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In this paper we analyse how the science sector's incentive structure strongly contributes to the development of
science and of the economy, even if, in the same time, it can cause large disparities in size and productivity of
scientific sectors of different countries. In order to show that, we adopt a Schumpeterian growth model where
the resources allocated to science are endogenously determined within the economy and science is organised
according to the institution of “Open Science”. This latter consists in a self-reinforcing code of conduct, which
comprises an incentive scheme based on the priority rule, and on the presence of both real rewards and social
rewards. Social rewards take two main forms according to the source concerned: one is the social reward
deriving from major innovations; another consists in high reputation enjoyed by researchers who put a high
level of effort into their job, and devote themselves to the advancement of science. This set of rules causes the
emergence of two locally stable steady-states: a low equilibrium, where the economy is endowed with a small
science sector; and a high equilibrium, where the economy has a large science sector with rapid knowledge
advancement. The two equilibria can account for the huge differences currently existing between scientific
sectors of more developed and less developed countries. Comparative static results further characterise the
two equilibria, since monetary and social rewards have different effects according to the type of equilibrium
that emerges.
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1. Introduction

The production of scientific knowledge is widely recognised as
one of the key factors of the economic growth which has occurred in
western countries since the Industrial Revolution. Economic historians,
such as Ben-David (1964), Rosenberg and Birdzell (1986, 1990), Bekar
and Lipsey (2004) and Mokyr (2005), maintain that one of the most
important features that distinguishes the most industrialized countries
from the rest is their scientific infrastructure. The influence of scientific
advances on technological innovation has also been the subject of
applied literature for a number of years and several authors, such as
Jaffe (1989), Adams (1990), Mansfield (1991, 1995) and Cerruzzi
(2003), reach the conclusion that scientific production has stimulated
firms' technological innovation in several sectors. However, despite
such broad consensus on the importance of science, it has not yet
been sufficiently analysed how resources are allocated to the science
sector and how its organization may affect the development process
of the economy. To give a first answer to these questions, in this paper
we will analyse the relationship between science and economic
lo), papagni@unina.it
development by adopting a Schumpeterian growth model where the
resources allocated to science are endogenously determined within
the economy, science is organised according to the institution of
“Open Science” and contributes to economic growth by producing
new ideas freely accessible to firms. We will show that the institution
of Open Science, introducing strong motivations to do research, does
contribute to the development of science, but at the same time it causes,
under certain conditions, multiple equilibria, each characterised by very
different configurations of the science sector. Our approach is new since
it is one of the first attempts to endogenise and analyse science within
an endogenous growth framework. Indeed, science is generally consid-
ered by economists as exogenous to the economy, but such an approach
is not well grounded either from a theoretical point of view, because the
allocation of human capital to science considers other alternatives, and
from an empirical point of view, because there is a clear evidence of a
positive correlation between the development of science and the eco-
nomic growth.

Our aim is to fill this lacuna.Wewill analyse how the organization of
science and its incentive structure affects economic growth and wheth-
er there are feedback effects between the two. In this way we can also
analyse the development process of science and give a preliminary an-
swer as to why there are large differences between less developed and
more developed countries in scientific productivity. Indeed, a clear

http://crossmark.crossref.org/dialog/?doi=10.1016/j.econmod.2014.06.021&domain=pdf
http://dx.doi.org/10.1016/j.econmod.2014.06.021
mailto:carillo@uniparthenope.it
mailto:papagni@unina.it
http://dx.doi.org/10.1016/j.econmod.2014.06.021
http://www.sciencedirect.com/science/journal/02649993


Table 1
Descriptive statistics on scientific publications and GDP per thousand population.
Years 1996–2007.
Source http://www.scimagojr.com.

Statistics Publications Citations GDP

Maximum 42.2 819.1 70,103.5
Minimum 0.002 0.006 409.4
Mean 4.4 56.7 9717
Standard deviation 8.0 127.6 11,552
Coefficient of variation 1.8 2.2 1.2
First quartile 0.2 1.2 1876.7
Second quartile 0.9 6.1 4873.6
Third quartile 3.3 30.4 13,110.7
Countries 204 204 180

Note: GDP, PPP constant 2005 international $. Published documents and citations to
documents published during 1996–2007.
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empirical fact that emerges from international data on size and produc-
tivity of science (Cole and Phelan, 1999; Schofer, 2004) is the existence
of large inequalities across science sectors of different countries. In the
table below, we present a synopsis of international science to highlight
how great such inequalities are.

Table 1 shows some descriptive statistics on two indicators of
scientific output: the number of articles per 1000 population and the
number of citations to articles per 1000 population during the years
1996–2007. Data are from the Scopus database1 and refer to 204
countries. The last column in Table 1 presents statistics on real per
capita GDP – the average in the same period – for 180 countries.

A first glance at Table 1 highlights striking inequalities in science
across countries, which are even greater than income inequalities: in
relative terms, the distance between maximum and minimum values
of the number of articles and their citations is much greater than the
same distance calculated for per capita GDP. This snapshot is also
confirmed by the values of quartiles that synthesize the cross-country
distributions of the indicators. Indeed, quartiles show that the right
tail of the distribution of science indicators is longer than the left and
the mass of the distribution is concentrated on the left. This phenome-
non is also confirmed by the coefficient of variation which is greater
for science indicators than for GDP. Moreover, recent trends in less
developed economies are characterised by the migration of high-skill
researchers towards those countries where basic research has a long
standing tradition and an important infrastructure such as the USA,
Japan and Europe (Weinberg, 2011). This phenomenon tends to rein-
force the distance between more and less developed countries with
respect to the production of scientific knowledge. Given that basic
research is at the core of the education and innovation system, it is
important to investigate whether the large differences in scientific
productivity among less developed and more developed countries can
explain, at least in part, the great divergence among countries in total
factor productivity.

To analyse the science sector and its effects on economic growth, we
take as a starting point theway inwhich science is organised. Science, in
fact, follows a set of rules and norms of conducts which were first
established in the eighteenth century in England (Ben-David, 1964;
Mokyr, 2008). In that period, science was first recognised as an activity
with an important social function, valued for its own sake, and norms
were set to regulate conduct in the science sector, in a manner consis-
tent with the realization of its aims, by giving to it autonomy from
other activities.2 This complex set of norms and rules, called “Open
Science” (Dasgupta and David, 1994; David, 1998a), was the key to
the development of science and to the rapid accumulation of scientific
knowledge in Europe after the scientific revolution, and still nowadays
regulates the modern organization of science all over the world.

The institution of “Open Science” consists in a sophisticated self-
reinforcing code of conduct, whose aim is to produce and disseminate
new ideas, and in a system of rewards whose main characteristics are
the originality rule, which makes scientific production a “winner takes
all” contest, since only the first discoverer of new knowledge obtains a
reward (Merton, 1957),3 and multidimensionality, since it comprises
both real rewards, such as wages and monetary prizes, and social
rewards. The latter take two main forms according to the source from
which they derive: one is recognition in terms of high social prestige in
the scientific community, which derives from major publications and
innovations, another is the higher social esteemderived from dedication
to science, i.e. the higher reputation recognised by peers to scientists
1 Available at the website: http://www.scimagojr.com/. Population is from the World
Bank, World Development Indicators 2011.

2 The independence of science from other fields of inquiry (such as teleology) and the
recognition of thenorms of science as independent of other norms,were part of the official
programme of the Royal Society (Ben-David, 1964).

3 Thismethod of assignation of the reward gives scientists a powerful incentive to inno-
vate because rewards invariably accrue only to those who discover things first (Dasgupta
and David, 1994; Merton, 1957).
who put a high level of effort into science and devote themselves to
the advancement of the scientific discipline (Fox, 1983; Stephan and
Levin, 1992). This set of rules causes a non-linear relation between the
benefits of being a scientist and the size of the science sector. From
such a non-linear dynamic a rich variety of equilibrium outcomes and
multiple equilibria can be derived. Multiplicity of equilibria is able to
explain the huge differences currently existing between the science
sector in advanced countries and that in less developed countries
shown by international data on scientific productivity. In our model
we obtain two locally stable steady-states: a low equilibrium where
the economy is endowed with a small science sector, whose productiv-
ity is low and competition for discoveries is weak; a high equilibrium,
where the economy has a large science sector with rapid knowledge
advancement and fierce competition among researchers.

Comparative static results allow us to further characterise the two
equilibria, since monetary and social rewards have different effects
according to the type of equilibrium that emerges. Indeed, in the high
equilibrium, in order to increase scientific productivity, more effective
policies are those raising the monetary reward linked to innovation,
while, in the low equilibrium, the same policies are those raising peer
pressure on researchers, for example, by introducing yardstick competi-
tion and/or by increasing accountability of researchers' activity. Mone-
tary rewards can be the route to escape from low equilibrium, only if
they are large enough. Indeed, marginal increases have a perverse effect
on science productivity, since scientistsmay reduce the effort employed
in the research activity. We also find empirical evidence for the exis-
tence of a different responsiveness to changes in the incentive structure
according to the size of the science sector and hence the type of
equilibria.

Multiplicity of equilibria may also explain the historical evolution of
science. Historians of science generally agree that sciencewas organised
in two different ways in the last century, termed “Little Science” and
“Big Science” (Price de Solla, 1963; Weinberg, 1967). Little Science
was prevalent in the more developed countries before the Second
World War and now it seems to characterise the less developed
countries, while Big Science became established in the most developed
countries after the Second World War, when a huge amount of
resources was invested in basic research primarily for military purposes
(Capshew and Rader, 1992). In particular the term Little Science
indicates the case in which scant resources are invested in basic
research and this latter is characterised by infrequent discoveries ob-
tained mainly thanks to the effort of a few highly talented people who
dedicate all their lives to the advancement of science. By contrast, the
term Big Science defines modern large-scale science where a large
amount of resources are employed in science. The state is deeply in-
volved in the organization of science with the creation and develop-
ment of institutions specialised in basic research and high-level
(doctorate) education. Big Science is also characterised by a high arrival
rate of new ideas and fierce competition among researchers. The

http://www.scimagojr.com
http://www.scimagojr.com/


4 Aghion and Howitt, 1992; Grossman and Helpman, 1991; Romer, 1990. A recent sur-
vey of the literature can be found in Aghion et al. (2013).
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linkages between science and society are strong. In Big Science
researchers are motivated and remunerated mainly for the attainment
of an innovation, while in Little Science the reputation of scientists
also stems from their devotion to science, considered a sort of religion
on which to dedicate their own lives, reputation given by their peers
through continuous personal contacts and strong forms of social inter-
actions (Cotgrove, 1970).

The two equilibria that we find, with different effectiveness of
rewards and different endogenous resources invested in science, may
represent the two different configurations assumed by science during
its evolution in more developed countries. Interestingly, in our model
the two equilibrium configurations stem from a unique set of norms
and rules on which the institution of Open Science is based. This set of
rules does not change from one configuration to another. Nevertheless,
it is able to generate both of them as a case ofmultiple equilibria. Hence,
the evolution of science may not be due to a radical change in its orga-
nization or in the set of rules governing it, but to a transition from one
equilibrium to another made possible by a large amount of investment
in science.

1.1. Related literature

In the growth literature there is little attention paid to science. The
focus is generally on the technological innovation of firms. An exception
is Karl Shell (1967), who proposes a theory of exogenous economic
growth in which basic research is endogenous. In his model, the state
collects resources from the activities of private agents in order tofinance
basic research, which produces knowledge, which is a public input for
the private sector.

A strand of the literature that has amply analysed science from an
economic point of view is what has been termed the ‘economics of
science’ (Dasgupta and David, 1987, 1994; Nelson, 1959; Stephan,
1996; Stephan and Levin, 1992). To this line of research belong
Dasgupta and David (1987, 1994), who assert that the fundamental
difference between science and technology concerns the dissemination
of results: secret in technological research; immediate and complete in
scientific research. In this latter case the paternity of a discovery is
assured through the priority rule, according to which only those who
first obtain an innovation have the paternity of it. From this the innova-
tor derives recognition in monetary terms (career advancement,
awards, etc.), and in terms of reputation and prestige in the scientific
community. Other papers (Dasgupta, 1989; Lazear, 1997) stress that
this incentive system means that individual scientists take part in
contests belonging to the category of tournaments in which thewinner
takes all. Comparison with reality shows that this system efficiently
provides incentives to academic researchers, in that they are generally
highly motivated and committed to their research. In our model we
build the microeconomics of science along such main lines, but we
place it in a general equilibriummodel of endogenous economic growth
in order to analyse the effects on the development of science and of the
economy.

More recently, other theoretical papers that show the substantial
differences between the activities of basic research and those of techno-
logical innovation have appeared. Among these, Carraro and Siniscalco
(2003) analyse the race between public and private research units for
a discovery with potential economic application under the hypothesis
of knowledge externalities. Aghion et al. (2008) introduce creative
freedom, a form of non-real incentive, within a model of scientific
research. Comparing academic and private firm organization – where
research has an economic focus – they show that relying on academic
organizations in the early stages and on private firms in later stages of
research is socially optimal. Bramoullé and Saint-Paul (2010) put
forward a model of fundamental research where researchers can
improve existing fields or invent new fields. They are motivated by
the scientific reputation they obtain from the intrinsic value of a paper
and from academic citations made by subsequent papers written
in a given field. This model produces research cycles which are
characterised by the creation of new scientific fields. None of these
papers, however, analyse the interaction between the development of
science and the economic growth, as in our paper.

Another important strand of the literature to which our paper is
related analyses the role of institutions in economic development.
Acemoglu et al. (2001, 2002) and Acemoglu et al. (2014) provide exten-
sive evidence that differences in institutions are one of the fundamental
causes of economic growth. The literature on this topic defines institu-
tions in a rather broad sense as rules, regulations and laws that affect
economic incentives to invest in technology, physical and human capital
(Acemoglu, 2009). The institution of Open Science falls right into that
definition: it is an institution which regulates the production of new
scientific ideas and shapes the incentive scheme faced by scientists
when they decide whether or not to enter the scientific sector and
how much to invest in research. Acemoglu et al. (2005) distinguish
“contracting institutions”, which support private contracts, from
“property rights institutions”, which protect agents against the power
of elites and privileged groups. Open Science can be considered a
“property rights” institution since it arose to establish the autonomy
of scientists with respect to their employers and to protect them from
the power of the aristocracy and clergy (Ben-David, 1964; Zilsel, 1942).

Finally, our paper is also related to the literature dealing with the
effects on economic growth of social reward, such as social status and
social esteem. Most of these studies (Cole et al., 1992; Cooper et al.,
2001; Corneo and Jeanne, 2001; Hopkins and Kornienko, 2006) investi-
gate social status in terms of agent's concern for relative ranking in
wealth and consumption and show that incorporation of concern for
social status deeply alters the results of traditional growth models.
Cole et al. (1992), for example, show that such an extension of growth
theory is able to produce a poverty trap. Fershtman et al. (1996) apply
this framework to occupational status and show that social concern
may cause a mismatch of talent that reduces the growth rate. On the
other hand, Corneo and Jeanne (2001) show that, when the initial
wealth distribution is more equal, the status seeking motive may
increase the steady-state growth rate. Recently, Moav and Neeman
(2012) found that status concern, by increasing conspicuous consump-
tion, may be a cause of poverty trap. The present paper is complemen-
tary to this strand, since it recognizes the paramount role of social
reward and status concern in scientific production (Howitt, 2000) and
investigates its implications for economic growth.

The paper is organised as follows. In the second section we present
the model. In the third section we analyse the model's equilibrium
solution and the implied economic dynamics. Comparative-statics
results and empirical evidence for them are presented in Section 4.
The conclusions follow in Section 5.

2. The model

2.1. Basic assumptions

In this paper we adopt a Schumpeterian growth model4, where
the production side of the economy is made up by two sectors:
consumption goods and the science sector. There is no technology to
convert resources at one date into resources at another date. Hence
there is no capital and the only inputs to production are knowledge
and workers, time is continuous and we distinguish calendar time, v,
and the state of knowledge that is indexed by t.

The economy is populated by a continuumof individuals, ofmeasure
1, who can find employment in one of the two sectors: lvt work in a
competitive sector that produces a consumption good cvt; while nvt
are employed in a basic research sector which produces knowledge Rvt
used in the production of the final good. Manufacturing firms are



8 This assumption is often maintained in basic Schumpeterian growth models such as
Aghion and Howitt, 1992.
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owned by all agents in the economy, and labour and credit markets
are perfectly competitive. The state owns and organises the science
sector.

Each individual has an infinite life-span andwe assume that every
agent derives utility from consumption, from social prestige and suf-
fers a loss of utility from the effort applied to his/her job. Formally
the instantaneous utility function is given by:

ui;ν;t ¼ ci;ν;t þ Pi;ν;t−Di;ν;t ; ð1Þ

where index i indicates where the agent works: i = S in the case of
research and i= y for good production; ci,v,t stands for consumption,
Pi,v,t denotes social prestige and Di,v,t is the disutility of effort. Con-
sumption is the unique form of expenditure of income Ii,v,t.5 The con-
sumption good, which is the numeraire, is produced using the
following technology:

Yν;t ¼ Rtl
α
ν;tZ

1−α ð2Þ

with 0 b α b 1, where Rt is a technological parameter which measures
the productivity of the basic knowledge freely available in the tech-
nological era t, and Z is an input available with fixed supply that in
the following we normalize to 1.

In this economy, innovation ismade of newknowledge, Rt+ 1, that is
produced in the science sector and increases the productivity of final
good workers by a constant parameter γ N 1. That is to say, we assume
that:

Rt ¼ R0γ
t
: ð3Þ

Consequently t denotes both the state of basic knowledge and the
technological era that comes to an end with a scientific discovery.6

2.2. The science sector

In this model the science sector is modelled according to the rules of
the institution of Open Science characterised by: originality rule; full
disclosure of findings and methods and multidimensionality nature of
rewards. In order to capture the originality rule we model scientific
research as a sequence of races: in each race the winner takes the
whole prize and the previous innovator loses what he/she gained7

To take account of the full disclosure of findings and methods, the
new basic knowledge is assumed to be a public good freely available
for the production of the final good. Moreover, we assume that the
occurrence of new basic knowledge is uncertain and the probability of
success for each agent follows a Poisson distribution whose parameter
depends on the effort of the researcher:

θ xtð Þ ¼ θxt ð4Þ

where xt is the effort and θ N 0 is a productivity parameter. The Poisson
distribution is often used to approximate the probability of rare events
in a given time interval. In particular, this is the case of the literature on
innovation and patent races because these events depend on important
firms' investment in R&D and do not occur frequently (Reinganum,
1989). The same context characterises the world of science where
5 We have assumed a utility function linear in consumption for analytical simplicity,
however this assumption is not relevant for the results we get, since we can obtain the
same results also by assuming an instantaneousutility functionnon linear in consumption.
For example, by assuming u ¼ cð Þ1−η

1−η þ Pð Þ1−η

1−η −D1−η

1−η; with 0 b η b 1, we have results similar to
those obtained with the linear utility function. Proof is available upon request to authors.

6 Since any variable that defines the economy, and therefore the choices made by the
agents, remains constant during each technological era, henceforth we simplify the nota-
tion by omitting the time index t when it is not indispensable.

7 This is a simplifying assumption, since for our results it is sufficient to assume that the
previous innovator bears only a reduction of his prize, after an innovation occurs.
significant advances of knowledge require long lasting efforts of
researchers on ambitious projects.

Business research and science differ significantly because of the
collective nature of scientific research. Indeed, scientific networks see
diffused collaboration among researchers. They share and discuss
ideas that in the community acquire validity as scientific propositions
and are recombined to generate new ideas. The peculiar forms of
information diffusion in basic research bring about important external-
ities. In a companion paper, Carillo and Papagni (2013), we show how
social interactions in science can be the cause of multiple steady-state
equilibria in a model of economic growth. Here, we pursue another
line of research which investigates the effects of prestige and social
reward, another source of externalities, on steady-state growth. Accord-
ingly,we assume that each researcherworks in isolation anddiscoveries
are independent events across individuals. Hence, the aggregate arrival
rate is given by:

Θ ntxtð Þ ¼ θntxt ð5Þ

where xt is the average effort of the researchers' group. This assumption
has the significant consequence that the probability of success of each
researcher does not depend on the effort of other researchers. The
number of researchers in the race is large and there is no strategic
interaction8 among the competitors.

Another important characteristic of the Open Science is the multi-
dimensional nature of the reward system, since it consists of both real
rewards and social rewards assigned by peers. In the following we
explain in greater depth both types of rewards.

2.2.1. Social rewards
Many sociologists of science (Fox, 1983;Merton, 1973) have pointed

out that social prestige is the most substantial part of scientists' total
reward and is one of the main factors leading scientists to do research.9

Social prestige derives, above all, from innovation. Indeed, the prime
motive for which a scientist obtains recognition is for contributing to
the advancement of science. However, as we have already stressed,
scientific races, unlike many other races, do not award second and
third prizes and assign recognition and fame only to the first to make
a discovery (Gaston, 1978).10 The recognition that scientists obtain,
however, is not public acclaim, but rather recognition from their
peers11 which usually takes the forms of citation of their work, the
respect of one's colleagues, honorific awards, titles etc. Coleman
(1990) and Bramoullé and Saint-Paul (2010) noted that to establish
one's social status the opinion of peers is far more valuable than those
of other members of society, since it rests principally on a consensus
within a group. This is even truer in the case of scientists, who consider
the recognition of their peers highly valuable, while underestimating
the opinion of other social groups.12 In a recent study on the determi-
nants of reputation in academe, Hamermesh and Pfann (2012) find
that the major determinant of reputation is the interest that a scholar's
work generates among his/her peers. According to the authors of this
study “these results suggest that generating the respect that influences
the direction of a field, and thus scientific progress, comes from creating
works that are viewed as important.”
9 A reason thatmight explain the importance of such a system of scientists' rewardmay
lie in the need to solve problems posed by externalities which arise in research activity
(Weiss and Fershtman, 1998).
10 As a result, scientists are obsessed with establishing who has “reached the pinnacle
first”, Merton (1957) amply showed how frequent and “hard” have been disputes over
priority in the history of science.
11 Charles Darwin once said, “My love of natural science…has been much aided by the
ambition to be esteemed by my fellow naturalists”, cit. in Merton (1957).
12 David Raup (1986) coined thephrase “saganization” to describe the loss of profession-
al reputation that scientists (such as Carl Sagan) suffer after receiving continuedmassme-
dia attention.
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In order to capture these features of scientists' social reward, we
assume that the social prestige deriving from innovation is awarded
only when a new find occurs. Formally:

PS;tþ1 ¼ P0Rtþ1n
β
tþ1 ð6Þ

where: 0 b β b 1, P0 N 0. According to Eq. (6), the social prestige of a
researcher increaseswith the prestige of science in the society, captured
by parameter P0, with the importance of the discovery, captured by
the parameter Rt + 1, and increases with the size of her/his scientific
community, but at a decreasing rate.

Although the professional prestige deriving from being an innovator
is the main type of social reward for a scientist, it is not the only one.
Another is the reputation deriving from the so called “dedication to
science”, which finds its ‘raison d'être’ in the rules which govern the
institution of Open Science, and includes the idea that science is a
mission to which a scientist is dedicated.13 There are some cultural
and psychological characteristics that are valued for their own sake
and are enough to keep many scientists working hard at their research.
The degree of a scientist's dedication to science contributes to the
formation of her reputation, especially in contexts where scientists are
a group of highly motivated workers. Scientists who work in environ-
ments where there is a strong “science ethos” attach considerable social
esteem to colleagues who put a high level of effort into their job and
devote themselves wholeheartedly to the advancement of science.14

In order to consider this dimension of the social reward, which links
psychological attitudes and group norms, we hypothesize that reputa-
tion deriving from devotion to science interacts with the capacity to
bear a high level of effort by reducing the disutility deriving from it,15

but this reduction occurs only if a researcher employs a higher than
average level of effort. To capture this aspect we assume that the cost
of effort will be:

D xt ; xtð Þ ¼ Rtdxt
1þσ xt

sxt

� �−ϵ
; dN0; s N0;σ N0; ϵN0; ð7Þ

where xt is the average effort of researchers, and (σ− ϵ) N 0.16 In Eq. (7)

we distinguish two components of the cost of effort: the first, dxt
1þσ ,

is the traditional concave relation with x, while the second, xt
sxt

� �−ϵ
,

represents the peer effect for which the pain of effort is reduced by
improvements in the relative comparison with respect to the average
of colleagues' effort. The last effect corresponds to recognition of the
individual in the community because of dedication to science, captured
also by parameter s that approximates the importance of the target
represented by the average effort: greater s means keeping up with
the scientific community is harder.17 It can be thought, changes of this
parameter could be caused by government policies aimed at increase
yardstick competition and researchers' evaluation in science, for exam-
ple by implementing forms of research evaluation that link evaluation
13 Some sociologists of science attribute this scientists' behaviour to the presence of an
“inner compulsion”which exists even in the absence of external reward. Indeed, this ap-
proach has been called the “sacred spark” theory (Cole and Cole, 1973). In a similar vein,
Mary Frank Fox (1983), a sociologist of science, notes that “productive scientists, and em-
inent scientists especially, are a strongly motivated group of researchers…and have the
stamina or the capacity to work hard and persist in the pursuit of long-range goals”
(1983, p. 287).
14 Crane (1965) reports that the social environment (college, department, etc.) is crucial
in determining norms, values, attitudes and style of work of scientists.
15 This hypothesis is confirmed by empirical data on scientists (e.g. Cole and Cole, 1967),
which suggests that in general they are highly absorbed, committed and strongly identi-
fied with their work and are able to work hard and to persist in a line of research even if
the results are uncertain and long-term (see also Aghion, Dewatripoint and Stein, 2008).
16 The last hypothesis ensures the utility function is concave with respect to x.
17 This assumption is not necessary in order to obtain themain results of the paper. Also
amore simpler and standard convex cost function gives the same qualitative results. How-
everwe have assumed this particular form since it better captures the influence of peer ef-
fects that could be relevant in determining the capacity to bear a high level of effort.
to high reference standard or by enhancing the peers' pressure, or
they can be the outcome of sociological modification of preferences
for effort in research, that signify amore favourable disposition towards
competition among scientists. Disutility increases with existing knowl-
edge Rt because scientists need to learn the existing knowledge to do
research, and this task becomes harder as Rt increases. The parameter
d captures factors which make research more unpleasant as effort
increases, finally parameter σ is the elasticity of marginal disutility of
effort.

2.2.2. Real rewards
In addition to social rewards, scientists find incentives from real

rewards as well. These often consist of higher salary, monetary awards,
royalties, consulting and speaking fees, which can be considered as
prizes for new finds. There is substantial evidence that scientists'
income is related to their productivity. Fulton and Trow (1974), for ex-
ample, found that publications “sharply enhance scientists' chances of
high salary and earnings outside the universities”. Diamond (1986), in
his study on mathematicians employed at Berkeley, saw that salary
was positively related to productivity, while Tuckman (1976) found
the same relation between publications and financial awards for
academic engineering and physics.

In addition to this, the scientist's income also includes a component
that is not strictly related to success in research.18 In order to capture
these important characteristics of scientists' incentive schemes, we
assume that each researcher receives a real prize mt + 1 if he/she pro-
duces new knowledge and a fixed salary Ft, not related to innovation
and obtained just for entering the science sector.

Following the literature on Schumpeterian, we assume creative
destruction in science: both prizes – real and social – last until a discov-
ery produces new knowledge and a new technology, Rt + 1. Creative
destruction lies at the core of the Schumpeterian growthmodels. The in-
novative process is represented as a race between firms competing for a
patent that ensures a monopoly over the profits from innovation.
Drastic innovations bring about economic dynamics where today
monopolist is replaced by the next innovative firm, while under incre-
mental innovations both firms share the market. Hence, the return
from an innovation does not last forever but is reduced to zero because
of the success of other innovative firms. Several features of the world of
academic research seem coherent with creative destruction. Indeed,
one of the most important reward of a scientist is peer recognition.
This can be reliably measured by the number of citation of a paper. In
the bibliometric literature, the typical citation life-cycle pattern shows
a growing trend followed, after a peak, by a steady fall. A recent paper
by Larivière et al. (2008) analyses the obsolescence of scientific litera-
ture over more than 100 years: 1900–2004. According to this study,
the median age of cited literature in the fields of natural sciences, engi-
neering, and medicine is lower than 10 years. Interestingly, in the last
fifty years the age of cited publications has risen. Evidence of a decline
of citations of articles in the field of economics comes from McDowell
(1982) and Aizenman and Kletzer (2011). Commenting the findings of
their paper, Aizenman and Kletzer write “The gradual decline in
citationswith age fits the exhaustion of opportunities to use the paper's
content in original ways or the role of creative destruction as the ideas
or techniques in the paper are superseded”.

2.2.3. Optimal effort in research
Researchers engaged in the race of period t – who did not win the

previous race19 – choose effort xt to maximize the expected value of
the total net reward in terms of utility. Indeed, thewinner of the contest
18 Often this salary is connected with some other activity not directly linked to research
(for example teaching).
19 The winner of the (k− 1)th race has a different incentive to participate in the kth race
since he/she would replace himself. Below, we will show that he/she prefers not to enter
the present race.



20 Equilibrium in the market for consumption goods is assured by the equality of de-
mand and supply. Indeed, every agent spends his/her income on consumption. Income in-
cludes both revenues from work (researcher salary, Fk, wage, wk, research prize,mk) and
rents from the fixed factor Z, which are a share (1− α)Yk of total income.
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is awarded both a real prize (mt + 1) and social reward (Pt + 1). The
winner scientist spends the prize mt + 1 on consumption goods, while
prestige directly increases his/her utility. Both forms of reward are
gained after new knowledge is produced and therefore are enjoyed in
the period t+1. Denote with Vt + 1 the value of the increase in satisfac-
tion that accrues to the scientist who makes a discovery. Then:

Vtþ1 ¼
Z ∞

ν0

e− rþθntþ1xtþ1½ � ν−ν0ð Þ mtþ1 þ PS;tþ1

� �
dν; ð8Þ

where r is the intertemporal preference rate.
The agent who joins the science sector earns a salary Ft independent

of the outcome of the race. Hence, the expected intertemporal flow of
utility that derives from participating in the tvh race in the research
sector is given by:

US;t ¼
Z ∞

ν0

e− rþθntxt½ � ν−ν0ð Þ θxtVtþ1 þ Ft−D xtð Þ� �
dν

¼ θxtVtþ1 þ Ft−D xtð Þ
r þ ntθxt

:

ð9Þ

Given the above assumptions, a scientist does not adopt a strategic
behaviour, meaning that he/she does not consider the effect of his/her
effort on the arrival rate of discoveries in the economy ntθxt . The value
of effort that maximizes the total expected net benefits Us,t deriving
fromparticipation in a race satisfies the followingfirst order equilibrium
condition:

θVtþ1− 1þ σ−ϵð ÞD xtð Þ−1 ¼ 0: ð10Þ

According to Eq. (10), each researcher chooses the optimal value of
effort by equating the expected discounted marginal utility of one
more unit of effort to the marginal disutility that derives from effort.

2.3. The consumption good sector

For the sake of simplicity, we make two further assumptions: work
in the goods sector does not produce any social prestige; the disutility
of work is constant and we normalize it to zero. Hence, the utility
function of this category of workers is: uy,t = cy,t.

Workers in the consumption sector receive technology from
academic research at no cost, but they pay taxes on wages that the
state uses tofinance basic research. Considering the production function
Eq. (2) and the hypothesis of perfect competition, profit maximization
yields wages in the consumption good sector given by:

wt ¼ 1−τtð ÞαRtl
α−1
t ð11Þ

where τt ∈ (0, 1) is the tax rate.

2.4. The public sector

To finance production of knowledge by the research sector, the state
levies taxes Tt on the consumption sector. Wages of workers in the
consumption good sector are taxed according to a flat rate:

Tt ¼ τtαYt ; ð12Þ

with τt ∈ (0, 1).
Our hypothesis on scientists' real reward implies that the public

expenditure for the science sector is made of two components: the
amount of real income awarded only to those who win a scientific
discovery contest, and the fixed real income that does not depend on
the outcome of scientific races.
Hence, the state's budget constraint is:

mt þ Ftnt ¼ τtαYt : ð13Þ

Given tax revenues, the state applies the following simple rule to
assign these resources to the two forms of real reward of scientists:

mt ¼ τ1αYt ; ð14Þ

Ft ¼ τ2αYt ; ð15Þ

with τ1∈ (0, 1) and τ2∈ (0, 1). Hence, τt= τ1+ ntτ2, where τ1 and ntτ2
represent the shares of private income that go to finance respectively
the prize of scientific races and the fixed salary of researchers.

3. Equilibrium dynamics of the model economy

3.1. Equilibrium

The timing of themodel is as follows. At the beginning of each tech-
nological age t the state sets up a contest in research and announces the
prizemt + 1 to be awarded to the winner. Individuals choose the sector
of employment: research or good production. Scientists choose the
amount of effort they will devote to research. Firms operate in compet-
itive markets where they hire the non-researcher workers and produce
and sell a consumption good.20 The government collects taxes from
workers' wages and pays researchers a fixed salary and the prize
to the innovator scientist. Age t lasts until an innovation occurs. At age
t + 1 the economy is endowed with a better technology Rt + 1 and the
agents revise all their decisions accordingly. Hence, the economy
grows with a pace that depends on the uncertain time of innovation
in science. Given individual choices, equilibrium in this model economy
depends on the allocation of workers in the two sectors:

nt þ lt ¼ 1: ð16Þ

This decision involves any worker who evaluates the maximum
expected utility he/she could attain working in research with that in
good production and joins the sector with the greater incentive. As far
as the choice of the innovator in the (t − 1)th race is concerned, we
can prove the following:

Lemma1. Thewinner of the previous (t− 1)th race does not participate in
the tth race because he/she finds a greater incentive joining the other sector.

Proof. See Appendix A.

For the rest of the agents in the economy, the incentive to work in
good production during the technological age t is given by the expected
intertemporal flow of utility from consumption, Uy,t, given by:

Uy;t ¼
Z ∞

ν0

e− rþθntxt½ � ν−ν0ð Þwt ¼
wt

r þ ntθxt :
ð17Þ

Since individuals can choose to participate in the labour market
either as workers in the consumption sector or as researchers in the
science sector, in equilibrium the maximum expected utility yielded
by the two types of activity should be the same. From Eqs. (9), (10)
and (17) we have the following equilibrium condition for the labour
market:

θxtVtþ1 þ Ft−D xtð Þ ¼ wt ð18Þ



Fig. 1. The marginal benefit curve with and without social prestige.
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which yields the equilibrium value of employment in research nt. Since
individuals are homogeneous, equilibrium will be symmetric, which
implies xt ¼ xt .

3.2. Dynamics and equilibria

Eqs. (10), (16) and (18) characterise the equilibrium of this econo-
my. From these equations, after some algebra,we obtain amonotone in-
creasing function of employment in science with respect to effort given
by:

nt ¼ 1−x
α−1
1þσ

t B
1

1−α ð19Þ

where B ¼ α 1−τ1−τ2ð Þ
sϵd σ−ϵð Þ .21

We have obtained a first interesting result: in equilibrium there is a
positive relation between the two dimensions of the research sector,
number of researchers and effort. The intuition of this result is quite
simple, when there is a large number of researchers, in order to win
a race a single scientist has to employ more effort, because the compe-
tition among scientists becomes fiercer.

A consequence of Eq. (19) is that equilibrium dynamics of themodel
can be represented by a difference equation in xt since the dynamics in
nt follow from those in xt. Indeed, the system given by Eqs. (16), (18)
and (19) provides the following implicit difference equation that
summarises the equilibrium dynamics of the economy:

Ψ x xtþ1
� 	 ¼ Ωx xtð Þ; ð20Þ

where

Ψ x xtþ1
� 	

≡
θγ ατ1B

α
1−αxtþ1

α 1þσð Þ
α−1 þ P0 1−B

1
1−αxtþ1

1þσð Þ
α−1

� �βh i
r þ θxtþ1 1−B 1

1−αxtþ1
1þσð Þ
α−1

� � ;

Ωx xtð Þ ≡ sϵd 1þ σ−ϵð Þxσt :

The function Ψ x(xt + 1) can be considered the marginal benefits
derived from greater effort of a scientist. While Ω x(xt) stands for the
marginal costs of the same choice. The shape of these functions depends
on the structure of the incentive scheme that we introduced, and in
order to study the dynamics of the model, we need a complete charac-
terisation of both functions, thatwe summarise in the following lemma:

Lemma 2. The function Ψ x(xt + 1), defined for xtþ1∈ B
1

1þσ ;∞
h �

, assumes

non-negative values and is continuous. It is shaped like an inverted U
with a first branch increasing and then decreasing. In the increasing branch,

the second derivative is negative. Moreover,Ψ x(xt + 1) takes the following
two limit values:

lim
xtþ1→B

1
1þσ

Ψx xtþ1
� 	 ¼ αθγτ1

r
;

lim
xtþ1→∞

Ψx xtþ1
� 	 ¼ 0:

The functionΩx(xt), defined for xtþ1∈ B
1

1þσ ;∞
h �

, assumes positive values

and is continuous. It is monotone increasing and concave in xt and takes
limit values:

lim
xtþ1→B

1
1þσ

Ωx xtð Þ ¼ dsϵ 1þ σ−ϵð ÞB σ
1þσ ;

lim
xtþ1→∞

Ωx xtð Þ ¼ þ∞:
21 This equilibrium relation implies n ≥ 0 if x≥B
1

1þσ .
Proof. See Appendix A.

As might be expected, the innovative structure of incentives in
science that we introduce greatly affects the relation between benefits
and size of effort in research. In Fig. 1 we represent marginal benefits
curves in the presence of prestige deriving from an innovation –

Ψ x(xt + 1) – and in its absence – ΨNP(xt + 1). As shown by the lemma,
the marginal benefits curve Ψx(xt + 1) has an inverse U shape. While,
in the absence of social reward, the curve will always be decreasing
and it is always beneath the marginal benefits curve in the presence
of prestige. At the extreme values of xt + 1 the two curves have the
same value. The inverted U shape of themarginal benefits curve derives
from the interplay of two effects with different sign. On the one hand,
greater effort goes alongwith an enlarged science sector and this causes
increasing prestige obtainable from a discovery. On the other hand, an
increasing value of effort from future researchers reduces the real
reward obtainable from a new find and the period during which both
benefits deriving fromdiscovery last. The latter effect implies a negative
relation between current effort and future effort. The function of
marginal cost of effort is always increasing because greater xt implies
greater nt and a positive effect on theworkers'wage in the consumption
sector, which is the alternative sector.

From the proof of Lemma 2 it can be verified that: ∂Ωx xtð Þ
∂xt ≠0. Hence,

we can apply the implicit function theorem to Eq. (20) and write the
difference equation:

xt ¼ Γ x xtþ1
� 	

; B
1

1þσ ≤x≤∞; ð21Þ

which, given the relation Eq. (19), summarises the dynamics of equilib-
rium of the economy under the assumption of perfect foresight.22

Indeed,we define a dynamic equilibriumwith perfect foresight as an in-
finite sequence of scientists' employment {n0, n1,. nt …} and scientists'
effort {x0, x1,.. xt …} that satisfy Eqs. (19) and (22).

From lemma (2), it seems clear that function xt = Γ x(xt + 1) has an
inverse U shape, as Fig. 2 shows. The difference equation can be
characterised by one or two rest points (Fig. 2), and it can intersect
the 45° line bothwhen the curve is increasing andwhen it is decreasing.
Of course, the two curves may not intersect at all, and in this case equi-
librium implies nil research and economic growth. See Fig. 3.
22 Since ∂Θn nkð Þ
∂nk

≠0 also holds, a similar difference equation in nk can be defined: nk =
Γn(nk + 1).



Fig. 2. The dynamics of equilibrium effort. The case of a unique equilibrium.
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Also, apart from stationary points, the difference Eq. (21) should
allow rich dynamics, e.g. cycles. However, we restrict our investigation
to steady states because they represent equilibria that contain many of
the interesting results of the model. A steady state is defined as the
value of x such that x = Γx(x). Stability properties of such stationary
points will be analysed in terms of their local forward perfect foresight
dynamics. We summarise the cases that we investigate in the following
proposition:

Proposition 1. By solving the difference equation xt= Γx(xt + 1),we have
three possible equilibrium configurations:

1) If αθγτ1
r Ndsϵ 1þ σ−ϵð ÞB σ

1þσ , then the system may have one rest point x⁎,
n⁎. This equilibrium point is locally stable in the forward dynamics if
it occurs in the decreasing section of the Γ x(x) curve and the condition
Ψx

x(x∗) + Ωx
x(x∗) b 0 holds. In this case xt and nt converge to x⁎ and

n⁎ non-monotonically.
Fig. 3. The dynamics of equilibrium effort. The case of multiple equilibria.
2) If αθγτ1
r b dsϵ 1þ σ−ϵð ÞB σ

1þσ , then the system has two stable equilibria:
(xl, nl) and (xh, nh). (xl, nl), occurs in the increasing section of the
Γ x(x) curve and is locally stable in the forward dynamics. (xh, nh) is lo-
cally stable in the forward dynamics if it occurs in the decreasing section
of the Γ x(x) curve and the conditionΨx

x(x∗) + Ωx
x(x∗) b 0 holds. While

convergence to (xl, nl) is monotone, that towards (xh, nh) is non-
monotone.

3) The two rest points are characterised by the following relations: xh N xl

and nh N nl.

Proof. In Appendix A. ■

In the first case of Proposition 2 there is one stable equilibrium
which occurs when the growth potential of the science sector is
completely exploited. In fact, in this context, the steady state will be
locally stable only if it occurs when the relationship between xt = 1

and xt becomes negative and, hence, it occurs when the prestige effect,
although it has contributed to the development of the sector by raising
the marginal benefits in the first stages, becomes so weak that it does
not counterbalance the creative destruction effect.

The second case is characterised by the existence ofmultiple equilib-
ria. This result is due to the non-monotonic shape of the marginal
benefits curvewhich derives from social prestige awarded by the scien-
tific community to the winner of a race.23 Hence, even if the effect of
prestige introduced in agents' preferences contributes strongly to the
development of science, it causes the emergence of multiple equilibria:
one equilibrium (nl, xl), characterised by low values of n and x, which
occurs when the science sector has still unexploited growth potential;
another equilibrium (nh, xh), with high values of both n and x, occurs
in the decreasing section of the marginal benefits curve. This latter
rest point has the same qualitative characteristics as the rest point
that emerges in the case of the unique equilibrium.24 In the low equilib-
rium(nl, xl), the research sector is small, scientists have lowproductivity
and there is scant investment in knowledge advances, hence it seems to
aptly describe the science sector in the less developed countries. The
opposite picture derives from the model at the high equilibrium
(nh, xh). This describes an economy with a large academic community,
whose incentive structure shows high social prestige awarded to scien-
tists for their discoveries. The science sector is very productive and can
transfer new knowledge rapidly to the sector of goods production
which becomes very efficient. In this state of equilibrium, creative
destruction is strong.
23 This type of social prestige is captured by parameters P0 and β.
24 Hence we will refer below to both nh, xh and n⁎, x⁎ with the notation nh, xh.

image of Fig.�2
image of Fig.�3
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In order to complete the characterization of the model at steady
states we have to focus on the growth rate of aggregate output. Growth
proceeds over time according to a stochastic processwith leaps in scien-
tific and technological knowledge. At steady states the expected growth
rate of goods production may be derived as follows:

g ≡ E lnYν−lnYν−1ð Þ ¼ ln γð Þθxn: ð22Þ

According to Eq. (22), the growth rate depends positively on the
number of researchers and on their level of effort. Hence the two
types of equilibria can also be distinguished by the growth rate: low at
low equilibrium and high at high equilibrium. In this respect the low
equilibrium may be interpreted as a low development trap.

4. Comparative statics

As we have seen in the previous section, given the shape of the
marginal benefit curve, a sufficient condition for the emergence of
multiple equilibria is αθγτ1

r −dsϵ 1þ σ−ϵð ÞB σ
1þσb0 . Hence, changes in

parameters that reverse the sign of the above inequality, may cause a
shift from an equilibrium configuration with multiple equilibria, to a
configuration where the only possible stable equilibrium is the high
one. At this regard, we can show that:

Proposition 2. An increase in real reward parameters τ1 and τ2,
sufficiently large to modify the sign of the following condition: αθγτ1

r −dsϵ

1þ σ−ϵð ÞB σ
1þσ b0, causes a shift from an equilibrium configuration with

multiple equilibria, to an equilibrium configuration where the only stable
equilibrium is the high one. Among these parameters, the monetary prize
which remunerates the attainment of an innovation (τ1) is the most
effective one.

Proof. See Appendix A. ■

A policy indication that follows from the above proposition is that if
the economy is trapped in the low equilibrium, a strong increase of
scientists' real rewards is very effective in order to escape from low
science equilibrium. However, a rise in the innovation reward para-
meter (τ1) can be particularly effective.

Nevertheless, the effectiveness of principal parameters of the model
economy must be evaluated by considering also their effects when
changes are only marginal and leave the economy in a neighbourhood
of the same type of steady state. At this regard, we analyse first the
case of low equilibrium. The results are summarised in the following:

Proposition 3. Let us consider the case of low equilibrium (xl, nl);

1) Positive changes in social reward parameters P0, and β have negative
effects on the level of effort, on the number of researchers, and on the
average growth rate of real output;

2) Positive changes in real reward parameters τ1, and τ2 have negative
effects on the level of effort, on the number of researchers and on the
average growth rate of real output;

3) Positive changes in parameter s have positive effects on the number of
researchers, while the effects on the level of effort will be positive if the
increase in the number of researchers, following a rise in s, is large
enough (i.e. ∂n

∂s N
ϵ

s 1−αð Þ). In this case the effect on the average growth
rate is positive.

Proof. In Appendix A. ■

Proposition 3 provides a support for the view of low equilibrium as a
low development trap, since it shows that in this case changes which
are only marginal in some policy instruments might fail (Azariadis and
Stachurski, 2005). Indeed, marginal increases both in social prestige
awarded to innovative researchers (P0 and β) and in their real rewards
(τ1 and τ2) have negative effects on both dimensions of the research
sector: the number of researchers and the level of effort.
These effects can be explained by considering that an increase in the
reward for an innovation can also be used by scientists to increase the
utility by reducing the level of effort employed in the research activity.
This reduction can be explained by a sort of income effect, for which a
researcher prefers to reduce the effort supply when the revenue of
research increases. Given the positive strategic complementarity
between the number of researchers and the level of effort, this reduc-
tion may cause a reduction also in the number of researchers.

To better understand this aspect, let us refer to Eq. (19), the deriva-
tive of the number of researchers with respect to the principal parame-
ters is:

∂nt

∂z ¼ ∂B
∂z xx þ

1−α
1þ σ

B
1

1þσ
∂xt
∂z ≷ 0;

with z = P0, τ1, τ2, β. The first term, which captures the direct effects of
parameters on the number of researchers, is always positive and is higher
when the level of effort is higher, while the sign of the second term de-
pends on the effect of changes in the level of effort (indirect effect), and
is negative. The latter overcomes the first term in the low equilibrium.
Hence the derivative with respect to P0, τ1, τ2, β parameters is negative.

In the same way, it can be justified that in this equilibrium only a
strengthening of the reputation deriving from a dedication to science
motive has a positive effect on the level of effort and on the number of
researchers. This can be obtained by increasing interactions among
researchers, in order to raise the peer effect, and/or by strengthening
researchers' accountability (in our model both policies are captured by
an increase in the s parameter). Greater interactions may be obtained
for example by promoting researchers' mobility, while greater account-
ability can be obtained by introducing yardstick competition among
researchers, as what occurs through assessment exercises. However,
such policies are difficult to implement, since they involve changes in
the organization of the research activity. It is interesting to note that
Aghion et al. (2010) reach similar results by analysing empirically the
differences among scientific productivity of European countries and
the United States.

A different picture of comparative statics effects of parameter
changes derives from the model at high equilibrium. The results are
summarised in the following:

Proposition 4. Let us consider comparative statics at high steady state
(xh, nh). Then:

1) Positive changes in parameters Po and β have positive effects on the
level of effort, on the number of researchers and on the average growth
rate of output;

2) Positive changes in parameters τ1 and τ2 have positive effects on the
number of researchers, while these have ambiguous effects on the
level of effort. In these cases, the consequences on the average growth
rate are indeterminate;

3) Positive changes in parameter s decrease the number of researchers, the
level of effort and the average growth rate of output.

Proof. In Appendix A. ■

Proposition 4 highlights the fact that, in high equilibrium, changes in
parameters P0 andβ, specific to the social reward given to the innovator,
have a positive impact on both dimensions of the science sector: size
and effort, while strengthening dedication to science reduces the
number of people that may join this sector and their level of effort. At
this regard, it should be considered that in the high equilibrium effort
is already high. Since themarginal effect of s ondisutility is an increasing
function of x:

∂D
∂s ¼ dx 1þσ−ϵð Þ

t x ϵ
t ϵs

ϵ−1
;



Table 2
Simulated effects of parameters τ1, τ2, on endogenous variables at high steady state.

nh xh gh

τ1 = 0.2 0.396 3.884 9.354
τ1 = 0.25 0.508 3.689 11.399
τ1 = 0.3 0.625 3.502 13.314
τ2 = 0.4 0.396 3.884 9.354
τ2 = 0.45 0.495 3.668 11.045
τ2 = 0.5 0.608 3.469 12.830

26 The growth of Big Science started in the 1930 in theUSA to copewith problems of pro-
viding hydroelectric power, but itwas afterWorldWar II that it grew rapidly and spread to
all western countries, even if the United States was the power-house behind this process.
Its main features are large scale, which is large not only with respect to science, but also
with respect to the economy, and the major involvement of public finance (Galison and
Hevly, 1992). Themost famous examples of Big Science research projects are theManhat-
tan Project, Cape Canaveral Rocketry, the European Centre for Nuclear Research (CERN),
and, more recently, the Human Genome Project.
27 Cotgrove (1970) noted that “Big science offers increasing incentives in the shape of
pay, status and power. But itmay no longer attractmainly thosewhopreviously embraced
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the effect of greater competition in the scientific community should be
strong and could bring about a reduction of effort and employment in
research.

Different outcomes derive from variations in real rewards parame-
ters, since their increase will raise the number of scientists, even if
the effects on the level of effort are indeterminate. Summing up, in
the case of high equilibrium, social reward deriving from innovation
strongly contributes to the development of the science sector. Also
real incentives increase the number of scientists, but have ambiguous
effects on the level of effort.

An answer to the question of indeterminate sign of some com-
parative statics effects on gh in the high equilibrium can be obtained
by a simulation of the model, whose results are presented in Table 2.25

The above simulations show that at the high equilibrium the two tax
rates may have positive effects on growth, even if they have negative
effects on the level of effort. Accordingly, at high growth steady state,
policies aimed at increasing real benefits deriving from research can
contribute positively to economic growth.

4.1. Comparison of theoretical results with empirical evidence

Themain result of our analysis is that the institution of Open Science,
by bearing on a social reward positively linked to the size of science,
introduces a sort of “market size” effect in the scientific reward. This
allows a rapid growth of science and a rapid accumulation of new scien-
tific knowledge, after science has reached a critical size, but at the same
time it can cause large inequalities among different scientific sectors.
The evidence on the international distribution of science showing
persistent and marked differences across countries is in accordance
with our theoretical results. Our case of low equilibrium may represent
countries with some degree of development, but a long way from the
technological frontier. Data reveal that in such economies, a minority
of the population works in academia, and its marginal position in the
international scientific community brings about low prestige deriving
from an innovation (Drori, 1993). By contrast, our high equilibrium
may represent economies which are close to the technological frontier
and have a well-developed science sector.

Another result of our model is that real incentives could work well
in the high equilibrium, but may have perverse effects in the low
equilibrium. In order to find empirical confirmation for this result, we
estimate the relation between science productivity and research expen-
ditures, by using data on research expenditure on GDP (GERD) and the
number of articles and of researchers in academic and government
institutions for 76 countries in the period 1995–2009 drawn from
UNESCO. From our theoretical results we would expect a non-linear
relation between the two variables, showing persistent low productivi-
ty in countries which invest less real resources in science and high
productivity in those countries most involved in research. Indeed, in
Fig. 4 we present the results of the non-parametric regression of the
log of the number of articles per researcher on the log of GERD. The
local linear estimate in Fig. 4 shows a U-shaped relation between the
25 We performed model simulations by assuming the following values of parameters:
θ= 0.15; γ = 1.5; α = 0.7; β = 0.5; r = 0.1; s = 0.5; τ1 = 0.2; τ2 = 0.4; σ = 0.4;
d=0.6; P=2.4; ϵ=0.2. In this case, themodel produces twopositive rest points that satisfy
conditions for local stability.
two variables. This result highlights significant difficulties suffered by
countries with low involvement in basic research in improving their
productivity: when GERD is lower than a threshold, greater investment
has negative effects on productivity. On the other hand, the same
relation works well in countries where GERD has reached a value
sufficient to trigger a virtuous process in basic research.

Our results find confirmation not only from the cross-countries
empirical evidence, but also from the evolution of science in the last
century. The two equilibria we have found seem to aptly describe the
two types of science organizations which alternated in the last century
in more industrialized countries, named Little Science and Big Science.
The former characterised the first stages of science development during
the 18th and 19th centuries, while the latter characterised the science
sector, after the Second World War, particularly in the USA (Price de
Solla, 1963;Weinberg, 1967).26 According to sociologists and historians
of science, Little Science and Big Science differ not only in the size and in
productivity of the science sector, low in thefirst and high in the second,
but also in motivations and in the behaviour of scientists. According to
Cole and Cole (1967, 1973), in Little Science, researchers usually take
part in the so called “Invisible Colleges” (Crane, 1972; David, 1998b)
characterised by strong interactions among researchers and strong
peer pressure, and have as a major motivation for doing research, the
so called “sacred spark”, a sort of inner compulsion that ensures total
dedication of researchers to the advancement of science (Fox, 1983).
By contrast, in Big Science people are attracted mainly by high prestige
and pay derived from being an innovator, but they give less importance
to their peers' reputation stemming from dedication to science27 Also
Box and Cotgrove (1966), and Cotgrove (1970)find empirical confirma-
tion of this change in the reactiveness to different types of reward. Ac-
cording to Cotgrove (1970) scientists can be classified in three groups:
a first group of scientists for whom recognition from innovation is of
major importance; a second group of scientists who uses their skills in-
strumentally as ameans of achieving non-scientific rewards, and a third
groupwhich “…differs from the first group of scientists only in that they
do not attach importance to publication but gained their satisfactions
from practising science and from recognition of colleagues” (Cotgrove,
1970, p. 4). Box and Cotgrove (1966) find empirical evidence that the
third group of scientists is more present when the science sector is in
the initial stage of its development (Little Science), while in Big Science
the first group is more present. Further indirect empirical evidence of
the greater importance of prestige reward given for innovation in Big
Science stems from the fact that in recent decades in the most devel-
oped countries there has been a large increase in the number of scientif-
ic awards. Zuckerman (1992) observes that this proliferation especially
concerns scientific disciplines that were previously excluded from the
established prestigious scientific awards (such as the Nobel Prizes)
and begins when they become more important.28

This picture is quite consistent with our comparative static results,
according to which in the high equilibrium rewards that award innova-
tions are highly effective for enlarging academia and economic growth,
while in the low equilibrium, the same aim can be reached through a
the role of science as a source of personal emotional gratification. Moreover, the pleasure
to be boughtwith higher incomesmay seduce the scientists from themonastic devotion to
the pursuit of knowledge” (p. 9, 1970).
28 According to Zuckerman (1992), in North America in 1990, there were 3000 scientific
awards, five times more than thirty years before.
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strengthening of the dedication to science motive, by increasing inter-
actions among researchers, and/or the researchers accountability.

5. Conclusions

In this paper we put forward a model of basic research and long-run
economic growth in which the system of incentives to scientific work
heavily relies on social rewards and may produce positive feedbacks
and traits of increasing returns in scientific production. In the model
presented here the state finances production of new knowledge – a
public good that improves firms' technology – with resources taken
from the private sector. Scientists compete with one another to attain
priority over a discovery and be awarded both a real prize and prestige
in the scientific community. Also, scientists derive utility from doing
research. The dynamic of the model economy shows that two locally
stable stationary equilibria can be obtained. These equilibria may
explain the huge differences existing between scientific sectors of less
developed and more developed countries, and the evolution of modern
science in the last century. From this model we can also gain some
useful insights on which policies are more effective at increasing the ef-
ficiency of the science sectors both inmore and less developed countries
and at reducing the gap between the two.

Appendix A

A.1. Proof of Lemma 1

We prove this proposition by showing how the previous innovator
has a greater incentive to join the good production sector rather than
research. Let us distinguish between the scientistwhomade a discovery
in age t − 1 and the rest of the participants in the tth scientific contest.
The incentive of the first category of researchers to enter the tth race is
given by:

Uv
S;t ¼

θxvt Vtþ1−Vt

� 	þ Ft−D xvt
� 	

r þ ntθxt

where the superscript v refers to the winner of the previous race. This
researcher would get from winning the present race a prize Vt + 1 but
he/shewould lose Vt. The choice of the sector depends on themaximum
expected utility attainable in each alternative. His/her optimal value of
effort is:

xvt ¼
θ Vtþ1−Vt

� 	
d 1þ σ−ϵð ÞRts

ϵxt
ϵ


 � 1
σ−ϵ

:

By substituting the optimal effort function in US,t
v , we get the maxi-

mumexpected utility that the previous discoverermight obtain onwin-
ning the present race:

eUv
S;t ¼

θ Vtþ1−Vt

� 	� �1þσ−ϵ
σ−ϵ 1

d 1þ σ−ϵð ÞRts
ϵxϵt


 � 1
σ−ϵ σ−ϵ

1þ σ−ϵ
þ Ft

r þ ntθxtÞ:ð

On the other hand, the rest of the participants in the scientific
contest expect from winning the race an increase in utility equal
to:

Ue
S;t ¼

θxet Vtþ1 þ Ft−D xet
� 	

r þ ntθxt
;

where the superscript e distinguishes effort specific to this kind of
scientist. Winning the race, they lose nothing, hence have a greater
incentive to participate. When the optimal effort is chosen, the maxi-
mum incentive is given by:

eUe
S;t ¼

θVtþ1
� 	1þσ−ϵ

σ−ϵ 1
d 1þ σ−ϵð ÞRts

ϵxt
ϵ


 � 1
σ−ϵ σ−ϵ

1þ σ−ϵ
þ Ft

r þ ntθxtÞ:ð

The occupational choice of agents at the beginning of the tth age sat-
isfies the equilibrium condition:

eUe
S;t ¼ Uy;t ¼

wt

r þ ntθxtÞ;ð

from which the inequality:

eUv
S;t bUy;t

follows. Here, the proof is complete: at the beginning of the tth age, the
innovator prefers working in the good production sector.

A.2. Proof of Lemma 2

In this proof we take advantage of the possibility of representing the
dynamics of the economy in a difference equation of nt. We prove this
lemma first by characterising the shape of the function Ψ n(nt + 1)
and then we obtain the derivatives ofΨx(xt + 1) using the relation nt ¼
1−x

α−1
1þσ

t B
1

1−α . In particular, Ψn(nt + 1) is the function:

Ψn ntþ1
� 	

≡
θγ ατ1 1−ntþ1

� 	α þ P0n
β
tþ1

h i
r þ θntþ1 1−ntþ1

� 	α−1
1þσB

1
1þσ :

By considering the first derivative of the marginal benefits function
with respect to nt + 1, we have:

∂Ψn ntþ1
� 	

∂ntþ1
⋛ 0⇔βP0n

β−1
tþ1 −τ1α

2 1−ntþ1
� 	α−1r þ

−θP0n
β
tþ1 1−ntþ1

� 	α−1
1þσB

1
1þσ 1−β þ 1−α

1þ σð Þ 1−ntþ1
� 	 α−1ð Þ

1þσ −1B
1

1þσ

� 
þ

−τ1α 1−ntþ1
� 	α−1

1þσB
1

1þσθ 1−ntþ1
� 	α−1

1þ σ
1þ σ−ntþ1σ 1−αð Þ� �

⋛ 0:

This expression is composed of a positive term – the first, which is
decreasing in nt + 1 and for nt + 1ϵ(0, 1) assumes values from + ∞ to
βPor – and of three other terms, all negative, whose absolute values
are increasing in nt + 1 and tend to − ∞ for nt + 1 = 1. This means
that for nt + 1ϵ(0, 1) the above expression is first increasing and then
decreasing with one stationary point.

To check the concavity of the increasing section of the marginal
benefits function, we consider the sign of its second derivative with
respect to nt + 1. In this respect we have:

∂2Ψn ntþ1
� 	

∂ntþ1∂ntþ1
⋛ 0⇔

− 1−αð Þα2τ1 1−ntþ1
� 	α−2 þ 1−βð ÞβP0n

β−2
tþ1

h i
r þ θntþ1 1−ntþ1

� 	α−1
1þσB

1
1þσ

� �
þ

− ατ1 1−ntþ1
� 	α þ P0n

β
tþ1

h i
−2θ

1−ntþ1
� 	α−1

1þσB
1

1þσ þ ntþ1
∂xtþ1

∂ntþ1

r þ θntþ1 1−ntþ1
� 	α−1

1þσB
1

1þσ

� � ∂Ψn ntþ1
� 	

∂ntþ1
⋛ 0:

This expression is composed by three terms which are all negative.
Also the last term is negative in the increasing section of the marginal
benefits curve. Hence, we are sure that in this section the second
derivative assumes negative values and the curve is concave.

The two limit values of themarginal benefits function can be trivially
derived from an inspection of the marginal benefits function.
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We can use these results to prove the lemma in the case of the func-
tionΨ x(xt + 1). Indeed, let us define the function

nt ¼ 1−x
α−1
1þσ

t B
1

1−α ¼ f xtð Þ:

Then, applying the chain rule of differentiation, we have:

∂Ψx xtþ1
� 	

∂xtþ1
¼ ∂Ψn ntþ1

� 	
∂ntþ1

∂ f xtð Þ
∂xt

;

and

∂2Ψ x xtþ1
� 	

∂xtþ1∂xtþ1
¼ ∂2Ψn ntþ1

� 	
∂ntþ1∂ntþ1

∂ f xtð Þ
∂xt

� �2

þ ∂Ψn ntþ1
� 	

∂ntþ1

∂2 f xtð Þ
∂xt∂xt

:

Since ∂ f xtð Þ
∂xt N 0, and ∂2 f xtð Þ

∂xt∂xt b 0, the sign of the first derivative ofΨx(xt + 1)
is the same as that of Ψn(nt + 1), while in the increasing section of
Ψ x(xt + 1) the second derivative is negative like that of Ψ n(nt + 1).
The function Ω x(xt) is a simple concave function.

The two limit values of themarginal benefits function can be trivially
derived from an inspection of the function.

A.3. Proof of Proposition 1

The proof of Proposition 1 follows from a characterisation of the
dynamics of nt which is embedded in the difference equation nt =
Γn(nt + 1) that can be derived by applying the implicit function theorem
to equilibrium equation Ψn(nt + 1) = Ωn(nt) where

Ω ntð Þ≡ dsϵ 1þ σ−ϵð Þ 1−ntð Þ α−1ð Þσ
1þσ B

σ
1þσ :

From the implicit function theoremwe know that: dΓ
n ntþ1ð Þ
dntþ1

¼ Ψn
n ntþ1ð Þ
Ωn

n ntð Þ , but
Ωn

n(nt) N 0, hence: dΓn ntþ1ð Þ
dntþ1

0 if Ψn
n(nt + 1) 0. This means that as nt + 1

increases starting from zero, Γn(nt + 1) is increasing and concave till it
reaches a maximum, then it is decreasing until it intersects the hori-
zontal axis. From the above lemma we know that the difference
equation nt = Γn(nt + 1) has a graph that intersects the vertical axis if
Ψn(0) N Ωn(0), i.e. if

αθγτ1
r

Ndsϵ 1þ σ−ϵð ÞB σ
1þσ :

In this case, if themap intersects the45° line at thedecreasing branch
and conditionΨn

n(n∗) +Ωn
n(n∗) b 0 holds, then we have dΓ−1 nð Þ

dn

�� ��b1;which
is a sufficient condition for the local stability in the forward dynamics of
the rest point n∗. Themap Γn(nt+ 1) intersects the horizontal axis twice if
Ψn(0) b Ωn(0), i.e. if

αθγτ1
r

bdsϵ 1þ σ−ϵð ÞB σ
1þσ :

Given the shapes ofmarginal benefits and cost functions, in this case
there can be either no intersection at all or two intersections, which
identify the two rest points, nl and nh with nl b nh. At the first stationary
point nl both Ψn(nt + 1) and Ωn(nt) are increasing and Ψn

n(nl) N Ωn
n(nl)

holds, hence dΓ−1 nð Þ
dn b1, and nl is locally stable in the forward dynamics.

The higher steady state nh has the same properties as the single
equilibrium n∗, and the same arguments apply.

The properties of xt= Γ x(xt+ 1) can be derived from the relation nt=
f(xt). Indeed, this means the rest points of xt = Γ x(xt + 1) satisfy x =
f−1(x). Hence, under the conditions of Proposition 1 we have 1, 2
or 0 steady states. Stability analysis of steady states derives from
that of nt = Γn(nt + 1). We can express the equilibrium condition
in nt as

Ψn f xtþ1
� 	� � ¼ Ωn f xtð Þ½ �;

and obtain the derivative

∂xt
∂xtþ1

¼
∂Ψn ntþ1ð Þ

∂ntþ1

∂Ωn ntð Þ
∂nt

xtþ1

xt

� �1þσ
α−1−1

:

At steady states xt = xt + 1, and this means that the stability
conditions of x are the same as that of n.

The last statement of the proposition derives from the monotone
increasing relation between x and n.

A.4. Proof of Proposition 2

Let us consider the inequality: αθγτ1
r bdsϵ 1þ σ−ϵð ÞB σ

1þσ .
It can be easily checked that the derivative of the first term with

respect to τ1 is positive, while the derivative of the second term is
negative. Hence there exists a sufficiently large increase in τ1 that
reverses the sign of the above inequality.

The same argument applies to the case of τ2. The difference in this
case is that the derivative of the first term with respect to τ2 is zero,
while the derivative of the second term is negative.

A.5. Proof of Proposition 3

Our strategy in this proof is to obtain the effects of parameters
on equilibrium n, and then derive the same effects on x by making use
of the relation between the two variables. Hence, let us define the im-
plicit function which identifies the two steady state equilibria: F(n) ≡
Ψn(n) − Ωn(n) = 0. This equation can be rewritten as:

F nð Þ≡
θγ ατ1 1−nl

� �α þ P0 nl
� �βh i

r þ θnl 1−nl
� �α−1

1þσB
1

1þσ

− 1þ σ−ϵð Þdsϵ 1−nl
� � α−1ð Þσ

1þσ B
σ

1þσ ¼ 0:

For the implicit function theorem we have

∂nl

∂z ¼ −
∂Ψn nl ;zð Þ

∂z −∂Ωn nl
;zð Þ

∂z
∂Ψn nl ;zð Þ

∂nl −∂Ωn nl ;zð Þ
∂nl

where z = β, P0, τ1, τ2, s. In the neighbourhood of nl the denom-
inator is positive because of the stability condition, hence
∂nl

∂z≷0⇔
∂Ψn nl

;zð Þ
∂z −∂Ωn nl

;zð Þ
∂z ≶0:

For z = β, P0, we obtain: ∂Ψn nl ;zð Þ
∂z −∂Ωn nl ;zð Þ

∂z ¼ ∂Ψn nl ;zð Þ
∂z ; this expression, as

can be easily checked, is always positive. Then, in an interval around
the low equilibrium, an increase in these parameters always has
negative effects on the number of researchers.

For z = τ1, we have:

∂Ψn nl
; τ1

� �
∂τ1

¼
θγ r þ θnl 1−nl

� �α−1
1þσB

1
1þσ

h i
α 1−nl
� �α

r þ θnl 1−nl
� �α−1

1þσB
1

1þσ

h i2 þ

þ
θγ ατ1 1−nl

� �α þ P0 nl
� �βh i

θnl 1−nl
� �α−1

1þσB
1

1þσ−1 1
1þ σ

α
dsϵ σ−ϵð Þ

r þ θnl 1−nl
� �α−1

1þσB
1

1þσ

h i2 N0;
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and

∂Ωn nl
; τ1

� �
∂τ1

¼ − α
σ−ϵð Þ

σ 1þ σ−ϵð Þ
1þ σð Þ 1−nl

� � α−1ð Þσ
1þσ B

σ
1þσ−1

b0:

Hence, ∂Ψn nl ;τ1ð Þ
∂τ1 −∂Ωn nl ;τ1ð Þ

∂τ1 N 0 and ∂nl

∂τ1 b 0.
For z = τ2, then:

∂Ψn nl
; τ2

� �
∂τ2

¼
θγ ατ1 1−nl

� �α þ P0 nl
� �βh i

θnl 1−nl
� �α−1

1þσB
1

1þσ−1 1
1þ σ

α
dsϵ σ−ϵð Þ

r þ θnl 1−nl
� �α−1

1þσB
1

1þσ

h i2 N0;

and

∂Ωn nl
; τ2

� �
∂τ2

¼ − α
σ−ϵð Þ

σ 1þ σ−ϵð Þ
1þ σð Þ 1−nl

� � α−1ð Þσ
1þσ B

σ
1þσ−1

b 0:

Hence, ∂Ψn nl ;τ2ð Þ
∂τ2 −∂Ωn nl ;τ2ð Þ

∂τ2 N 0 and ∂nl

∂τ2 b 0.
For z = s, then:

∂Ψn nl
; s

� �
∂s ¼ −Ψn nl

; s
� �θnl 1−nl

� �α−1
1þσB

1
1þσ 1

1þ σ
ϵ
s

r þ θnl 1−nl
� �α−1

1þσB
1

1þσ

b 0;

and

∂Ωn nl
; s

� �
∂s ¼ Ωn nl

; s
� � ϵ

s 1þ σð Þ N 0:

Hence,

∂Ψn nl
; s

� �
∂s −

∂Ωn nl
; s

� �
∂s ¼

−Ψn nl
; s

� �θnl 1−nl
� �α−1

1þσB
1

1þσ 1
1þ σ

ϵ
s

r þ θnl 1−nl
� �α−1

1þσB
1

1þσ

−Ωn nl
; s

� � ϵ
s 1þ σð Þ ¼

−Ψn nl
; s

� � rϵ
s 1þ σð Þ b 0:

This expression is always negative, hence ∂nl

∂sN0.
As regards the effects on the level of effort, we rewrite the equilibrium

condition Eq. (19) as follows:

xt ¼ 1−ntð Þα−1
1þσB

1
1þσ

and take the derivatives of xt with respect to z= {P0,β, τ1, τ2, s}.
For z = P0,β, then:

∂xlt
∂z ¼ 1−α

1þ σ
1−nl

t

� �α−1
1þσ−1

B
1

1þσ
∂nl

t

∂z :

The sign of this expression depends on the sign of ∂nl

∂z , which, for the
parameters at hand, is negative.

For z = τ1, τ2,

∂xl

∂z ⋛ 0⇔
1−α
1−nl

∂nl

∂z − 1
1−τ1−τ2

⋛ 0:

For the parameters at hand ∂nl

∂zb0, hence this derivative is always
negative.

For z = s,

∂xl

∂s ⋛ 0⇔
∂nl

∂z − 1−nl
� � ϵ

s 1−αð Þ ⋛ 0:
Since ∂nl

∂s is always positive, ∂xl
∂s N 0 if ∂nl

∂z ≥ ϵ
s 1−αð Þ.

A.6. Proof of Proposition 4

This proposition concerns the comparative statics at the high equi-
librium and it also holds for the case of unique equilibrium since the
same arguments can be applied. Application of the implicit function the-
orem to the equation Ψn(nh, z) − Ωn(nh, z) = 0 gives:

∂nh

∂z ¼ −
∂Ψn nh

;zð Þ
∂z −∂Ωn nh

;zð Þ
∂z

∂Ψn nh ;zð Þ
∂nh −∂Ωn nh ;zð Þ

∂nh

where z = β, P0, τ1, τ2, s.
In an interval around nh the denominator is negative because of the

stability condition. Hence:

∂nh

∂z ⋛ 0⇔
∂Ψn nh

; z
� �
∂z −

∂Ωn nh
; z

� �
∂z ⋛ 0:

This implies that in the nh equilibrium, changes in the different
parameters have the opposite sign with respect to those in the low
equilibrium. Hence ∂nh

∂z N 0 for z = {P0,β, τ1, τ2} and ∂nh

∂s b 0.
To find the effects of changes in the relevant parameters on the level

of effort, we rewrite the equilibrium condition as a function of effort. In
this case:

Ψn xh
� �

−Ωn xh
� �

¼
θγ ατ1 xh

� �−α 1þσð Þ
1−α B

α
1−α þ P0 1− xh

� �− 1þσð Þ
1−α B

1
1−α

� �β
 �
r þ θxh 1− xh

� 	− 1þσð Þ
1−α B 1

1−α

� � þ

− xh
� �σ

1þ σ−ϵð Þdsϵ

and it can be easy to derive:

∂xh

∂z ¼ −
∂Ψn nh

;zð Þ
∂z −∂Ωn xh ;zð Þ

∂z
∂Ψn xh ;zð Þ

∂xh −∂Ωn xh ;zð Þ
∂xh

;

where z = β, P0, τ1, τ2, s.
Close to xh the denominator of the last equation is negative because

of the stability condition. Hence:

∂xh

∂z ⋛ 0⇔
∂Ψn xh; z

� �
∂z −

∂Ωn xh; z
� �
∂z ⋛ 0:

For z = P0,

∂Ψn xh; P0

� �
∂P0

−
∂Ωn xh; P0

� �
∂P0

¼
θγ 1− xh

� �− 1þσð Þ
1−α B

1
1−α

� �β

r þ θx 1− xh
� �− 1þσð Þ

1−α B
1

1−α

� �
 �2 ;

which is always positive.
For z = β,

∂Ψn xh;β
� �
∂β −

∂Ωn xh;β
� �
∂β ¼

θγP0βln 1− xh
� �− 1þσð Þ

1−α B
1

1−α

� �

r þ θx 1− xh
� �− 1þσð Þ

1−α B
1

1−α

� �
 �2

which is always positive.
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For z = τ2, we have ∂Ψn xh ;τ2ð Þ
∂τ2 −∂Ωn xh ;τ2ð Þ

∂τ2 ⋛ 0⇔

þγβP0 1− xh
� �− 1þσð Þ

1−α B
1

1−α

� �β−1
−γατ1 xh

� �1þσ
B−1−Ψn xh; τ2

� �
xh ⋛ 0:

The first term is positive the other two are negative, hence the sign of
the derivative is indeterminate.

For z = τ1,

∂Ψn xh; τ1
� �
∂τ1

−
∂Ωn xh; τ1

� �
∂τ1

⋛ 0⇔γα xh
� �1þσ

B−1 1−αð Þ 1−τ1−τ2ð Þ−ατ1½ � þ

þ γβP0 1−x
− 1þσð Þ
1−α B

1
1−α

� �β−1−Ψn xh; τ1
� �

xh ⋛ 0:

The first two terms are positive while the last one is negative. Also in
this case the sign is indeterminate.

As regards the effect of s on the level of effort, we take the derivative
of the equilibrium condition Eq. (19):

xt ¼ 1−ntð Þα−1
1þσB

1
1þσ

with respect to s and, using the previous results, obtain:

∂xht
∂s ¼ 1−α

1þ σ
1−nl

t

� �α−1
1þσ−1

B
1

1þσ
∂nh

t

∂s þ 1−nl
t

� �α−1
1þσ 1

1þ σ
B

1
1þσ−1 ∂B

∂s b 0:
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