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Abstract

Opportunities in science largely affect the accumulation of scientific knowledge and, there-
fore, technological change. However, there is little evidence of how much of people’s talent
is actually wasted. Here we focus on scientists with the highest performance, the recipients
of the Nobel Prize and Fields Medal. We found that the average age of scientists at the
time of the breakthrough was higher for researchers from less developed countries. Moreo-
ver, individual opportunities in the world were extremely unequal by country of birth, gen-
der significantly conditioned any participation in research, and the probability of becom-
ing a top researcher more than doubled for individuals with parents belonging to the most
favoured occupational categories. Thus, inequality of opportunity in science at the highest
level was higher than in sports excellence (Olympic medals) and educational attainment.
These findings would not be so negative if opportunities in science at the highest level had
increased over time. Contrary to the expectations, our results show that opportunities in
science, in contrast with humanities, have stagnated.
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I am, somehow, less interested in the weight and convolutions of Einstein’s brain
than in the near certainty that people of equal talent have lived and died in cotton
fields and sweatshops

(Stephen Jay Gould, 1980)

Introduction

The basic idea behind the scientific method is the belief in contestability and the com-
mitment to open science. However, these goals can be fully achieved only if there are no
barriers to research careers because ideas require individuals with good brains regardless
of their birthplace, gender or socioeconomic origin. Unfortunately, even if individuals have
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great inborn talent, the likelihood of their being able to realize the benefits of that talent
may be affected by social conditions (Bowles et al., 2005)." Notice that significant individ-
ual opportunities in science make the most of people’s talent to promote not only the sci-
entific quest, but also economic development since long-run economic growth arises fun-
damentally from people that create new ideas.? Technological change is the main source of
sustained economic growth and, despite that technology increased without any significant
development in science until the first Industrial Revolution, science has been the dominant
driving force ever since then (Mokyr, 2017). Consequently, we ask here whether individual
opportunities in science have been sufficiently large not to deter the scientific progress and,
therefore, economic growth.

The answer to this question is even more important when ideas become harder to find
over time (instead of being prompted by previous scientific knowledge), because to main-
tain the pace of scientific progress, the diminishing returns of the production of ideas
(Bloom et al., 2017; Griliches, 1994; Jones, 2009) have to be offset by an increasing num-
ber and quality of scientists. To obtain evidence regarding how large were opportunities to
be a top-class scientist in the world, we study the recipients of the Nobel Prize (1901-2020)
and Fields Medal awards (1936-2018).

Low individual opportunities for science not only may keep people’s talent out of
research, but also may significantly influence the age at the time of the breakthrough. Indi-
vidual circumstances like the country of birth, socioeconomic background and gender may
condition the access to high quality education and, more in general, the process of learning
which in turn can affect the age at the time of the main discovery. Therefore, it is also use-
ful to ask which personal traits help to reduce the age at the time of the breakthrough.

In addition, we know that scientific knowledge is cumulative since new ideas build on
previous discoveries.> As a result, existing ideas may induce more knowledge (the combi-
natory theory of ideas) or, on the contrary, may make harder to find new ideas. Under the
second scenario, more and better education, more sophisticated labs and installations, and
stronger collaboration between scientists become essential to maintain the pace of tech-
nological change. However, these requirements are considerably costly so more and more
individuals (and countries) could be progressively left behind. If so, a very valuable but
scarce resource, human talent, could be less efficiently allocated over time. Does the pro-
duction of ideas become harder over time? And if so, is this process linear or exponential?

Elucidating these questions is important because significant opportunities in sci-
ence make the most of people’s talent to promote knowledge, technological change and
economic growth. At the same time, this knowledge-driven economic growth incentives
economies to invest more in education and research which creates, in principle, more
individual opportunities for science. Then, more individual opportunities in science may
increase technological progress and, simultaneously, technological change may generate

! For example, one key factor for science, educational attainment, has been found to be primarily deter-
mined by social and other environmental factors. Thus, studies using the Genome-wide Complex Trait
Analysis provide an estimate of ‘only’ 22% for the heritability of years in education and 25% for attending
college (Rietveld et al., 2013).

2 Once produced, ideas fuel sustained growth in ways that are not possible for other factors of production
because they are non-rivalrous, i.e., ideas can be copied and shared with minimal costs (Aghion & Howitt,
1992; Grossman & Helpman, 1991; Jones, 1995; Kortum, 1997; Romer, 1990).

3 Recall the motto attributed to Bernard of Chartres,’Nanos gigantum humeris insidentes’, which was popu-
larized later by Newton, ‘If I have seen further, it is by standing on the shoulders of giants’.
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more opportunities for research.* Given this potential virtuous circle between opportuni-
ties and technological change, have individual opportunities in science at the highest level
increased over time?

To study all these issues, we provide a worldwide view of individual opportunities in
science from the beginning of the twentieth century by focusing on scientists with the best
performance. We use the recipients of the Nobel Prize (1901-2020) to analyse opportuni-
ties in science at the highest level since 1901. In addition to the awards in science (physics,
chemistry and medicine), we consider the awards in humanities (literature and peace) as
control group. For robustness, we also analyse the Nobel Prize in economics (1969-2020)
and the Fields Medal awards (1936-2018) in mathematics.

We found an exponential increase in the average age of scientists at the time of the
breakthrough and bad individual circumstances significantly delayed the breakthrough.
In particular, the age at breakthrough was found to be negatively related to the average
level of education (enrolment rate in tertiary education) and health (life expectancy) in the
researcher’s country of birth. Consequently, the average age of scientists at the time of the
breakthrough was higher for researchers from less developed countries.

Despite the significant increase in the geographical mobility of researchers throughout
the twentieth century, individual opportunities in science by country of birth were found
to be extremely unequal. In fact, becoming a top-class scientist in the world (by country of
birth) was found to be harder than becoming an Olympic medalist. Gender was found to be
an individual trait that can also condition the participation in science in a fundamental way.
In addition, the socioeconomic background of individuals was also important for science.
The probability of doing scientific research at the highest level of an individual with par-
ents belonging to the most favoured occupational categories more than doubled the proba-
bility of an individual with parents belonging to the least favoured occupational categories.

These findings would not be so negative if individual opportunities in science had
increased over time. Contrary to expectations, our estimates showed that opportunities
for science, in contrast with humanities, have suffered from stagnation. The requirements
needed to maintain the pace of innovation (more and better education, more sophisticated
labs, bigger installations and greater number of collaborations) have created many opportu-
nities for research but have also left behind many individuals with bad initial circumstances
due to their large costs. The large barriers existing in science at the highest level, it seems,
have not been reduced sufficiently not to harm innovation and growth.

The rest of the paper is structured as follows. In Sect. 2, we present the Nobel Prize
(1901-2020) and Fields Medal (1936-2018) databases, describing their construction and
main characteristics. In Sect. 3, we estimate the change in the average age of scientists
at the time of the breakthrough and how individual circumstances affect the discovery of
new ideas. Section 3 presents the distribution of individual opportunities in science at the
highest level by individual circumstances. In Sect. 5, we show the evolution of individual
opportunities in science at the highest level over time. Finally, Sect. 6 discusses the main
results.

4 For example, the invention of the pill significantly enlarged the career opportunities of women (Goldin &
Katz, 2002).
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The Nobel Prize (1901-2020) and Fields Medal (1936-2018) databases

This work is based on two databases, i.e., the Nobel Prize database (1901-2020) and the
Fields Medal database (1936-2018). Because we are interested in science (n = 624), we
focus on the Nobel Prize winners in physics (n = 216), chemistry (n = 186) and medicine
(n =222). For the sake of comparison (‘control group’), we also consider the awards in lit-
erature (n = 117) and peace (n = 135). Accordingly, throughout the paper, science denotes
the awards in physics, chemistry and medicine, while humanities include the awards in
literature and peace. We should recall that the Nobel Prize is an annual award which was
first introduced in 1901 and that 28 Nobel Peace Prizes have been awarded to international
organizations and therefore we have not used them. For the sake of robustness, we also use
the Nobel Prize winners in economics (n = 86) and the Fields Medal awards in mathemat-
ics. Because economics is a social science not a natural science that was not awarded with
the Nobel Prize until 1969 and the Fields Medal prize which has been given from 1936 to
2018 every four years has only been awarded on a regular basis since 1950 (n = 60), has
a maximum age to be granted (40 years old) and its maximum number of recipients is 4
(instead of 3), we prefer not to include these awards in the pool of science and to use them
as an additional robustness analysis.

The bulk of these two databases derives from the information provided by the official
websites of the Nobel Foundation (http://www.nobelprize.org/) and the International Math-
ematical Union (http://www.mathunion.org/general/prizes/fields/prizewinners/). However,
given the difficulties to find information about parental occupation and the exact date of the
main discovery, we have also consulted the information available in many other sources.’

The main variables collected from these databases are the following: the date and coun-
try of birth, the country of the alma mater, the country of residence in the year of the
award, the highest educational degree, gender, the age at the time of the award, the age at
the time of the main breakthrough, and parental occupation. In addition to these variables,
we use the country population in 2015 (United Nations, 2017), and the real GDP per capita
(Bolt et al., 2018), the enrolment ratio in tertiary education (Lee & Lee, 2016) and the life
expectancy (Roser et al., 2020) of the researcher’s country at the year of birth.

In principle, the age of the Nobel Prize winners in science and economics and the Fields
Medal winners at the time of their main breakthrough according to the Nobel and Fields
Medal Committees is considered for all researchers. The values used in the paper refer to
the year of the main contribution, although many discoveries cannot be attributed to a sin-
gle year. For this reason, we take the middle year of the interval between the early and late
dates of achievement. Nonetheless, many Nobel Prize winners made multiple subcontribu-
tions over large periods of time. For example, the interval of multiple subcontributions for

5 These data sources are the following: the Royal Society (http://rsbm.royalsocietypublishing.org/);
the National Academy of Sciences (http://www.nasonline.org/publications/biographical-memoirs/); the
National Academies Press (https://www.nap.edu); the Encyclopaedia Britannica (http://www.britannica.
com/); the MacTutor History of Mathematics archive (http://www-history.mcs.st-and.ac.uk/Societies/
FieldsMedal. html); Wikipedia (www.wikipedia.org); the American Physical Society (http://www.aps.
org/); Famous Scientists (https://www.famousscientists.org); the American Association of Immunologists
(http://aai.org/about/history/Notable_Members/Nobel/index.html); the Academy of Achievement (http:/
www.achievement.org/); Encyclopedia.com (http://www.encyclopedia.com/); Google Books (https://books.
google.com/); the World Library (http://ebook.worldlibrary.net); the Literary Encyclopaedia (http://www.
litencyc.com/); Internet Archive (https://archive.org/); the Mayo Clinic proceedings (http://www.mayoclinic
proceedings.org); and some other sources cited in the database.
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62 Nobel Prize winners in science was 9 years or more. This fact could significantly dimin-
ish the degree of accuracy of our estimations. Accordingly, we replicate the analysis of this
variable in Sect. 3 for those researchers whose main writings were published over a period
of four years or less (n = 526 for science, n = 48 for economics and n = 40 for mathemat-
ics).® In humanities, it seems that a large percentage of awards were for lifelong work given
that for 95.7% of the awards in literature and 58.9% in peace, the main contribution was
published or carried out over a period of five years or more.

The country of birth, the country of the alma mater and the country of residence in the
year of the award refer to the current list of countries in the world. To measure geographi-
cal mobility, we compare the birthplace of the individual with his/her country of residence
in the year of winning the award or with his/her alma mater country. If the country is the
same, we assign 0, and 1 otherwise. Then, for clarity of exposition, we accumulate the val-
ues and normalise total mobility to 100%. When life expectancy is not available for a given
country and year, weighted interpolation is applied (for periods no longer than 11 years).
Finally, parental occupation refers to the highest occupation of the parents or any other
close ancestor. Results are similar if father’s occupation is considered instead. The consid-
ered occupational categories are the following: (1) Aristocrats, manufacturers and propri-
etors; (2) Managers, chief executives, heads of division, diplomats, deans, and generals;
(3) Science and engineering professionals, college and high-school teaching professionals,
businessmen, stockbrokers, high-rank clerical workers, and army officers; (4) Clerical sup-
port workers, services and sales workers, merchants, foremen, school teachers, and shop-
keepers; (5) Craftsmen, farmers, musicians and clergymen; and (6) Elementary workers,
agricultural, forestry, mining and construction labourers, and assistant workers.

To show our results of inequality of opportunities in science at the highest level we
use the Lorenz curve (L) in Sect. 4 so that a formal definition of it is also necessary. Let
X = (xl,xz, ,xN) be an outcome distribution for a population of size N, where x; > 0 is
the outcome of person i. Typically, the outcome is income, wealth or earnings, in our case
we use the probability that an individual has to become a top-class scientist in the world.
For a fixed N > 1, the set of all outcome distributions is IV, the nonnegative orthant of
the N-dimensional Euclidean space R with the origin deleted. Let DV be that subset of
'V in which all outcome distributions are nondecreasingly ordered, i.e., for all x € DV,
x; £ %, < - < xy. Then, for any given x € DV, its Lorenz curve

. J
J Xi .
LX<N>=Z§ I<j<N 1)

where X = zjlizl‘xi is total outcome, represents the share of the total outcome possessed by
the cumulative < proportion of the population. If all individuals have the same outcome,
the resulting curve will be the 45-degree line, the line of equality. Otherwise, the resulting
Lorenz curve will lie below the 45-degree line and will be bowed-inward (Lambert, 2001).
In fact, the Lorenz curve will have more bend and will be closer to the bottom horizontal
axis, if the degree of inequality is greater. For x,y € D, x is said to Lorenz dominate y if
L(q) = L,(q) for all g € [0,1], and L, # L,. Note that the population sizes need not be the
same (Chakravarty, 2009).

One alternative way to summarize the underlying degree of inequality is to measure the
area between the Lorenz curve and the 45-degree line as a fraction of the total area under

® The results are similar when other intervals of time (1, 2, 3 and 5 years) are considered.
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the 45-degree line. This is the Gini coefficient (G), with higher Gini’s representing higher

degrees of inequality. The Gini coefficient lies somewhere between 0 and [% For large

populations the upper bound Nl converges to 1, but for small populations the Gini coef-
. N N . . X

ficient must be rescaled by 5 to convert this coefficient to something between 0 and 1.

The age of scientists at the time of the breakthrough

We need more talent to maintain the pace of scientific progress (and economic growth) if
the returns in the production of science either the elaboration or the validation of scientific
ideas are diminishing (Bloom et al., 2017; Griliches, 1994; Jones, 2009). For this reason,
it is important to elucidate whether old ideas facilitate the discovery of new ideas or, on
the contrary, if the production of science becomes harder over time. For this task, we con-
sider the age at the time of the breakthrough (measured by the time of the main publica-
tion). If increasingly more learning is required to push the frontier of knowledge forward,
either more training or narrowing expertise will be needed which, in turn, makes the age at
the time of the main discovery increase over time (Jones, 2010; Lehman, 1953; Simonton,
1991).

On the other hand, the age at the time of the main discovery might also be affected
by individual circumstances like the place of birth, gender and parental occupation. If
so, opportunities in science would have an influence on the age at the time of the break-
through. As a result, improving individual opportunities for science would have a double
benefit: less people’s talent would be wasted, and diminishing returns to idea production
would be (partially) offset.

First, we show two preliminary results that point to the same fact, namely the produc-
tion of science becomes harder over time. First, we estimate the evolution of the age of
the scientists at the time they accept the Nobel Prize which proxies the moment when the
research community publicly agrees that the new idea is a fundamental contribution to sci-
ence. The age of the Nobel Prize winners at the time they accepted the award in humani-
ties (literature and peace) and economics remains constant over the whole period, with
the average being 63 years old in humanities (Fig. 8 in Appendix 1) (p-value of the linear
slope: 0.511) and 67 years old in economics (p-value of the linear slope: 0.827). However,
the age of the Nobel Prize winners in science increases significantly from 51.4 years old in
1901 to 72.0 years old in 2020 (Fig. 8 in Appendix 1) (p-value of the linear slope: 0.000)
and in mathematics from 33.1 years old in 1936 to 37.7 years old in 2018 (p-value of the
linear slope: 0.008).

A second symptom of the diminishing returns of the production of ideas is the evolu-
tion of the number of people receiving each award. A significant increase in the number of
recipients of the Nobel Prize and Fields Medal could suggest that new ideas involve more
people now because they are more complex, and the required techniques are more sophis-
ticated. To verify this assumption, we calculate the number of award recipients per year in
science (normalised by the number of fields, 3), humanities (normalised by 2), mathemat-
ics and economics (Fig. 9 in Appendix 1). While the number for humanities slightly moves
around 1.1 (slope of the linear regression: 0.0013; p-value: 0.179), it significantly increases
for science (slope of the linear regression: 0.0155; p-value: 0.000). In fact, the non-para-
metrically estimated number of recipients in science for 2020, 2.7, is already close to its
maximum value (3). The number of recipients also increases significantly for mathematics
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(slope of the linear regression: 0.0265; p-value: 0.000) and economics (slope of the linear
regression: 0.0164; p-value: 0.009).

Now we try to find direct evidence of the increase in the average age of the scientists at
the time of the breakthrough. For this task, we focus on the whole sample of researchers,
although the results are similar when we use only those researchers whose main writings
were published over a period of four years or less (see Table 3 in Appendix 2). We adopt
the following empirical model:

Age; = a + f,Year; + ,BlYeari2 + oField; + A4,GDPpc; + A, Tertiary;

2
+ A,Life; + A;Mobility; + 1, Woman; + AsParent; + ¢; @

where Age; is the age of individual i at the time of the breakthrough (age span for sci-
ence: 21-71), Year, is the year of the breakthrough (time span for science: 1871-2013),
and Field, represents the field-fixed effects (physics is the field of reference). The place
of birth is represented by the real GDP per capita (GDPpc;,), the enrolment rate in tertiary
education (Tertiary,) and the life expectancy (Life;) of the researcher’s country at the year
of birth; Mobility, is a dummy variable that equals 1 if the country of birth is different
from the country of the alma mater.” In addition, Woman, and Parent, represent gender and
parental occupation (class 6, the least favourable occupational category, is the class of ref-
erence), and ¢, is an i.i.d. error term.

Our strategy is to begin with the year of the breakthrough and then additional dimen-
sions are added one by one to see if its influence is eliminated when other possible explica-
tive factors like fixed effects and individual circumstances are included. Because all expli-
cative variables, the year of the breakthrough, mobility and individual circumstances (place
of birth, gender and parental occupation) are predetermined, we do not expect the existence
of endogeneity or double causality. Consequently, we run field fixed-effects regressions
where we control for unobservable characteristics using up to five fields: physics (omitted),
chemistry, medicine, mathematics and economics. Results are presented in Table 1.

In model (1) we observe that the mean age at the time of the breakthrough is signifi-
cantly increasing over time. In fact, the estimated linear trend goes from 33.6 years in 1871
to 43.8 years in 2013. These numbers (mean age at the breakthrough for the whole period:
39.3 years) are consistent with the studies of age and scientific output which consistently
find that performance peaks in middle age, often in the late 30 s or early 40 s (Jones, 2010;
Lehman, 1953; Simonton, 1991). More importantly, we find in model (2) that this aging
phenomenon is accelerating, i.e., the age at the time of the main discovery is increasing
exponentially, not linearly (Fig. 1). This acceleration of aging is maintained when field-
fixed effects are included (model 3). In this case, note that the age at the time of the break-
through is significantly lower in physics than in chemistry and medicine.

These results indicate that the production of science becomes harder over time, although
this phenomenon is not linear but exponential. Consequently, to maintain the pace of sci-
entific progress we need to offset the diminishing returns in the production of ideas by
increasing the use of people’s talent.

Next, we consider the role of the country of birth. As a first step, we consider this indi-
vidual circumstance as a mere fixed effect (model 4). It is observed that when the coun-
tries of birth are grouped by geographical regions (Western Europe, Western offshoots,

" We use the country of the alma mater instead of the country of residence in the year of winning the award
to avoid endogeneity problems.
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Fig. 1 Age at the time of the
breakthrough in science, mathe-
matics and economics. Note: Age
of the scientists at the time of the
main discovery (whole sample
of researchers). Breakthroughs
are measured by the middle year
of the interval between the early
and late dates of achievement.
Local linear smoothing (kernel:
Epanechnikov). Shadow area:
95% confidence interval
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Eastern Europe, Latin America, Asia and Africa) the main result is basically the same.
This approach, however, disregards the socioeconomic conditions existing in a given coun-
try at the time of birth. For this reason, we introduce instead the level of development (real
GDP per capita), the supply of higher education (enrolment rate in tertiary education)
and the health conditions (life expectancy) of the researcher’s country at the year of birth
(model 5). Among the three factors representing opportunities by country of birth, the vari-
ables of education and health have a significant and robust negative effect on the age at the
time of the breakthrough. It seems, therefore, that the average age of scientists at the time
of the breakthrough is higher for researchers from less developed countries. Also, note that
this result invalidates the idea that age at the time of the breakthrough increases over time
due to the boost in life expectancy.

Geographical mobility between the birthplace and the country of the alma mater helps
to reduce the age at the time of the breakthrough (model 6). Regarding opportunities by
gender (model 7) and parental occupation (model 8), we find that being a woman does not
affect the age at the time of the main discovery, while having parents from the wealthi-
est class significantly delays the breakthrough. Having parents from class 4 also increases
the age at the time of the breakthrough, although this result is not robust (see also Table 3
in Appendix 2). It seems that top-class scientists from the wealthiest class take longer to
develop their research careers, possibly because their financial needs are lower. This result
implies that improving research opportunities for those individuals with bad parental back-
ground may reduce not only the waste of talent but also the period of time that a break-
through takes on average.

When mathematics is also included (model 9), the results are similar. In addition, it is
observed that the age at the time of the breakthrough is significantly lower in mathematics
than in physics, chemistry and medicine, although this result is caused most probably by
the existing upper limit to receive this prize (40 years). Finally, we show for robustness the
results when economics is also considered (model 10). The results remain the same.

In sum, the production of science becomes harder over time and, for this reason, scien-
tists make their main contribution when they are older. In addition, unequal opportunities
due to the place of birth and parental occupation significantly influence the age at the time
of the breakthrough.

Individual opportunities in science at the highest level

Scientists can move from their country of origin to other countries with better scientific
infrastructures, intellectual environments and salaries. In fact, geographical mobility
— between the country of birth and the country of residence in the year of winning the
award — has accelerated over time (Fig. 10 in Appendix 3).® As a result, the country of birth
and the country of residence play considerably different roles. The country of birth reveals
the geographical opportunity that individuals have to work in science, while the country of
residence points out the countries which attract the most talented scientists in the world.

8 In all fields, the evolution of mobility is convex, which means that geographical mobility has accelerated
over time. In particular, mobility significantly increased after World War II, but above all, during the last
four decades (50% of mobility in science and humanities took place after 1978 and 1980, respectively, see
Fig. 10 in Appendix 3).
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Fig.2 Opportunities to be a top-class scientist in the world by country of birth. Note: Lorenz curves of
science (physics, chemistry and medicine) and humanities (literature and peace). Opportunities are the per-
centage of awards per capita by country of birth and the world population in 2015 is from United Nations
(2017)

There is inequality of opportunity if the probability that an individual has to become a
scientist capable of doing major research depends on personal traits (called circumstances)
that are unalterable by one’s own effort (Fleurbaey, 2008; Roemer, 1998). Consequently,
there exists inequality of opportunity by country of birth if the probability that an individ-
ual has to become a top-class scientist in the world depends on his/her country of origin.

First, we proxy the probability that a person i born in country % has to become a top-
class smentlst in the world ( ph) by the percentage of awards per capita of his/her country of
birth, i.e., p N/ 5 where B,, and N,, denote the number of awards and the population of

country & and B deﬁnes the total number of awards. We consider the percentage of awards
per capita instead of the number of awards per capita ( ) to guarantee that total probabil-
/

ity sum one.” Then, we calculate global inequality (Milanovic, 2015) by computing the
Lorenz curve Lp<ﬁ> = Z'{ pi where 1 < j < N(world population). To isolate the analysis
=

from demographic issues, we use the world population in 2015 (United Nations, 2017).

We observe that the Lorenz curve is extremely skewed to the right, which implies an
astonishing geographical inequality in the opportunity of becoming a top-class scientist
(Fig. 2). Thus, the corresponding Gini coefficient is extremely high: G=0.88 (Table 2a).
To give an idea of the significance of this value, we should recall that the Gini coefficient

of global inequality (worldwide income distribution) was 0.61 in 2019 (Gradin, 2021)."°

° We know that all individuals from the same country have the same probability of being a top-class smen-
tist in the world since we are con51dermg here only the place of birth. Then, total probability, P = 21—1 p s
can be rewritten as P = Z il 5 / —L—N,, where N and H are the total population and total number of countries
in the world, respectively. Then itis straightforward to see that P is equal to one.

10 In the absence of a global survey of incomes, estimates of global inequality have to combine data from
national surveys. Gradin (2021) rely on a new integrated dataset that aggregates standardized country
income distributions at the percentile level estimated from various sources in the World Income Inequality
Database (WIID).
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Fig.3 Opportunities for science, Olympic medals, and patent applications. Note: Lorenz curves of science
(physics, chemistry and medicine), Olympic medal winners in Olympic Games celebrated in summer and
patent application rates. Opportunities in science are the percentage of Nobel Prize awards per capita by
country of birth, opportunities for winning an Olympic medal are the percentage of medals per capita by
country of origin, and opportunities to make a patent are the percentage of patent applications rates per
capita by country of residence (1985-2015). The world population in 2015 is from United Nations (2017).

When comparing science with humanities, we find that the later dominates (in the sense of
Lorenz) the former for the major part of the distribution (until percentile 96). As a result,
opportunities are distributed more equally for literature and peace (G=0.82). The differ-
ence could be explained, at least in part, by the fact that becoming a scientist requires a
significantly high level of good education which is costly and not available everywhere.
Thus, 96% of the laureates in science, 100% in mathematics and 97% in economics have a
master’s degree and/or a PhD, while only 29% of laureates in humanities have a master’s
degree and/or a PhD.

In terms of fields, the Lorenz curves of mathematics, physics, chemistry and medi-
cine cross each other (unanimous ranking cannot be established), although the first two
of them dominate economics (Fig. 11 in Appendix 4). Meanwhile, literature and peace
cross each other at different parts of the distribution (Fig. 12 in Appendix 4). In accordance
with the previous Lorenz curves, opportunities by birthplace are very unequal (Table 2a).
From the highest Gini coefficient to the lowest, we find the following ordering: econom-
ics (G=0.92), chemistry (G=0.90), medicine (G=0.89), physics (G=0.88), mathematics
(G=0.87), literature (G=0.86), and peace (G=0.84).

To contrast the distribution of opportunities in frontier scientific achievement by coun-
try of birth with other indicators of talent, we calculate the Lorenz curve and Gini coef-
ficient in the distribution of opportunities to win an Olympic medal and to make a pat-
ent application. Following the strategy explained above, we compute the percentage of
Olympic medals and patents per capita across countries. For this task, we consider all the
Olympic Games celebrated in summer (included Tokyo 2020) and use the total number of
medals, since differences in inequality between the three types of medalists (gold, silver,
and bronze) are not significant (results are available upon request). For patent outputs, we
consider the number of patent applications from residents of a given country per million
residents from 1985 to 2015 (Our World in Data, 2021). The results are shown in Fig. 3.

When comparing Nobel Prize winners in science with Olympic medalists, we find that
the former group is distributed more unequally than the later. Thus, the distribution of
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Olympic winners dominates the Lorenz curve of science until percentile 99 and has a lower
Gini coefficient (G=0.81). It seems, therefore, that the opportunity of becoming a top-
class scientist in the world is lower than the opportunity of becoming an Olympic medal-
ist. This broader context gives us a clear idea on how unequal opportunities in science by
country of birth are. On the other hand, the level of inequality in the opportunities to make
a patent (by country of residence) is even higher (G=0.91). The institutions of the country
of residence are probably fundamental when it comes to transforming ideas into patent
applications. Not only does it require the appropriate infrastructures and educational sys-
tem, but also a significant amount of money to finance its high costs.

Individual opportunities for science are severely restricted by the birthplace, but is this
circumstance the only personal trait that keeps people’s talent out of science? The prob-
ability of carrying out research of the highest level should not depend on the gender of the
individual. However, the fact of being a woman is a significant deterrent when it comes to
working in science. We proxy the probability of becoming a top-class scientist of a man
and a woman with the percentage of male and female winners, respectively, and then, cal-
culate the ratio between these probabilities.!! We observe that the probability of a man
of doing science at the highest level is 26 times higher than the probability of a woman.
Meanwhile, the value of this ratio for humanities is only 6 (Table 2b). When fields are
compared, we find that the ratio for mathematics (59), physics (53), economics (42), chem-
istry (26) and medicine (18) is very high and significantly bigger than the ratio for litera-
ture (7) and peace (5).

The probability of carrying out research of the highest level should also not depend on
the socioeconomic origin of the individual, because otherwise unequal background could
cause the waste of talent of underprivileged individuals.'?> To proxy these probabilities we
use the percentage of awards in each parental occupation category (6 in our case). Then,
inequality of opportunities caused by parental background is approximated by the inequal-
ity (Gini index) of estimated probabilities.'®> From Table 2c it is clear that opportunities in
science are significantly unequal with G=0.49. The Gini coefficient for economics is 0.56,
being even higher for mathematics (0.69) since there are no winners with parents belong-
ing to the lowest occupational category (elementary worker). On the contrary, opportu-
nities to write and promote peace by parental background are significantly more equally
distributed, G=0.33.

Among all parental occupations, one that represents mid-range economic resources,
the teaching professional (at any level of the education system), significantly increases the
probability of becoming a great scientist. Thus, 38.3% of parents (father, mother or both)

! Historically, research has consistently found that boys naturally outnumber girls at birth in all countries
of the world. In the absence of gender discrimination or interference, the expected sex ratio at birth in the
world is 1.05 (World Health Organization, 2020), although this value can range from 1.03 to 1.07. This
ratio between boys and girls is important, but when it is compared to our ratios (Table 2c), it becomes
irrelevant. In addition, it has been found that males are more likely than females to die in childhood. Con-
sequently, we assume that the number of men and women capable of doing top research should be the same
(ratio of 1).

12 Socioeconomic origin (parental occupation or parental education) has been found to be one of the most
important individual circumstances determining income inequality of opportunity (Rodriguez, 2008; Fer-
reira and Gignoux, 2011; Chechi and Peragine, 2010; Marrero and Rodriguez, 2011, 2012, 2013; Palomino
etal., 2019).

13 There are 6 categories of parental occupations, so we multiply by 2 the Gini coefficients resulting from
the calculation of inequality of opportunity in science by parental occupation to convert their range from 0
to 1 (recall "The Nobel prize (1901-2020) and Fields Medal (1936-2018) databases" section).
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of those who received an award in mathematics were teachers. The percentage for science
and economics —24.7% and 22.1%, respectively is also high and significantly larger than
the one for humanities, 13.8%. This result highlights that parental occupation plays an
important role for scientific careers not only because of the required economic resources,
but also because of the transmitted values and beliefs. Human curiosity is fundamental for
the scientific quest, and teachers prompt children’s curiosity more than any other parental
occupation.

The previous measure of inequality of opportunity does not tell us about the parental
occupational categories that provide better opportunities for research. To compensate for
this shortcoming, we calculate the ratio between the probabilities of doing top science for
the individuals with parents belonging to the three most favoured occupational categories
and to the three least favoured categories (Table 2d). In the field of science, we clearly
appreciate that the probability of an individual with parents belonging to the most favoured
occupational categories more than doubles the probability of an individual with parents
belonging to the least favoured occupational categories (the ratio is 2.3). For mathematics
the differential is even worse with a ratio equal to 3.4, whereas the ratio of probabilities
for humanities (1.3) points to a one-to-one relationship. For economics the ratio of prob-
abilities is 1.4. The socioeconomic background of individuals is important for science and
mathematics, the latter being the most elitist.

Opportunities in research over time

Research intensity has significantly increased over the last century. For example, the num-
ber of effective researchers rose by a factor of 23 (an average growth rate of 4.3 percent
per year) between 1930 and 2014 in the U.S. (Bloom et al., 2017). Likewise, in the major-
ity of countries, human capital per capita associated with formal education has increased
substantially since 1870. Thus, primary education enrolment in the world has reached 91
per cent in 2015 (UNICEF, 2018) and the level of inequality (Gini coefficient) in the aver-
age years of primary, secondary, and tertiary schooling between countries has not stopped
decreasing since 1870 (see Fig. 13 in Appendix 5). Have opportunities in science at the
highest level evolved in the same way? Surprisingly, the answer is no.

New discoveries build on previous discoveries, i.e., science is cumulative. Accordingly,
a new idea is affected not only by the opportunities that its creator had, but also by the
opportunities that other scientists had before. For this reason, we propose a set of oppor-
tunity indices that are cumulative over time. The three dimensions that we will consider
are: the place of birth (geographical opportunity), sex (gender opportunity) and parental
occupation (background opportunity). Moreover, we take the year of birth as the appropri-
ate reference to follow the evolution of opportunities in science at the highest level. None-
theless, we replicate for robustness the whole analysis using the year of award as reference.
Finally, to isolate our analysis from demographic changes, population is considered for a
given year (2015).

Assume that the size of the world population is N and that N; is the population of coun-
try j. Let B, denote the total number of awards received by researchers born before 7 + 1
and Bj, be the number of awards received by scientists born before 7 + 1 in country j. Con-
sequently, ¢, = % Zjl B,)0 N; denotes the average coverage of the best possible science in
the world (proxied by the reward of a Nobel Prize) in year t. However, since coverage
across countries can be very different, we also need to consider the degree of dissimilarity
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Fig.4 Geographical opportunities over time. Note: Evolution of geographical opportunities over time:
Panel a Equality of opportunity (Opt ); Panel b Inequality of opportunity (Gini coefficient in the accumu-
lated percentage of awards per capita between countries). Time span: 1835-1974 for science, 1817-1997
for humanities, 1897-1987 for mathematics, and 1895-1972 for economics. Quadratic trends for science
and humanities (panel a) are calculated from the first year with a positive value

in this coverage (Barros et al., 2009). For the set of countries with at least one award in
year t, letn, = ZJ’| B,)0 N; denote the aggregate population, p;, denote the probability that an
individual born before 7+ 1 in country j has to be a top class scientist, and
D, = Zjl 5,)0 %’pj, be the average probability. Then, H, = 7 Ly, 18,30 7 |p/, ]_J,| is the (nor-
malised and population weighted) average deviation in top research coverage from the
world mean, across the countries with at least one award in year z. We can proxy p; by £

and p, by -, and the geographical opportunity index is defined as:

B, /N,
ct(l—Ht) where leé —J REL
71B)0 &

G _
Op; = B./n, )

The geographical opportunity index, Op® € [0, 1], is the average access to the best pos-
sible science in the world, penalised by the degree of dissimilarity in that coverage across
countries in year ¢.

Geographical opportunities in science at the highest level are low (no greater than 0.20),
and stable around 0.19 since 1920 (time span: 1835-1974). In fact, the evolution of this vari-
able shows a clear exhaustion (concavity) of access to the best science in the world (Fig. 4,
panel a). Similar size and trend are also observed in mathematics (time span: 1897-1987,
Fig. 4, panel a) and economics (time span: 1895-1972, Fig. 4, panel a), whereas the evolution
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Fig.5 Gender opportunities over time. Note: Evolution of gender opportunities over time: Panel a Equality
of opportunity (Opf); Panel b Inequality of opportunity (accumulated percentage of awards ratio between
men and women). We do not show the results of the ratio when the accumulated percentage of awards of
women is zero because the ratio is infinite in this case. Time span: 1835-1974 for science, 1817-1997 for
humanities, 1897-1987 for mathematics, and 1895-1972 for economics. Quadratic trends for science and
humanities (panel a) are calculated from the first year with a positive value

of geographical opportunity in humanities (time span: 1817-1997) exhibits a process of expo-
nential growth (convexity).

These results are consistent with the evolution of the Gini coefficient in opportunities
between countries over time. Despite that our index, OptG, captures geographical equality of
opportunity and fulfils some desirable properties, we also calculate the Gini coefficient in the
(accumulated) percentage of awards per capita between countries over time because it is more
intuitive. Thus, while OptG measures geographical equality of opportunity, the correspond-
ing Gini coefficient estimates geographical inequality of opportunity. The trend of the Gini
coefficient for science and humanities is presented in Fig. 4 (panel b). We observe that the
Gini coefficient in opportunities for science decreases approximately until 1920 and is sta-
ble around 0.88 since then. In the initial year, the Gini coefficient is equal to 1 because only
one country has a Nobel Prize winner. The results for mathematics and economics are similar
(Fig. 4, panel b).

Now, let W, and M, denote the total number of awards received by women and men born
before ¢ + 1, respectively. By using the minimum function (Roemer, 1998) the sex opportunity
index is defined as:

2 .
op’ = B min {W,, M, }, 4)
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Fig.6 Background opportunities over time. Note: Evolution of background opportunities over time: Panel a
Equality of opportunity (Opf ); Panel b Inequality of opportunity (Gini coefficient in the accumulated per-
centage of awards between parental occupation categories). Time span: 1835-1974 for science, 1817-1997
for humanities, 1897-1987 for mathematics, and 1895-1972 for economics. Quadratic trends for science
and humanities (panel a) are calculated from the first year with a positive value

where by definition Opf € [0, 1]. Gender opportunity in science is at its maximum when
men and women share the awards equally. Consistent with the previous evidence, however,
gender opportunity in science is very low (Fig. 5, panel a). Worse still, it has remained
stable around 0.05 since 1870. On the contrary, gender opportunity in humanities has
increased significantly since 1860. In mathematics and economics opportunities by sex are
almost zero since only a very few women (1 in mathematics and 2 in economics) have
received the award.

For robustness, we also calculate the evolution of the probability ratio between men
and women over time, although for the first decades, when women have no awards, we
do not compute this ratio to avoid infinites (see Fig. 5, panel b). We observe that, despite
the high variation in the probability ratio, gender inequality of opportunity in science is
at the same level than gender inequality at the beginning of the period. The same trend
is observed for economics. Meanwhile, gender inequality of opportunity in humani-
ties decreases throughout the whole period and in mathematics, if anything, there is an
increase in inequality of opportunity over time.

Let B, denote the number of awards received by scientists with parental occupation
k, where k = 1,2, ..., 6, born before 7 + 1. Because being a top-class scientist should not
depend on the socioeconomic origin of the individual, we define the background oppor-
tunity index as:
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B _ 6 . 6
Op} = 5 min {Bi} i )

This index, Opf € [0, 1], which is low (no greater than 0.40) and similar for both sci-
ence and humanities, increased from 1891 to 1951, declining ever since (Fig. 6, panel a). In
mathematics, since there are no winners with parents belonging to the lowest occupational
category (elementary worker), background equality of opportunity remains at its minimum
value of zero all the time (Fig. 6, panel a). In economics opportunities by parental occu-
pation have remained low and stable (around 0.22) for the last period (1950-1972). For
robustness, we also estimate the evolution of the Gini coefficient in opportunities between
parental occupation categories over time. The trend of the Gini coefficient is presented in
Fig. 6 (panel b). We observe that background inequality of opportunities in science is sta-
ble around 0.48 since 1900 while, in mathematics, it is increasing since 1940.

To complement our analysis, we also develop a summary measure of equality of oppor-
tunities in the three previous dimensions: birthplace, sex and background. The Opportunity
index (OPI) is the geometric mean of normalised indices for each of the three dimensions.
Unlike the arithmetic mean, the geometric mean rewards overall balance since it penalizes
inequality in achievements across dimensions.'* Given the limitation imposed by the cir-
cumstance of sex (only two types, men and women), the dimension indices are calculated
as:

2 .
I, = B_t min {Dt,Et} (6)

For the birthplace dimension, D, denotes the total number of awards received by scien-
tists born in the G-5 countries (the United States, the United Kingdom, Germany, France
and Japan) before ¢ + 1, while E, denotes the total number of awards received by research-
ers born in the rest of the world before 7+ 1.!> For the gender dimension, D, = W, and
E, = M,. Finally, for the background dimension, D, and E, denote the total number of
awards received by scientists born before ¢ 4+ 1 whose parents’ occupation belongs to the
three most favoured occupational categories and the three least favoured ones, respectively.

The OPI is the geometric mean of the three dimensional indices:

OPI, — (I;Jirthplace . I;gender X I::aekground)% (7)

Opportunities in science measured by OPI, € [0, 1] have remained stable at approxi-
mately 0.28 since 1896, whereas opportunities in humanities have increased significantly,
from 0.42 in 1870 to 0.57 in 1997 (Fig. 7). In mathematics, opportunities have been zero
until very recently because the only woman who has received the Fields Medal was born in
1977 (Fig. 7). Meanwhile, opportunities in economics have decreased from 1933 until very
recently.

Our results show that opportunities in science and humanities have remained low for the
whole period under analysis. However, their evolution has been significantly different. Oppor-
tunities in humanities, regardless of the dimension (geography, sex or parental occupation),
have increased since 1866, while opportunities in science have stagnated. If we consider the

14 For an axiomatic justification of this type of multiplicative indices see Kawada et al. (2019).
15 The results are similar when we consider only the US, the UK and Germany in D,.
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Fig.7 The OPI over time. Note: Evolution of the Opportunity index over time. Time span: 1835-1974 for
science, 1817-1997 for humanities, 18971987 for mathematics, and 1895-1972 for economics. Quadratic
trends for science and humanities are calculated from the first year with a positive value.

year of award, instead of the year of birth, as the most appropriate reference to follow the evo-
lution of opportunities in science at the highest level, the time span will change (1901-2019)
but the evolution of opportunities will remain basically the same across dimensions (see
Figs. 14, 15, 16, 17 in Appendix 6). It seems therefore that despite the larger complexity of
new ideas and the higher sophistication of the new methods of verification, which require the
work of many more scientists regardless of their birthplace, sex and socioeconomic origin,
opportunities in science at the highest level have stagnated.

Concluding remarks
The same idea can be used by all individuals because ideas, which are the main driving

force of economic growth (Mokyr, 2017), are non-rivalrous. As a result, the number of
individuals with enough opportunities to create new ideas in the world, not in a given
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country, is determinant for the advancement of science and the economic development
of human societies. The larger the pool of people science has to draw on, the greater the
number of individuals that can have new ideas (potential supply of ideas). But people
are only a necessary condition for research, not a sufficient one, because individuals
have to be capable of creating new ideas (observed supply of ideas). For example, the
Industrial Revolution (“take-off””) occurred in Europe instead of China despite the fact
that the latter was far more populated for two millennia.

The findings of this study demonstrate that, although geographical mobility of scien-
tists significantly increased throughout the twentieth century, barriers in science were
huge. First, the age at breakthrough was found to be negatively related to the average
level of education (enrolment rate in tertiary education) and health (life expectancy) in
the researcher’s country of birth. This result implies that the average age of scientists
at the time of the breakthrough was higher for researchers from less developed coun-
tries. In the same way, opportunities by birthplace were found to be extremely unequal.
In fact, becoming a top-class scientist in the world by country of birth was found to
be harder than becoming an Olympic medalist. Gender was a significant deterrent for
the scientific quest. And socioeconomic background kept many individuals out of a
career in science. Thus, the probability of doing scientific research at the highest level
of an individual with parents belonging to the most favoured occupational categories
more than doubled the probability of an individual with parents belonging to the least
favoured occupational categories.

These findings would not be so negative if opportunities in science had increased.
Contrary to the expectations, our results showed that opportunities in science, in con-
trast with humanities, have suffered from stagnation. Geographical opportunities in sci-
ence at the highest level were stable around 0.2 since 1920, being the trend for math-
ematics similar. Opportunities by gender in science remained stable around 0.05 since
1870, while opportunities by sex in mathematics kept close to zero during the whole
considered period. Finally, background opportunity in science increased from 1891 to
1951, declining ever since. In mathematics, background opportunity remained at its
minimum value of zero all the time.

To maintain the pace of innovation, more and better education, more sophisticated
labs and installations, and stronger collaborations between scientists are necessary.
These needs can create large opportunities for individuals to use their talent, regardless
of their birthplace, gender and socioeconomic origin. However, these needs are costly
so they can also progressively leave many countries and individuals behind. Our find-
ings seem to highlight that the later possibility has been as important as the former
since opportunities in science have suffered from stagnation. The large barriers that
existed in science at the highest level have not been eliminated sufficiently fast to avoid
the deceleration of innovation.

Appendix
Appendix 1: Age at award and awards per year

See Figs. 8 and 9.
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Fig.8 Age at award in science, humanities, mathematics and economics. Note: Age at the time the Nobel
Prize and Fields Medal winners accept the award. Local linear smoothing (kernel: Epanechnikov). Shadow
area: 95% confidence interval
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Appendix 2: The age at the time of the breakthrough

See Table 3.
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Appendix 3: Geographical mobility

See Fig. 10.
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Fig. 10 Geographical mobility. Note: Geographical mobility between the country of birth and the country
of residence in the year of winning the award. Values are accumulated and total mobility is normalised to
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Appendix 4: Inequality of opportunity to be a top-class scientist by country of birth

See Figs. 11 and 12.
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Fig. 11 Inequality of opportunities by scientific fields, mathematics and economics. Note: Lorenz curves of
physics, chemistry, medicine, mathematics and economics. Opportunities are the percentage of awards per
capita by country of birth and the world population in 2015 is from United Nations (2017)
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Appendix 5: Inequality in average years of schooling

See Fig. 13.
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Fig. 13 Inequality in average years of schooling between countries over time. Note: Evolution of inequality
in the average years of primary, secondary, and tertiary schooling between countries from 1870 to 2015.
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year. The original data is from Lee and Lee (2016)
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Appendix 6: Opportunities over time by the date of award

See Figs. 14, 15, 16 and 17.
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Background equality of opportunity
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