show that the countries’ basic-research in-
vestments act as strategic substitutes. Further, a country’s basic-research investments
will increase with its level of human capital, but decline with its relative population
size. The reason for the latter is that a small country can earn large profits from gaining
a monopoly position in a larger foreign country without sustaining the corresponding
deadweight losses accruing abroad. This result may explain the large basic-research

investments made in small open economies such as Korea or Switzerland.

Second, comparing the decentralized basic-research investments with the optimal ones
when countries coordinate to maximize aggregate consumption, we find that both coun-

tries under-invest in the decentralized equilibrium if they are similar with respect to

3Hence, we view basic research as a non-rival good in countries at the technology frontier where
new ideas are created. See Jones and Romer (2010) for systematic reasoning on why ideas in applied
research should be viewed as partially excludable non-rival goods.



human capital levels and population sizes. Under asymmetry concerning either of these
characteristics, one of the countries may over-invest in the decentralized equilibrium
relative to the coordination optimum. From the cooperative perspective, however,
the aggregate decentralized basic-research investments are too low, even if one of the

countries over-invests in basic research.

Third, our robustness discussion reveals that our results do not change qualitatively
when we consider a one period or an infinite planning horizon of governments. Of
course, investments in basic research increase quantitatively when longer time horizons
are considered. In the appendix, we also discuss the implications of different welfare

objectives under coordination and different assumptions on the costs of basic research.

The paper is structured as follows: In the next section we relate our paper to the
relevant literature and discuss the significance of basic research. We introduce the
model in Section 3 and derive the decentralized equilibrium in Section 4. The dynamics
of the model are described in Section 5. In Section 6 we compare the decentralized basic-
research investments with the optimal ones when countries coordinate to maximize
aggregate consumption. Finally, we discuss the robustness of our results with respect
to infinite planning horizons in Section 7 and conclude in Section 8. The proofs, as

well as some further robustness discussions, are relegated to the appendix.

2 Relation to the Literature and Significance of Ba-
sic Research

It is useful to put the significance of basic research in perspective. The empirical

pattern of basic research is shown in Table 1.

Two observations are worth emphasizing. First, basic research is mainly undertaken by
industrialized countries that are at, or close to, the technological frontier. Some of the
emerging countries, such as Korea or Singapore, have considerably stepped up their
basic research efforts. Second, large industrial countries such as the U.S. or France
spend about 0.5% of their GDP on basic research. By contrast, Switzerland invests a
substantially higher share of about 0.8%. Finally, the OECD data (OECD 2009) also
show that with the exception of Japan, Korea, and Singapore, the vast majority of

basic research is performed in the government /higher education sector.

The theme and the model of our paper are influenced by two lines of research. First,



Table 1: Basic research expenditure as a percentage of GDP (Source: OECD 2010)

Country 1994 2007 Country 1994 2007
Argentina 0.11* 0.15 Norway 0.25* 0.27
Australia 0.40 0.43" Poland 0.19 0.17
Austria 0.31* 0.44 Romania 0.12 0.19
China 0.04 0.05 Portugal 0.13 0.20
Czech 0.169 0.37 Russian 0.14 0.19
Republic Federation
France 0.52 0.51 Singapore 0.14 0.43
Hungary 0.24 0.20 Slovak 0.20 0.19
Iceland 0.38% 0.45 Republic
Ireland 0.12* 0.29 Slovenia 0.49 0.16
Italy 0.22 0.31 Spain 0.15** 0.21
Japan 0.38 0.40 Switzerland 0.80* 0.81%
Korea 0.288 0.50 United States 0.42 0.47

** 1993 data

§ 1995 data

* 1996 data

2006 data

2008 data

there is a large body of literature on the importance of basic research in the innova-
tion process and on the strength of international spillovers. Some major articles have
already been been referred to. Second, our paper is related to the theoretical literature
that incorporates basic research into R&D-driven growth models (e.g. Arnold 1997,
Cozzi and Galli 2011a, 2009, 2011b, Gersbach et al. 2009). Most of these contributions
focus on the optimal level of basic research in closed economies. There are two papers
that also investigate open economies. In a two-country model, Park (1998) analyzes
how cross-country knowledge spillovers affect the optimal level of public basic research,
while the degree of openness determines how large the spillovers are. However, regard-
less of the degree of openness, the knowledge spillovers come free of charge. In our
model, knowledge spillovers occur via foreign direct investments by technologically-
advanced firms, so the cost is the drain of monopoly profits going abroad. Moreover,
the strength of spillovers can be influenced by basic-research investments. Accordingly,
the governments face the trade-off of capturing rents in the foreign country and keeping
profits in the country versus realizing technology spillovers from abroad but forgoing

profits in the respective sectors. Neither this trade-off, nor the way two countries will



play the ensuing basic-research investment game have been addressed in the previous

literature.*

3 The Model

We build on the Schumpeterian growth model with a basic research sector. Two
countries, denoted by H and F', decide about their investment in basic research. In
each country and each period ¢ (t = 1,2, ...) there is a continuum of identical households
of measure L;, j € {H, F'} that enjoy strictly increasing utility in consumption u(c),
inelastically supply one unit of labor, and receive an equal share of the profits made by
the final-good firm and from intermediate goods production.® Throughout the paper we
use j, k € {H, F'}. If both are used, we always assume j # k. For each country and each
period we consider a government maximizing the well-being of its citizens by publicly
providing basic research that is financed by an income tax. Accordingly, we employ
a non-overlapping generations model in which each generation elects a government to
provide public goods (here basic research) to maximize its welfare.> We first describe
the production side of the economy and derive the equilibrium for a given level of
basic research for each country. Then we study the basic research game played by the

countries.

3.1 Production

In this section we describe the production side of the economy for a particular country

7 in a typical period t.

3.1.1 Final-good sector

In the final-good sector, a continuum of competitive firms produces the homogeneous

consumption good Y according to

V=L [ A d

4Gersbach et al. (forthcoming) study how openness affects the incentives to invest in basic re-
search in a single-country model with a given world technology frontier. In this paper, we study
how two countries strategically interact with their basic-research investments, thereby determining
the technology frontier.

®More precisely, we make the standard assumptions v/(c) > 0,u”(c) < 0.

6This is equivalent to maximizing the consumption of the current generation.



There is a continuum of varieties [0, 1], z;(7) stands for the amount of intermediate input
of variety 7, and A(7) is this variety’s productivity factor. The parameter o € (0,1)
determines the output elasticity of the intermediate goods. The price of the final
consumption good is normalized to one. In the following, we will operate with one
representative final-good firm in each country j. This firm maximizes its profit, denoted
by 7r§-’, 1
max ’/Ty:Y'—/ (D (i) di —w; L%
{mjm}}o,L;l{ =Y [ pet) T

where p; () is the price of good i, w; is the wage level, and L;’ labor demand. Maxi-
mizing 7¥ with respect to z;(i) and taking p;(i) as given yields the demand functions

for the intermediate goods

e <ou4(z')0‘)ﬁ 1 "

p;(7)

and the inverse demand function of labor
w = (1=a) (1) [ (AW, d

Market clearing in the labor market implies L? = L;, and L; will be used in the

following.

3.1.2 Intermediate-goods sectors

The intermediate goods x(i) are produced via a one-to-one technology from the final
good. The intermediate firms compete a la Bertrand in their intermediate sector.
The productivity leader is able to establish a monopoly position, and if there is no
technological leader perfect competition prevails. Accordingly, the intermediate firms
are either monopolistic or fully competitive. Their prices are denoted by p°(i) and
p™ (1), respectively. A competitive intermediate firm sets prices equal to the marginal
costs. As the price of the final good has been normalized to 1, we have p°(i) = 1, and
profits vanish. The monopolistic intermediate producer chooses p™(i) = é For the
monopolist this leads to profits of
R (i) = nLAG) T,

2
where n = fTO‘& I-a,



3.2 Technological state, innovation, and foreign entry

We assume that the world technological frontier is determined by two industrial coun-
tries, e.g. the U.S. and Europe/Japan. The productivity levels of a variety ¢ produced
in the countries H and F' in period ¢ are denoted by A (i) and AL (i), respectively. At
the end of period t — 1, a sector ¢ in country H has achieved the technological level
AR (7). For each type of intermediate, an innovation may take place at the beginning
of each period. For all varieties ¢, the innovation probability is denoted by pj;. If an

innovation takes place in sector ¢ in period ¢, productivity increases according to
A(i) = v A1 (4)

with v > 1. The innovation probability can be influenced by basic-research invest-
ments by the government. With respect to basic research, we take a lab-equipment
approach and assume diminishing returns on basic-research investments. In particular,

an innovation probability of pj;; requires investments in period ¢ of

LA
Rji(pje) = 0=
J J It 26)]

where 0; is a parameter that captures the efficiency of basic-research investments in
country j. In our standard set-up, we interpret 6; as the average (per capita) level of
human capital in country j. This specification implies that the costs of basic research
decline with a country’s per capita level of human capital. In Appendix B.3, we discuss
the case where the costs of basic research decline with the absolute level of human
capital. A, , = fol [A,_1(i)] e di is an index of the average technological level in the
world. With respect to the cost function of research, two issues are worth noting.
First, by multiplying by the size of the country’s population we avoid a strong scale
effect in the countries’ growth rates. Second, the higher the knowledge stock is the
more difficult it becomes to innovate because costs of basic research increase with the
average technology level A, ;. In this sense, the model features negative intertemporal

externalities of knowledge production.

We assume for simplicity that a new innovation obtains a patent that expires after

one period.” Further, we assume that foreign intermediate firms enter a domestic

8

market if they have higher productivity than domestic producers.® It immediately

"As a period it is plausible to think of roughly 20 calender years representing the period of one
generation.

8We exclude foreign firms contesting domestic markets if they have the same level of productivity.
This can be justified by small entry costs preventing the foreign firm from entering the market.



follows that Af (i) = AF'(i) Vi, Vt. Consequently, in each period there are four possible

constellations for the market structure in the market for variety i:

e (I): domestic monopoly in H, domestic monopoly in F
e (II): domestic monopoly in H, foreign monopoly in F’
e (III): foreign monopoly in H, domestic monopoly in F

e (IV): perfect competition in H, perfect competition in F'

where domestic monopoly means that an innovator in country j possesses a patent on
the highest-quality intermediate good 7 in country j, whereas a foreign monopoly would
exist if the patent were held by an innovator headquartered in country k. As patents
expire after one period, a sector is characterized by perfect competition in period t
when neither in country j nor in country £ an innovation in this sector occurred in this

period.

3.3 The households’ and the government’s problem

In our basic model, we intentionally keep the households’ problem extremely simple. In
fact, each household is assumed to offer one unit of labor inelastically to the labor mar-
ket. They receive income from working and profits as owners of firms in intermediate

sectors and from final-good producers headquartered in their country.

This allows us to move immediately to the government’s problem. To establish the

latter, we next derive total consumption in a country 7 in a period ¢.

We start by reconsidering the expected final-good production, which writes

Y, = L [ / 1= (1 py)(1— o) [Ara (D)7 (7 (0)) i

+/0 (1 = pre) (1 = pyje) [Ai— ()] (25(4)) “di

The first integral represents the part of final-good production resulting from the sectors
where an innovation has taken place. In these sectors either a foreign innovator has
entered the intermediate-good market or a domestic innovator has offered a techno-
logically advanced product. The probability of an innovation in sector ¢ in period ¢ is
1 — (1= pje)(1 — pre)]. With complementary probability (1 — pj;)(1 — pgs) no innova-

tor is successful in sector 7, and the technological level remains. As discussed earlier,



in sectors where no innovation occurs there is no patent protection and hence perfect
competition prevails. The part of final output attributed to these sectors is reflected by
the second integral. Since the innovation probabilities are not sector-specific, inserting

(1) and making some minor mathematical manipulations yields
o 2a ! N . _a ! N .
Yi=L; |(1—q)yTeal- / [A;_1(3)]Todi + q; aT-= / [A;_1(7)]T-= d@} ;
0 0

where we use the abbreviation ¢ = (1 — pj:)(1 — pgt). Using the index of the average

technological level in the world A, ; = fol [A,_1(i)] T« di, we obtain

Yy = LjAiar-e [Qt +(1- Qt)Vﬁaﬁ}a

y(qt)

Increasing the number of innovations in the aggregate means reducing ¢;. Consequently,
additional innovations have a positive effect on output if and only if aﬁyﬁ > 1,
which is equivalent to v > 1/a. This illustrates the trade-off associated with in-
novations concerning final-good production. On the one hand, higher quality of an
intermediate good involves higher productivity in final-good production reflected by ~.
On the other, it induces monopoly distortions in the intermediate-good market that
lead to a mark-up on the price of intermediates of 1/« and consequently have a neg-
ative effect on final output. If v > 1/a, the effect of higher productivity dominates,
and innovations in period ¢t have a positive effect on final output in ¢. However, if
v < 1/a, output in ¢ declines as a consequence of an innovation because the monopoly
distortions dominate. In the following, we assume that v > 1/« i.e. that innovations

in t positively affect output in the same period.

Now we turn to the expected costs of producing the intermediates used in final-good
production. Making use of (1), we denote the aggregate production costs of interme-

diate goods by X;; and obtain
1 1
X = [ =i+ [ s
0 0

1 1
= / (1 — qt)’}/m&%[ﬁ [Atfl(l)]md/l + / qt&ﬁ[{j [Atfl(l)]mdz
0 0

- 1 a1
= LjA; o™= [C]t + (1 - Qt)”Yl‘“al‘“} ;

/

g

z(q¢)

where 27} (i) = Lj(offyaAle)ﬁ and x5,(i) = Lj(aAgil)ﬁ. In the last line we en-

counter a tradeoff associated with innovations concerning the number of intermediates.



This tradeoff is similar to the one identified with respect to final output. On the one
hand, higher quality intermediate attracts higher demand (reflected by ’yﬁ). On the
other, it is protected by a patent, so supply decreases relative to the competitive sit-
uation (represented by aﬁ). Consequently, if and only if vﬁaﬁ > 1 the demand
effect is dominant, and the amount of an innovative intermediate used in final-good

production increases.

Total expected profits accruing in the intermediate sectors in country j read
1
Tjt = / (1 —qgi)nLj[Ai—1(i)]1-eayi-adi = (1 — g)nLjAr_1y-=.
0

The profits in an innovative sector are 7;; = nLjflt,lfyﬁ. Note that up to this point
we have not said anything about the distribution of the profits to domestic or foreign
innovators. This however will play a key role for the total level of consumption in a
country. Given py, expected aggregate consumption in country j amounts in period ¢

to
Cit =Y — Xji — prt(1 = pje) T + pje(1 — pe) Tre — Rje.

The first two terms reflect net output of the final good. The third term captures the
profits that innovators of country k earn in country 7, while the fourth term represents
the profits innovators of country j earn in country k. Finally, the government has
to finance basic research. We assume that basic research is financed by an income
tax.” For simplicity, we have not explicitly written the tax into the formula for total
consumption. Using the expressions above, expected aggregate consumption in country

J in period t can be written as

Ly

2
_ o ok
Cit = LjAi1 |yn(q) — 7““”(Pkt(1 — pjt) — pie(1 — Pkt)L_) .

- ’ (2)
i’ 20;

where y,(q;) = at-ay(q) — aﬁx(qt) represents net final-good production — i.e., total

production net of the costs for the intermediate products.

4 Decentralized Basic-Research Investment

First we consider the static game of two governments maximizing current domestic
consumption by choosing the level of basic-research investments and taking the invest-

ments of the other country as given. This can be interpreted as maximizing C}; via

9Note that in our model the income tax is equivalent to a lump-sum tax.

10



control pj; given py; rather than via Rj;;. As this problem is static, we neglect time

indices in this section. We obtain the first-order condition

d
Yo 4 Am (g + (1 — pi)L)

Pj
~H_y, 3
i (3)

0

where 7 = 47 and y =yl (q) = aﬁy’(q) — aﬁx’(q). Let y?» = —y/,. Note that

yP and y/, are constants that only depend on the parameters o and . Further, we

use L = % to denote relative population size. Accordingly, we can write the reaction
J

function of country j as

P5(pr) = 0; [(1 = pe)y? +am((1 — pr) L+ pr) ] - (4)

In the reaction function, the first term in brackets reflects the effect of a marginal
increase in basic research in country k£ on country j’s output, while the second term
represents the change in expected net profit flows from technology exchange. The

derivative of pg(pk) with respect to p writes as

;005 (pr)

I ra b +An(L—1)]. (5)

An intuitive interpretation of (5) is that a marginal increase in j’s basic-research invest-
ment is less valuable in increasing total output in country j, the higher basic-research
investment in country £ is due to increased research duplication. Further, the effect of
a marginal increase in basic research on profit flows obtained from the foreign coun-
try declines with the foreign country’s basic research efforts (reflected by —8,3nL).
However, the profits prevented from flowing into the foreign country increase with the
foreign country’s basic-research investment (reflected by 6;9n). We also observe in
(5) that the level of human capital of a country € affects both the reaction functions’
ordinate intercepts and their slopes. The same is true of relative population size L.
However, the abscissa intercepts of the reaction functions are independent of 6. Before

examining the slopes of the reaction functions, we state

Lemma 1

If v > i, then y? > n.

102/(¢) and 3/'(q) stands for dfl—(f) and dZ—(tf) respectively. Further,
y/(q) = 11— ,yﬁalfﬁ’
() = 1-7T7maTs,

and thus y, = aT™a (1 —yTeaTa) — ali_a(l — ’ylf_aaﬁ).

11



The proof can be found in the Appendix.

The lemma implies that we can neglect cases where y? < yn because we have assumed
that v > é This allows us to determine the signs of the slopes in the countries’ reaction
functions:

Proposition 1

Basic research expenditures in the two countries are strategic substitutes — i.e., pfy <0

and pl < 0.

In the remainder of the paper, we restrict the parameter set of our analysis as follows:

Assumption 1

0;(3nL + yk) < 1, which is equivalent to p}(0) < 1.

Assumption 1 requires that a country chooses basic-research spending to obtain p < 1
(instead of the corner solution p = 1) when there are no basic-research investments
by the other country. In other words, Assumption 1 says that the basic-research in-
vestments of a country cannot with certainty lead to innovation in each intermediate

sector, which seems very realistic.

4.1 Equilibrium

In the equilibrium analysis, we show that there is a unique equilibrium (p5;, p%) €
(0,1)2.

Proposition 2 (existence of unique equilibrium)
Given Assumption 1, there exists a unique equilibrium (p$;, p%) € (0,1)? that is char-

acterized by

g AnL) + (v 4+ An/L) (Gn(1 - L) — )
& o — (1= L) = yh) (3n(1 = 1/L) = )

(6)
The proof is given in the Appendix.

4.2 The role of human capital

In this section we examine how basic-research investments are affected by a change in
a country’s research capacity #, which we also interpret as a country’s human capital

level. The following proposition gives the results:

12



Proposition 3 (comparative statics with respect to 0)
(i) If L = 1, then the country with the higher research capacity will invest more in

basic research — i.e., p§ > pj if and only if 0; > 0.

(ii) In equilibrium, basic-research investments of country j will increase with 6; and

decrease with 0y, i.e.

dp dps
&>O’ P

WP g |
do, do, =

The proof can be found in the Appendix.

Intuitively, if the research capacity of one country, say 6;, increases, its basic-research
investments will become more productive. Hence, country j will increase its basic
research efforts. The reaction function of country k is not directly affected by a change
in 0; but indirectly via the induced change in p;. As according to Proposition 1
basic-research investments are strategic substitutes, k& will decrease p; in response to
the increase in p;. We illustrate this result with the following example, where both
countries are of equal size L = 1, o = 0.5, v = 2.1, and 6, = 0.03.! In this setting, we

vary 6; from 0.005 to 0.07. The result is shown in Figure 1.

P
0,025

0.020
0015}

0010

0.005

0.00 0.01

0.02

0.03 0.04 0.05

0.06

| 9].
0.07

Figure 1: p; (blue) and p; (red) depending on 6; given ), = 0.03.

1Note that the assumption v > 1/a defines a critical value of v that depends negatively on o.. We
have chosen a = 0.5 and 7 = 2.1. The latter is larger by 0.1 than the critical value. For general
innovations, this value of v may seem relatively high, but it is justified for basic research, which if
successful typically implies large technological improvements. The level of human capital 8, = 0.03
has been specified to obtain realistic growth rates.
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4.3 The role of relative population size

Now we study how countries of different sizes interact with respect to basic-research

investment.

Proposition 4 (comparative statics with respect to relative population sizes)
(i) Let 6; = 0. Then the smaller country will invest more in basic research than the

larger one — i.e., p§ > pj if and only if Ly > Lj;.

(ii) p§ increases and pj, decreases with L.

The proof can be found in the Appendix.

Recall that the relative populations of the countries are defined by L = i—’; Inspection
of the first-order condition of the government, (3), reveals that a relatively larger foreign
country k will increase the ratio of profits received from abroad and the profits paid to
the foreign country. By contrast, the relation of market sizes does not play a direct role
for a country’s final output and research costs. Consequently, a relatively larger market
abroad makes innovation and thus basic-research investment more attractive. This
finding may provide an explanation for Switzerland’s high basic-research expenditures.
Figure 2 uses the parameter values of the previous example, but here, instead of varying

0;, we assume that 0; = 0, = 0.03 and vary the relative market size L.

P
006

0.05
0.04]
0.03}

0.02}

0.0L}

Figure 2: p; (blue) and p; (red) depending on L.
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5 Dynamics

Note that the optimal decisions by the governments are independent of the level of
technology A;_1 (7). Hence, the governments will not change their basic-research invest-
ments over time. We can infer from Equation (2) that this implies that consumption
grows at the rate of the average technological level. Further, the economy does not
exhibit transitional dynamics. To determine the economies’ growth rate, we can write

the world’s average technological level as

1 1
A = / (1 — ql7[Ai—1(3)] == di + / q[A,_1 ()] di
0 0
= A7 +q(1—7)].
Consequently we obtain

Proposition 5

The growth rate of the two economies is given by
g=0G-1)0-q).

It will now be interesting to establish how the growth rate reacts to changes in ¢; and
L. The expression ¥ — 1, which is positive since v > 1, reflects the innovation steps of
a successful invention and is independent of 6; and L. As a consequence, we focus on
the term 1 — ¢, which can be rewritten as p; + pr — p;jpr. This expression reveals nicely
that the growth rate increases with the sum of basic-research investment p; + p, but

declines with the amount of research duplication p;py. In general, we can state

Proposition 6

A higher level of human capital in one country will lead to higher growth if and only if

dp¢ dpe 1 — p¢
BN 7/2 . (7)
d@j dej 1-— pk
An increase in L will involve higher growth if and only if
dpj dpj, 1 —pj
“avlan T =g (®)

A proof of Proposition 6 follows directly from taking the derivative of the growth rate
g with respect to 6; and L respectively. Conditions (7) and (8) simply state that the
effect of a change in 0; and L on aggregate basic-research investments is larger than the

effect on duplication. With respect to a change in 6;, we obtain the following corollary:
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Corollary 1
Given Assumption 1, total basic research expenditures will increase if ; becomes larger,

. dp$  dp$
ie. —Wé/ﬁ > 1.
The proof can be found in the Appendix.

The intuition is that if 6; increases, p; will become larger, while p;, decreases. The latter
effect results from the fact that the countries’ basic-research investments are strategic
substitutes (cf. Proposition 1). The decline in pf induced by an increase in 6; is a
second-order effect that cannot neutralize the increase in p§ with respect to aggregate

innovation probability.

Further, it follows directly from Proposition 6 that the total effect of an increase in 6,
on the growth rate is positive if p; > p;. Intuitively, in this case an increase in 6, will
not only increase aggregate basic-research investments but also lead to a more unequal
distribution of investments across countries, thereby reducing the duplication effect
(which is largest for p; = p;). As a consequence, an increase of ¢; will positively affect
the growth rate. This is different if p; < py. Then there exists a tradeoff between the
effect on aggregate basic research and duplication. Though analytically not excludable,
in none of our numerical simulations could we find a case where the duplication effect
dominates and leads to negative effects of an increase in 6; on growth. The left panel

of Figure 3 shows the typical situation where the growth rate increases with 6;.
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Figure 3: Growth rates depending on human capital in country j (left) and for different
relative population sizes L (right).

According to our simulations, the growth rate exhibits a U-shaped form when we vary
relative population size. Numerically, we also find that the aggregate basic-research
expenditures are U-shaped in L. Intuitively, this means that the effect of a relative in-

crease in the population size on aggregate basic-research investments tends to be larger,
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the more unequal the population shares are. Additionally, with more unequal relative
basic-research investments, the negative duplication effect is lower, thus reinforcing
the U-shape of the growth rate in L. The right hand panel of Figure 3 illustrates the

typical situation.

6 Coordinated Basic Research Investments

Now we ask which levels of basic research the countries should choose, if they coordinate
to maximize current aggregate consumption C; = Cj; + C. Using (2), the objective
can be written as
. Pi Pi
Co=Y: =X — Ry = Ay |(Lj + Li)ynlar) — Liss — Lisg-| (9)
20; 20,
where the variables without country indices denote world values, i.e., ¥; = Yj; + Y}, etc.
Equation (9) reveals that when consumption is aggregated, the profit flows between
the two countries drop out, and aggregate consumption equals net production minus

total basic research expenditures.

The necessary optimality conditions for coordinated basic-research investments are

L; + Ly
pit = 0= F—

J

yP (1 — pre)s (10)

recalling that y? = —y/. Comparing condition (10) with the reaction function of

the government’s problem in the non-cooperative setting (3) reveals that the coop-
erative solution additionally considers the basic-research investments’ effects on the
other country’s output and thus attaches weight (L; + Lj) to the increase in final-good
production resulting from higher quality intermediates. The denominator L; in (10)
represents the fact that in absolute terms basic research is less costly in the smaller
country. Further, we observe that for a given level of basic-research investment py,
the cooperative solution will involve higher levels of basic research in country 7 if and
Lj+Ly
Lj
higher net profit flows from technology trade in the decentralized setting [reflected by

only if the factor is sufficiently large to compensate for the incentive to generate

the expression yn((1 — px)L + pi) in Equation (3)].

From the optimality conditions (10) we obtain the optimal coordinated basic-research

investments as

g a1 Lyn = (14 D)1+ /D) () (11)
Py = o — L+ D)+ 1/0)h?
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An analytical comparison of the cooperative solution with the equilibrium values of ba-
sic research in the decentralized setting given in Proposition 2 only yields interpretable

conditions for the symmetric case.

Proposition 7

If L; =Ly and 0; = 6, < % <$n - y%), then pj-ff > p§ and pl > pe

The proof follows directly from a comparison of (11) and (6). The condition with
respect to the levels of human capital 6 in Proposition 7 is satisfied for reasonable
parameter values. For further comparisons of the cooperative solution and the market
equilibrium we make use of numerical simulations. We derive our results in the stan-
dard scenario as specified previously (i.e., « = 0.5, v = 2.1, 6, = 0.03) and show in
Appendix B that our results are very robust. We start by holding ; = 6, = 0.03 fixed
and examining the effect of relative population size. We observe in Figure 4 that if the
population sizes are relatively equal both countries invest too little in the decentralized
equilibrium relative to the coordination optimum. However, for very different popula-
tion sizes, the smaller country invests too little in basic research in the decentralized
equilibrium, despite having a strong incentive due to large profit flows from the large
country, while the large country invests too much. We obtain a similar result (Figure
5) when considering countries with equally large population sizes but different research
capacities #: under-investment by both countries if the human capital levels are not
too different, and over-investment by the country with substantially smaller levels of

human capital in the case of pronounced asymmetry with respect to 6.

However, even though we encounter over-investment by one country when population
sizes or research capacities are very asymmetric, the total level of basic research in the
cooperative solution is always higher than the one realized in the market solution. As
a consequence, optimal coordination of basic research always involves a higher rate of

growth (see Figures 6 and 7).

Our results could be interpreted as follows: First, consider Switzerland and the Euro-
pean Union. They have symmetric levels of human capital but very different market
sizes. As argued earlier, the incentive to gain foreign profit flows may lead to the high
basic-research investments by Switzerland. The results in this section suggest that
from a cooperative perspective aiming to maximize aggregate consumption in both
Switzerland and the EU, the already large Swiss basic-research investments will still

be too small, while those in the EU tend to be too high. A second interesting case is
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Figure 4: Basic research investments in country j (left) and & (right) in the decentral-
ized solution (blue) and the coordination optimum (red) for different relative population
sizes L.
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Figure 5: Basic research investments in country j (left) and % (right) in the decentral-
ized solution (blue) and the coordination optimum (red) for different levels of human
capital 0;, given 0, = 0.03.

a comparison between the EU and the US. Here both market sizes and human capital
levels are approximately equal. Accordingly, our welfare analysis suggests that both

regions invest too little in basic research in the decentralized equilibrium.

7 Intertemporally Optimal Basic Research Invest-
ments with and without Coordination

Until now we have assumed that the governments aim at maximizing the current pe-
riod’s consumption but do not consider future periods. There are good arguments for
this assumption. Governments are usually appointed for a restricted period of time

and focus on that period in their decisions. Also, in supranational institutions such as
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Figure 6: Total basic-research investments (left) and growth rate (right) in the de-
centralized solution (blue) and the coordination optimum (red) for different relative
population sizes L.

Pjt Pk

<]

0.051 0.051
0.04+

0.04 -
0.03+

0.03+
0.02+

0.02
0.01+

0 L 0
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Figure 7: Total basic-research investments (left) and growth rate (right) in the de-
centralized solution (blue) and the coordination optimum (red) for different levels of
human capital 6;, given 0, = 0.03.

the European Commission, it is rare for the decision process to look any further than
20 years into the future (which is our interpretation of the model’s period length).
Nevertheless, in this section we would like to think about whether our results change
substantially when the decision-makers consider longer time horizons. Accordingly, we
depict the intertemporal optimization problems of the governments in the decentralized
setting and the one of coordinating basic-research investments to maximize aggregate
consumption. In this section, we assume that households enjoy linear utility from con-
sumption, i.e. u(c) = c¢. Unfortunately, the optimization problems cannot be solved
analytically. Using the same parameter values as before, our simulations suggest (a)
that the decentralized equilibrium and the cooperative solution are unique, and (b)
that the qualitative results remain unchanged. Of course, in quantitative terms, the

intertemporal solutions exhibit generally higher levels of basic-research investment.
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First, we examine the non-cooperative game. Here the governments choose paths
for basic-research investment rather than investments in a single period only. The

government’s problem is given by

max Zﬁ Cit

{Pgt}t 04—

subject to the evolution of the stock of technological knowledge
A=Ay + a1 - ) (12)

We assume that the discount factor [ is sufficiently small for the objective to converge
to a finite value. Using standard dynamic programming arguments, we obtain the
first-order condition

dAt dCIt o
d dpjt

- d - _
AL {y;zd;]t +3n(pre + (1 — pre) L) | — Api L pejt + BCjip1——
jt

where ¢;41 = Cjiy1/A;. Note that

2
~ o o
Citr1 = L {yn(QtJrl) — v n(prer1 (1 = pjes1) — pjesr (1 — prea) L) — ;tgl ;o (13)
J

which will be constant in the steady state. Focusing on the steady state, the first-order

condition of country j reads
Ly [yh(1 = pr) +An(px + (1 = pi)L) | — 9 +B¢i(pjs pr) (7 — V(L — o) =0, (14)
where
&i(pispe) = Ly |yn(@) = vTon(pe(1 = pj) = pj(1 = pr) L) — 22| . (15)

As we have mentioned, it is not possible to solve this problem analytically.!? Instead,
we first introduce the coordinated investment problem and then discuss the simulation

results obtained.

Cooperative basic-research investments maximize discounted aggregate consumption

of both countries:

max Z ﬂt(Cjt + th)

{Pjt:Pre} 0 —0

12Conceptually, there exists a formula that allows us to solve explicitly for basic-research invest-
ments. However, the extremely long terms only allow interpretation via simulation.
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subject to (2) and (12). Using standard dynamic programming methods, the first-order

conditions are given by

dAt d aqr

_ d q
Ay (Lj + L)y, — AL p]t ﬂctﬂd Ay =0,
jt

d Pijt 9
where ¢;11 = Ciiq/ A,. Note that the two first-order conditions imply
Ok Pkt 1 — Pkt 7

which can be interpreted as a condition on the cost efficiency of aggregate research
expenditures. Again we focus on the steady state of the economy. The necessary

conditions for a maximum can then be rewritten as

(Lj + Li)yn(1 — px) — 9 L+ Bé(pj, pr) (3 — 1)(1 — pi) =0, (16)
where
&(pj, pr) = (Lj + Li)yn(q) — Lj—- f; — Ly fi (17)
7 J " 726, 20,

In the optimality conditions for the cooperative solution, we identify two parts. The
first two summands in (16) reflect static optimality if we neglect the influence of a higher

knowledge stock on future outcomes. The latter is represented by the last summand.

We now turn to numerical simulations using the parameter values of our standard
specification. Figures 8 and 9 give the decentralized steady-state equilibrium values
of p; and pj, (blue) compared to the cooperative solution (red) depending on relative

population sizes and the level of human capital in country j given that 6, = 0.03.

The next Figures 10 and 11 show the sum of basic research investments and the growth
rates in the decentralized equilibrium (blue) and the cooperative solution (red) depend-

ing on L and 6;.

A comparison with the results in Section 4 indicates that basic-research investments and
growth rates are higher than in the setting where only current consumption is taken into
account. However, qualitatively we obtain similar functional shapes and comparisons
between the decentralized and the coordinated solutions. Also, our simulations strongly
suggest that the above solutions are unique. Deviating reasonably from our standard

parameter values does not change the qualitative results.

13The program for our simulations can be provided on request.
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Figure 8: Basic research investments in country j (left) and % (right) in the decentral-
ized solution (blue) and the coordination optimum (red) for different relative population
sizes L.
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Figure 9: Basic research investments in country j (left) and k (right) in the decentral-
ized solution (blue) and the coordination optimum (red) for different levels of human
capital 0;.

Pit Px Pi+ px

014

015
012
0.10

010
0.08

0.05 0.06
0.04

I I I L I I I I =g
0.05 0.10 0.15 2 4 6 8 10

Figure 10: Total basic-research investments in the decentralized solution (blue) and
the coordination optimum (red) depending on relative population sizes L (left) and
levels of human capital 6; (right).
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Figure 11: Growth rates in the decentralized solution (blue) and the coordination
optimum (red) depending on relative population sizes L (left) and levels of human
capital 0; (right).

8 Conclusions

We have developed a two-country framework to study basic-research investment in open
economies. Each country faces the following trade-off: Via basic-research investments,
domestic output increases and, additionally, profits can be generated by domestic firms
in the foreign country. On the other hand, basic research is costly and leading-edge
technology could be imported by free-riding on the other country’s basic research ef-
forts. We examine (a) the decentralized game and (b) the cooperative solution where

countries coordinate their basic-research investments.

We find that in the decentralized game, basic-research investments are strategic substi-
tutes. A country’s basic-research investments increase with its average level of human
capital and decrease with the human capital of the foreign country. Moreover, all else
being equal, a small country has higher incentives to invest in basic research than a large
country, because the relation between profit inflows and profit outflows is greater. This
may explain the large basic-research investments undertaken by small open countries
such as Korea or Switzerland. Compared with the optimal basic-research investments
when countries coordinate, there may be cases where one country will invest too much
in basic research in the decentralized setting if the countries’ human capital levels or
market sizes are very asymmetric. However, compared to the coordination optimum
the total investments in basic research are always too low in the decentralized set-
ting. This directly implies that the global rate of economic growth will be too low if

governments pursue national basic research strategies.
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The paper opens up several avenues for future research. First, it would be interesting to
take into account different degrees of openness, implying that only a share of firms can
enter the foreign market. Considering openness as a governmental choice, it would be
interesting to know how openness and basic-research investments interact. Second, the
model can be extended with respect to its micro-economic foundations. For example,
explicitly modeling firms’ decisions on applied research would enrich the model to
capture interactions between basic and applied research. This is particularly interesting
from the perspective of a global labor market with firms and governments competing
for the best applied and basic researchers. Moreover, our model could be extended to
explore the firms’ location and off-shoring decisions and to examine how these decisions

affect the governments’ incentives to invest in basic research.
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Appendix

A Proofs

A.1 Proof of Lemma 1

yP — 4n can be written as

1 11—« 2

yﬁ—ﬁn:aﬁ(ﬁaﬁ—l)—aﬁ(ﬁal—a -1 -4 aT-a.

a
This expression can be transformed into

¥ —dn = (aF —aTs)(Garw —1).
For a € (0, 1), we obtain ars > qra, If additionally &aﬁ > 1, which is equivalent
to v > 1/a, it follows that y2 — 4n > 0. O

A.2 Lemmata 2 and 3 with Proofs

Now we state and prove two lemmata that are useful for the following proofs. We

define the function

Pi(pr) = 0; [(1 = pe)yl + An((1 = po) L+ pi)] (18)

which we allow to assume values in R. Note that on the interval [0, 1] the function (18)
is identical to the reaction function given by (4). As there will be no confusion, we
will also speak of function (18) as country j’s reaction function. We denote the inverse
function of p; (pr) as pi(,oj). Hence, pl.(0) gives the value of p, such that country j’s

preferred basic-research investment is 0, i.e. that p;: (pr) = 0.

Lemma 2
If y? > An, then pl(0) > 1.

Proof. To verify the lemma we can write

; ynL + yb
7(0) = L. 19

The condition on ¥ at the beginning of the lemma ensures that the denominator of

(19) is positive. Then the claim in Lemma 2 follows immediately. O
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The next lemma examines the slopes of the countries’ reaction functions. For this

purpose, we use

pe(pi) = Ok [(1 = py)yb +3n((1 = p))(1/L) + py)] (20)
representing the reaction function of country k, which is symmetric to ,0;: (pr) as defined
in (18). We refer to the inverse of pf(p;) by p(pr).

Lemma 3

If y? > An, a unique interior equilibrium (p5, pf,) € (0,1)* implies

dp’(pr) _ dpj(pe)
dpk dpe

Proof. As the reaction functions are linear, it is sufficient to show that pg(O) < p5(0).

This follows directly from Lemma 2 and Assumption 1. a

A.3 Proof of Proposition 2

According to Proposition 1, pf; < 0 and pf» < 0. It follows directly from Lemma 2
and Assumption 1 that the reaction functions intersect in (0,1) x (0,1). Note that
Assumption 1 also prevents the two reaction functions from coinciding, which would

involve multiple equilibria.

The particular equilibrium values (p5;, p%) follow directly from calculation of the inter-

section of the reaction functions. O

A.4 Proof of Proposition 3

J
6P§(§fk) > 0 Vp € (0,1). The inverse of the

reaction function of k, ,0;? (pr), remains unchanged. As according to Proposition 1 we

Let us first consider (ii). According to (4),

have p; < 0 and p; < 0, it follows from Lemma 3 that the new intersection of p?(pk)

and p?(pk) involves a higher level p? and a lower value py.

Now consider item (i). Given the symmetry of the two countries’ reaction functions,
we see that if 0; = 0, and L = 1, then p§ = pf. The claim in (i) can be verified by using
(ii) and the following line of reasoning: The associated investment in basic research at
any pair (éj, ék) can be decomposed in two steps. First, we can start from the basic

research levels associated with (0; = ék, ék), which implies symmetric basic-research
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investments. Second, we can adjust basic research levels by increasing or decreasing 0;
to (9]'. O

A.5 Proof of Proposition 4

We start with (ii). As p; < 0 and pj, <0, an increase in the relative population size of

country k affects the reaction functions in the following way: AL >0 Vp, € (0,1)

oL
% k(pj < 0Vp; € (0,1). That is, after the increase in L, the reaction function of j

and
lies above the reaction function before the increase, and the new reaction function of
k lies below the old one. Since p’ < 0 and p; < 0, this immediately implies that the

dvj dpj;
il >0 and aL < 0.

(i) Since p; = pp if L = 1 and 6; = 6y, it follows directly from item (ii) of this
proposition that p; > p; if L > 1. O

A.6 Proof of Corollary 1

i
Consider an increase in #;. According to (4), this involves apé—g)k) > 0Vpr € (0,1),
J

while the reaction function of k, pf (pr), remains unchanged. As a consequence, the

new equilibrium will still be on pf(pk) and would involve no change in the sum of

k
basic-research investments if W#E:k) = while L’;k) < (>) — 1 would imply higher
(lower) total basic-research investment. Due to Assumption 1 and Lemma 2, we have
k
8% (Pr) <1 O
Pk

B Robustness

B.1 Larger range of parameter values

In Section 6 we derived our results on the relation between the decentralized equilibrium
and the planner solution by varying either relative population size while keeping both
countries’ human capital levels fixed at ; = 0, = 0.03 or by varying country j’s level
of human capital while assuming symmetric population sizes. The simulation results
depicted in Figures 12 through 15 show that the results derived in Section 6 possess
broad validity. Moreover, the same qualitative results are obtained for a wide range of

other parameter values for a, =, and 6.

28



In all the figures we have included a red plane indicating the value zero in the dependent
variable for ease of comparison. The first two figures (Figures 12 and 13) show the
difference between basic-research investments in the cooperative optimum and in the
decentralized equilibrium on the vertical axis. These simulations verify that if countries
are similar with respect to population sizes and human capital, they both invest too
little in basic research in the decentralized equilibrium, relative to the coordination
optimum, i.e. the difference is positive. The areas where the red plane is above the
blue graph indicate the parameter values of L and 0;, where over-investment in basic
research occurs in the decentralized equilibrium. As argued in Section 6, this is the
case if the countries are sufficiently asymmetric with respect to population size and

human capital.

Figure 12: Difference between pjf ! and p§ depending on L and 6;, given 6, = 0.03.

Figures 14 and 15 show the difference in total basic-research investment and in the
growth rates between the cooperative solution and the decentralized equilibrium. The
two graphs indicate that, in accordance with the results in Section 6, for all parameter
values total basic-research investment is higher in the cooperative solution than in the

decentralized equilibrium, which leads to correspondingly higher rates of growth.

B.2 Coordination objective

As already discussed, the coordination of basic-research investments aiming to maxi-

mize the sum of aggregate consumption in both countries involves higher levels of basic
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Figure 14: Difference between aggregate basic research expenditure in the decentralized
equilibrium and cooperative solution depending on L and ;.

research in the smaller country because in absolute terms the costs of basic research
are lower there. This incentive will not be present if coordination is concerned with

maximizing net per capita consumption:

_ 0> 0
¢ = Ay (QQn(Qt) - ﬁ - 2—92) . (21)
J

The necessary conditions for an optimum are

p; = 20;y5(1 = py.) - (22)
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Figure 15: Difference between growth rates in the decentralized equilibrium and coop-
erative solution depending on L and 0;.

Note that there is no weighting factor reflecting relative population sizes. Instead, the
contribution of basic research to each country’s per capita output levels obtains the
same weight in the cooperative solution. When comparing (22) with the optimality
conditions of the cooperative solution in Section 6, we observe that they coincide for
equal population sizes. The following figures illustrate how the decentralized equilib-
rium differs from the coordination optimum maximizing net per capita consumption

for different relative population sizes in the standard scenario.
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Figure 16: Basic research investments in country j (left) and k (right) in the de-
centralized solution (blue) and the coordination optimum (red) for different relative
population sizes L.

Figure 16 indicates that when cooperation maximizes net per capita consumption, the
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Figure 17: Total basic-research investments (left) and growth rates (right) in the de-
centralized solution (blue) and the coordination optimum (red) for different relative
population sizes L.

decentralized equilibrium implies too little basic-research investment in large countries
and too much in small ones. The contrary was the case in the coordination optimum
maximizing aggregate consumption. The conclusions that both objectives share is that
there is under-investment in basic research if the countries are symmetric with respect
to population size and human capital levels. However, for very asymmetric popula-
tion sizes, the decentralized equilibrium involves total basic-research investments and
growth rates that are too high relative to the net per-capita consumption coordination

optimum.

B.3 Different research costs

Let us now assume that the costs of basic research decline with absolute levels of
human capital rather than with per capita human capital levels. Then the research
costs can be written as I%; = p?t /(26;). Consequently, the governments’ objectives in

the non-cooperative setting can be written as
Ci = LjA [yn(Qt) — VEW(Pkt(l — pjt) — pie(1 — Pkt)L)] ~5p
The reaction functions are

5 (o) = 0;L; [(1 = pr)yh +An((1 = pr) L+ pi)] -

We observe that the only difference with respect to the reaction functions in Section
4 is that the optimal level of a country’s basic-research investments increases with its

population size. Now there are two conflicting motives for basic-research investment
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with respect to relative population size (and given total population). On the one hand,
a relatively larger foreign market increases incentives for basic research due to higher
net profit flows. On the other hand, a smaller home market reduces the incentives for

basic research.

Coordinating basic research to maximize current aggregate consumption C'j +C yields

the following necessary conditions for an optimum:

p;j =0;(L; + L)y (1 — p)

Hence, the optimal levels of the coordinated basic-research investments do not depend
on relative population sizes but only on the two countries’ total population. The nec-
essary conditions are (up to a constant) equivalent to those derived for the cooperative

optimum in the previous Section B.2.

The following figures illustrate the basic-research investments in the decentralized equi-
librium (blue) and the cooperative solution (red) with respect to different relative pop-

ulation sizes L using our standard parameter values. In the simulations we assumed

i Pr
0.051 0.020 -

0.04 -
0.015 -

0.031

0.010 -
0.02

0.005 -
0.01+

Figure 18: Basic research investments in country j (left) and k (right) in the de-
centralized solution (blue) and the coordination optimum (red) for different relative
population sizes L.
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Figure 19: Total basic-research investments (left) and growth rates (right) in the de-
centralized solution (blue) and the coordination optimum (red) for different relative
population sizes L.
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