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Abstract

We extract bibliometric data about gender issues in fundamental
physics. We do not find significant gender differences in hiring rates,
hiring timing, career gaps, citation patterns. We find the well known
gender difference in representation, mildly affected by a higher aban-
donment rate of female authors. Various bibliometric indicators (num-
ber of fractionally-counted papers, citations, etc) exhibit a productiv-
ity gap at hiring moments, at career level, and without integrating
over careers. The gap persists after accounting for confounding fac-
tors and manifests as an increasing fraction of male authors going
from average to top authors in terms of bibliometric indices, with a
shape that can be fitted by different variabilities.



1 Introduction

This paper originates from an observational opportunity: for the first time sociological issues
in fundamental physics can be studied using the public INSPIRE database, that accumulated
bibliometric data about fundamental physics world-wide from ~ 1970 to now [InSpire(2010)].
Fundamental physics is a sub-sector of physics that deals with the fundamental aspects of the
field and that presently mostly focuses on particle physics, cosmology and astrophysics, from
an experimental and theoretical point of view.

Such bibliometric data are being used to study various aspect of the field. We here focus on
gender issues: physics exhibits persisting differences and attracts students with high average
grades (see e.g. fig. 9 of [Ceci et al.(2014)] and fig. 1 of [Ginther et al.(2015)]). The bibliometric
approach relies on large amounts of objective quantitative data about papers, authors, citations
and hires. Having enough statistics sometimes is crucial to reveal effects, and to go beyond
simple counting by devising dedicated analyses that target specific questions. We can do this,
as we have the full database, not just access to some pre-defined metrics. Having a large amount
of new data we will follow a data-driven approach.

A vast literature studied gender differences in STEM (Science, Technology, Engineering,
and Mathematics), although no previous studies specifically focused on fundamental physics:
the present study will fill this gap. A main theme is understanding why women remain under-
represented in STEM fields, a worldwide phenomenon persisting since decades, despite inter-
ventions on its alleged social causes [Stoet et al.(2018)].

A limitation of bibliometric indicators is that authors start being scientifically active roughly
at PhD level: in physics (as in other STEM fields) a low female representation is already present
at this entry level of bibliometric'data. Earlier phases need to be explored with other tools.
Surveys of occupational plans and first choeices of high-school students already reveal a gender
difference in the same direction [Xie et al.(2003)], possibly mainly due to gender differences in
interests [Ceci et al.(2014),Su et al(2009), Lippa (2010), Hyde (2014), Su et al.(2015), Thelwall
(2018)b, Stoet et al.(2018)], with a sub-leading role played by differences in relative attitudes
(girls with high math ability tend to also have high verbal ability) [Wang et al.(2013), Ceci et
al.(2014), Stoet et al.(2018)].

Coming to the later phase covered by bibliometrics, initial small-scale experiments and
anecdotal reports suggested biases against hypothetical female applicants (see e.g. [Wenneras
et al.(1997),Moss-Racusin et al.(2012)]). These findings have not been supported by more recent
larger-scale experiments (see the review in [Ceci et al.(2011)] and [Williams et al.(2017), Ceci et
al.(2015)]). No significant biases have been found in examined real grant evaluations [Ceci
et al.(2014), Marsh et al.(2011), Ley et al.(2008), Mutz et al.(2012)] and referee reports of
journals [Borsuk et al.(2009), Ceci et al.(2014), Edwards et al.(2018)]; the gender composi-
tion of applicants [Way et al.(2016)] and panels [Abramo et al. (2018)] has little effects.
Real hires show a higher success rates among women [National Research Council, Wolfin-
ger et al.(2008), Glass et al.(2010), Ceci et al.(2014)], especially in those STEM fields where
women are less represented [Ceci et al.(2014)]. Bibliometric attempts of recognising higher
merit [Ceci et al.(2014)] found that male faculties write more papers [Xie et al.(1998), Levin



et al.(1998), Fox (2005), Abramo et al.(2009), Lariviere et al.(2013), Way et al.(2016)] (see
also [Holman et al.(2018), Thelwall (2018)]), predominate among first and last authors (pres-
tigious in some fields) and in single-authored papers [West et al. (2013), Jagsi et al. (20006)].
Such gender productivity gap persists after accounting for confounding factors such as senior-
ity [Ceci et al.(2014),Caplar et al.(2017),Moldwin et al. (2018)]. Some studies observed a small
group of extremely productive, mostly male, ‘star authors’ [Bordons et al. (2003), Abramo et
al.(2009)b, Abramo et al.(2015)]. A smaller ‘leaky pipeline’ rate of female authors is observed
in STEM fields than in other fields with higher female representation [Ceci et al.(2014)].1

This paper is structured as follows.

In section 2 we describe how we identify the gender of authors; how we obtain lists of hires;
how we combine citations to define bibliometric indicators which can be used as reliable proxies
for scientific merit, being significantly correlated to human evaluations such as scientific prizes.

In section 3 we present findings that exhibit interesting gender differences. New authors
today appear with roughly 4:1 male:female proportion, with order one variations in different
countries. We find that this entry difference in representation is not significantly affected by
hiring, consistently with [Ceci et al.(2014)]. As we use citations, in section 3.1 we first verify
that citations encode the common opinion of male (M) and female (F') authors. We achieve this
by defining a gender asymmetry in citations sensitive only to a differential gender bias, not to
gender differences in number or productivity of authors. In section 3.2 we then compare reliable
bibliometric indices based on citations finding that F' authors are hired with indices which are,
on average, not higher than those of M authors. Section 3.3 finds a productivity gap consistent
with previous studies. This new difference is quantitatively studied in section 3.4 finding that
the fraction of M authors progressively grows going from average to top-authors, consistently
with [Bordons et al. (2003), Abramo et al.(2009)b, Abramo et al.(2015)]. As bibliometric data
are influenced by a complicated background of social and historical accidents (in particular the
growing fraction of female physicists), in the Appendix we show that the results above persist
after taking confounders into account.

In section 4 we conclude discussing possible interpretations of the data.

2 Methods

The public INSPIRE database [InSpire(2010)] maintained by CERN offers a picture of funda-
mental physics world-wide from ~ 1970 to now. INSPIRE gives data on about one million of
scientific papers, 30 million of references, 71104 identified authors in 7 thousands of institutes.
INSPIRE individually identified the main authors, solving the problem of name disambiguation.
“Boundaries” of the data-base play a minor role, given that fundamental physics presently is
a self-contained specialised subject [Sinatra et al.(2005)]. On the other hand, various authors
work on multiple topics within the field, that cannot be sharply sub-divided.

For simplicity, we avoided summarising how the cited studies are limited within countries and/or STEM
fields. The discussion above does not provide a complete panoramic; see [Ceci et al.(2014)] for a recent exhaustive
review.



As no gender information is provided, in section 2.1 we describe our procedure to infer
gender from names and nationality of the authors. In section 2.2 we describe how we obtain
lists of hires in fundamental physics world-wide. Section 2.3 motivates the bibliometric index
that we will use to indicate scientific merit.

2.1 Name-gender association

We need to infer gender from names in an accurate and complete way. Three main problems
are encountered. First, the INSPIRE database provides only name initials for about 13% of
the authors. These are mostly authors with little impact, as defined by any index. Second,
some names like Nicola are “ambiguous”: they correspond to different genders in different
countries. Third, some authors have unusual names. For example, the Mathematica machine
learning function Classify [Wolfram et al.] uses information about the first name only and
leaves about 40% of authors with unclassified gender.

We tested two approaches, in order to determine their strengths and choose the best com-
bination:

1. First, we run the on-line ETHNEA [Torvik et al.(2016)] tool, which uses the full name
(first and family name) to infer both gender and ethnicity, and leaves 26% of the authors
with unclassified gender.

2. Second, for each author we extract a “guessed” nationality from the earlier affiliations in
his/her list of papers and use it to disambiguate “ambiguous” names. The obtained list
of first names and nationalities is matched to a database of names and countries from the
Worldwide Gender-Name Dictionary (WGND) [WGND]. This database contains 175917
names with their associated countries. About 70% of authors have “unambiguous” names
that are present in the WGND. Authors with “ambiguous” names present in the WGND
are matched using the nationality inferred from their earliest affiliations. The size of this
subset of authors is ~ 3% of the total, and the uncertainty induced by this procedure
is below the percent level. About 0.1% of the authors have “ambiguous” names and no
nationality information: we match them to the most common gender corresponding to
their name, defined as the one used in the largest number of countries. 23% of the authors
remain unclassified.

The results discussed in the following are affected in a minor way using the ETHNEA or the
WGND classification. By comparing them we see that that the ETHNEA classification is less
complete, leaving unclassified more authors with unusual names. On the other hand, the
WGND classifications leads to some authors with misidentified gender, typically arising due to a
misidentification of their nationality. We find different genders for 1.8% of all identified authors;
with a 5% percentage among Chinese,? Indian and Korean authors, and a 1% percentage among
European authors.

2Gender can be reliably extracted from Chinese names only when they are written in Chinese characters:
this information is not always provided by INSPIRE.



As a best choice, we adopt the ETHNEA classification whenever available, and the WGND
classification otherwise. Furthermore, we selected a thousand of top-cited authors in different
time periods and systematically verified and correctly assigned their gender with no errors,
using information available on internet.

2.2 Hiring

INSPIRE is integrated with HEPNAMES, a data base with profiles of the various authors. As
an example the internet page inspirehep.net/author/profile/A.Strumia.l shows the profile of
the present author. From HEPNAMES we obtain a data-base of about 10000 first hires in
fundamental physics world-wide, including dates and disambigued institutions. While INSPIRE
is a widely used tool in the community, precise career information is only added by authors
on a voluntary basis. If F' and M authors tend to do this differently, INSPIRE hires might be
biased.

We therefore complement INSPIRE hires by computing unbiased “pseudo-hires” defined as
follows: we consider an author as pyr-hired when he/she starts writing papers with the same
affiliation for at least p years. Using this definition we obtain a database of about 40000/19000
5/10yr-first hires from 1960 to 2013/2008 (64000/23000 including multiple hires for the same
author). However, in this way we cannot obtain aprecise hiring date for the sub-set of authors
hired by the same institution to which they were previously affiliated.

Thereby we will use INSPIRE hires when a precise hiring date is more important than
increased statistics, and pseudo-hires in the opposite situation, when a full coverage is more
important than a precise timing. In any case, the other sample will be used as a control sample.

2.3 Bibliometrics

It is important to adopt a bibliometric index that is a valid proxy for what is commonly
considered as scientific merit: for example it must give top authors highly correlated to scientific
prizes.

Traditional metrics (such as citation counts, h index, paper counts) fail to fulfil this role
in fundamental physics [Strumia et al.(2018)]. The main reason is, by far, the presence of
very productive (up to 6000 papers) large collaborations (up to 3000 authors), mostly in high-
energy experimental physics. Signing more papers that what one can read stretches the concept
of authorship [Birnholtz et al.(2006)]. The practical problem is that the contribution of big
collaborations overwhelms the data-base, if 6000 papers are counted as 3000 x 6000.

This situation can be corrected by “fractional counting” [Hooydonk (1997),Perianes-Rodiguez
et al.(2016),Leydesdorff et al.(2016)]: a fraction 1/N,y of each paper is equally attributed to its
Naus authors (as appropriate for an intensive quantity), rather than summed over them. All au-
thors, including first and last authors, are treated on equal footing because authors are usually
sorted alphabetically in fundamental physics, unlike what happens in other fields.®> Adopting

3The first author is not alphabetically sorted in 6% of the papers in the hep-th arXiv bulletin, 13% in hep-ph
and hep-ex, 18% in hep-lat, 25% in gr-qe, 44% in astro-ph. In more papers the author highlighted as first might


http://inspirehep.net/author/profile/A.Strumia.1

fractional counting, the total bibliometric output of collaborations scales, on average, as their
number of authors [Rossi et al.(2019)], suggesting that large collaborations form when needed
and that gift authorship does not play a large role.

Fractional counting of citations provides a list of top-authors in fundamental physics highly
correlated with those who received scientific prizes [Strumia et al.(2018)]. Thereby fractionally-
counted citations are one simple reliable indicator.

We will actually use “individual citations” Nigy = Neit/NauwsNref (Summed over all citing
papers) which give less value to citations coming from papers with a larger number N of
references. This extra refinement only makes minor differences, such as mildly penalising sectors
(like phenomenology) where papers tend to have more references [Strumia et al.(2018)]. The
resulting list of top authors is shown in table 6 of [Strumia et al.(2018)].

The use of bibliometric indices based on citation counts as a proxy for scientific merit
comes with limitations and dangers. On short time-scales citations are more influenced by
visibility, and some authors engage in boosting their citation counts in various ways: large
collaborations, many references, self-references, citation networks, salami slicing into minimum
publishable units... Individual citations are not boosted by the first two strategies. As we are
concerned with gender differences, it is reassuring that fig. A.1 shows no gender differences in
self-referencing.

Since “when a measure becomes a target, it‘ceases to be a good measure”, in the Appendix
we consider a metric more different from common targets, which is not enhanced by the latter
three strategies. The ‘CitationCoin’ (' is defined as the difference between the number of
received and given individual citations (up to a factor that prevents systematically negative
contributions from recent papers), such that it is not affected by self-citations not by networks
of circular citations [Strumia et al.(2018)]. Authors that write too many small papers can even
get a negative ' score.

Bibliometric indicators measure the average opinion of the community: while all opinions
can be wrong, a better possibility could be relying on the opinion of top-authors. This is done by
metrics based on the PageRank algorithm (such as those discussed in [Pinski et al.(1976), Chen
et al.(2007),Ma et al.(2008),Radicchi et al.(2009), West et al.(2014),Strumia et al.(2018)]). This
is studied in the Appendix, together with the widely used but naive bibliometric indicators
based on paper counting and on the average number of citations per paper.

In practice, the differences in bibliometric indeces among authors are so large that log-scale
plots will be appropriate and refined metrics only make minor differences. We use individual
citations N because this metric is simpler and closer to the commonly used number of citations
Neit, while allowing to meaningfully deal with experimentalists, theorists and astrophysicists,
by compensating for the vastly different typical number of co-authors N, of papers produced
by these communities.

accidentally be also alphabetically first.
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Figure 1: Left: percentage female contribution to the number of new authors, of authors that
wrote at least a paper during the year, to the number of fractionally-counted papers, and to
the number of receied individual citations, considering the papers written each year. Right:
the percentage of F' authors in fundamental theory is not positively correlated with the Global
Gender Gap Index of the country [World Economie Forum)].

3 Results

Among the authors in fundamental physies listed in the INSPIRE data-base, 16% of those with
identified gender are classified as female, and wrote 10% of the fractionally-counted papers
receiving 7% of the individual citations. These raw numbers, meant only to give a first rough
idea of the field. are affected by a variety of historical accidents.

As documented in [Strumia et al.(2018)] the field significantly expanded: about half of
citations have been given after 2000, so that metrics based on (individual) citations favour
recent authors. Next, the F' percentage grew with time as shown by the raw data in the left
panel of fig. 1.

The right panel shows a mild gender geographical variation within countries that most con-
tributed to fundamental physics. It is interesting to explore if the female fraction is correlated
with the Global Gender Gap Index (GGGI) of the countries [World Economic Forum] which
measures the gap between women and men in education, politics, health, economy, as this is
a possible cause of the low female representation. The GGGI ranges between 0 and 1, with 1
indicating parity or a gap in favour of women (as the GGGI ignores imbalances to the advantage
of women). The right panel of fig. 1 shows that the female fraction is not positively correlated
with the GGGI, as similarly observed among students in STEM [Stoet et al.(2018)].

Fig. 2 shows that the female percentage is a factor of 2 higher in sub-fields dominated by
large experimental collaborations than in theoretical fields.
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Figure 2: As in fig. 1, showing after 1995 the result within the main arXiv categories, plotted
as colored curves: experimental categories include hep-ex (high-energy experiments) and nucl-
ex (nuclear experiments). Theoretical categories include hep-ph (high-energy phenomenology),
hep-th (high-energy theory), hep-lat (lattice), nucl-th (nuclear theory); gr-qc (general relativity
and quantum cosmology) is mostly theoretical, altought it includes some experiments. Finally
astro-ph contains astrophysics and cosmology.

Clearly, the field and its gender composition evolved in the past 50 years. While describing
such changes from a bibliometric point of view is an interesting subject, we try focusing on
general features which emerge from the complicated background of social factors. This will
need taking into account possible confounders, by studying sub-periods and sup-topics or by
trying to compensate for the above variations.

3.1 Citations

We want to investigate if citations are influenced by the gender of the cited authors, searching
for a possible different tendency of the two genders to cite more often a given gender.

In line of principle, complete information could be extracted by comparing ‘how citations
are’ with ‘how citations would be’ in the absence of gender discrimination. In practice this
requires relying on models of citations, which are affected by questionable systematic issues.
One can try controlling for main factors (such as different numbers of M and F' authors, different
average seniorities, regional differences, etc), but reality can contain more complicated effects
such as different scientific qualities. For example, [Caplar et al.(2017)] claim (consistently with
our later findings) that papers in astronomy written by F' authors are less cited than papers
written by M authors, even after trying to correct for some social factors. After considering
attributing the remaining difference to gender bias, [Caplar et al.(2017)] conclude “of course
we cannot claim that we have actually measured gender bias”.

We will follow a different strategy, which is often more useful in the presence of backgrounds
that cannot be reliably modelled: restricting the attention to an asymmetry constructed such
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Figure 3:  Time evolution of the gender asymmetry defined in eq. (1); A >0 (A < 0) signals
same-gender (opposite-gender) preference. Left: As function of the publication year of the
cited single-author papers. Right: As function of the publication year of the citing single-
author papers. After 1995 we also show the asymmetry in different sectors of fundamental
physics, based on their arXiv categories: theory (hep-ph, hep-th, hep-lat, nucl-th, and gr-qc),
experiment (hep-ex and nucl-ex) and astrophysics (astro-ph). The bin 2018-20 only uses data
available up to mid 2018.

that it is not affected by the backgrounds. The extracted information encoded in the asymmetry
is reliable but partial, as we give up on the attempt of modelling the full process.

To start, we restrict our inquiry to the sub-sample of single-author papers with identified
gender (G, as these would likely be more strongly affected by a possible gender bias. We count
NEt., o/, the number of single-author papers with gender G citing single-author papers with
gender . We compute the proportions fo,or = NG o /N&, dividing by the total numbers
Ngt =30 N&* o, 50 0 < faosor < 1. From this we define the gender asymmetry as

1 Ncit Ncit
fM%M fFHM fFaF fMaF N](\:/l[t_> N]C;}t_> € (NZ(?LM NICTILF ( )

The first formula means that A is the proportion at which solo males cite solo male research
more than solo females cite solo male research. The second formula means that A also is
the proportion at which solo females cite solo female research more than solo males cite solo
female research. So the gender asymmetry ranges between —1 < A < 1. The final formula
shows that A is a more symmetric quantity, with a property that makes it useful: A vanishes
whenever citations are given without considering gender. A > 0 (A < 0) signals same-gender
(opposite-gender) preference, altought more complicated patterns are possible: only one gender
might have a particular preference for citing a given gender, or both might have a preference for
opposite genders, or both might have a preference for the same gender, in different amounts. On
the other hand, A is insensitive to a difference in the total number and in the average scientific
quality of M and F' authors (as quantified by the chosen indicator), as well as to a possible

9



category ‘ hep-ex hep-ph  hep-th hep-lat  nucl-ex nucl-th  gr-qc  astro-ph
counts 2755 14627 15370 1762 1673 1258 6706 6733
Ain% | —-1.0+1.7 054+0.6 0.0£0.7 —0.3+£2.2 6.0+£2.4 0.7+2.2 0.5+1.2 0.5%1.1

Table 1: Gender asymmetry A defined in eq. (1) computed restricting to single-author papers
after 2010, in the arXiv categories defined in the caption of figure 3. The counts are the
number of single-author papers in a given arXiv category cited by any single-author papers, not
necessarily in the same category.

category ‘ hep-ex hep-ph hep-th hep-lat nucl-ex nucl-th gr-qc astro-ph
counts/1000 115 421 270 42 22 44 90 285
Ain % 0.0 0.3 0.5 1.0 1.0 0.5 —0.1 0.4

Table 2: As in table 1, considering all papers after 2010.

collective equal bias of both genders towards one gender, which corresponds to multiplying one
column of the matrix above by a fixed constant.*

The meaning of the asymmetry can be clarified giving its predicted value in a toy model
where N&™ authors of gender G (for simplicity we ignore that some authors are more active
than others, so that an effective number would be directly relevant) cite with gender-dependent

aut

rates pg_.q, such that NcC;iLG' x NEEN& pese and

NautNaut
A~ ztw F - det (pM—>M pM—>F) (2)
(Nt +va) DFsM DPF—F

in the limit where all pg_o are close to'a common value (otherwise a slightly more complicated
expression applies).

We extract A from data removing self-citations (also known as self-references), which in-
troduce a background of same-gender preference not due to an actual gender preference. This
removal is done exactly, as we have a list of all references where all authors are identified with
a unique code. The removal introduces a small bias of order 1/N&"™ in the asymmetry: we
neglect this bias since it is smaller than our statistical uncertainty, which scales as 1/,/N&*.
Fig. 3 shows the time evolution of the gender asymmetry, found to be compatible with zero
at all times.> Restricting to papers after 2010 we find the result shown in table 1.° The un-

4The sub-sample of “ambiguous” authors (whose name is associated to different genders in different countries)
does not show anomalous features that would support the hypothesis of a collective gender bias.

5An analysis performed along the same lines but replacing genders with countries shows an order one pref-
erence for citing authors of the same country, especially in some countries. This can be a manifestation of the
stronger contacts between nearby authors.

6Qur results have been reproduced by [Hossenfelder et al.(2018)], who also try to go beyond the asymmetry
by assuming a model similar to our eq. (2) (but with N&"* replaced by NZ™). As such models introduce
questionable systematic uncertainties, we restrict our attention to the model-independent gender asymmetry.

10



All authors, InSpire hiring 6 All authors, InSpire hiring

) — I-
10 ] St

4+ Male

‘2‘ W jrr‘”J I uJ

S Y OJ.,..J.“‘J““J““J“‘_
1970 1980 1990 2000 2010 1970 1980 1990 2000 2010

Year at hiring Year at hiring

Mean Nipyp at 1st hiring
Mean Nici¢ at 1st hiring
W

Figure 4:  The left (right) panel shows the mean number of fractionally-counted papers Nipap
(of individual citations N ) of authors in fundamental physics at the moment of their hiring,
as function of the hiring year. Data are shown separately for male (blue) and female (pink)
authors.

certainty (shown as one standard deviation after the & symbol) has been computed with the
usual propagation of errors assuming statistical \/NG', -, fluctuations on the counts, such that
the uncertainty on A is [N&t, , N&t /NS Vet - veit /NS 11/20 A hint of an asymmetry,
Apther = (4.8 & 1.2)%, is observed among other about 10* papers (mostly unpublished) not in-
cluded in the 8 major arXiv categories relevant for fundamental physics. As a result, combining
all single-author papers citing single-author papers, gives an asymmetry Apuplished = (1.0£0.5)%
when restricting to published papers, or A,y = (1.9 +0.4)% when including all papers.

The definition of the gender asymmetry could be extended to multi-authored papers knowing
how a hypothetical gender bias would depend on the relative amount of F' and M authors. One
simple possibility is just generalizing the definition of N&*, ., into > ... ione Jo & where fo (fE)
is the fraction of authors with gender G in each citing (cited) paper. We drop all self citations,
now defined as whenever the cited and citer paper have at least one author in common. With
the new N&', ., we find the result in table 2. Uncertainties (not shown) are there about 5 times
smaller than in the single-author sample, if propagation of errors is naively applied to fractional
counts.

In conclusion, taking into account the definition of the asymmetry A and the relative number
of F'and M authors in our data, a non-zero gender asymmetry in citations within its uncertainty
range would not significantly distort the bibliometric indices based on citations discussed in

the following.
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Figure 5:  Among all hired authors after 2000, we show the cumulative fraction of hired authors
as function of their scientific age, for male (blue) and female (pink) authors in experiment (left),

theory (middle), astro/cosmo (right). We use INSPIRE hires.
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Figure 6: Fraction of active authors that each year leave the field, as function of their scientific
We considered leavings during 2000-2015, counting as left those authors who no longer

age.

wrote a paper up to now (2018). See the text for warnings.
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Figure 7:  Fraction of authors hired up to now as function of the date of the first paper. Only
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3.2 Hiring

Having established that citations represent the common opinion of M and F authors of the
community, we can use citations to test for a possible gender difference in hiring. For each
hired or pseudo-hired author we compute his/her bibliometric indices motivated in section 2.3
at the hiring moment, defined as in section 2.2. From this we extract the mean bibliometric
indices of hired F' and M authors.

The left (right) panel of fig. 4 shows the mean number of fractionally-counted papers (of
individual citations Ni) of authors at their hiring date as reported by INSPIRE. For the sake
of clarity we use traditional color codes: blue (pink) for male (female) authors.

We see that hired F' authors do not have, on average, bibliometric indicators above those
of hired M authors. Rather, a tendency in the opposite direction seem present at all times,
across the main sub-fields” and most countries (statistical uncertainties become significant when
restricting to some countries with not enough authors). This result persists after taking into
account the possible confounders considered in appendix A.1.

We next show distributions that provide extra information.

Fig. 5 shows the cumulative distribution of hired physicists as function of their scientific
age at hiring. It exhibits no significant gender difference, which could have been produced in
various ways: 1) Some hiring committees might take into acecount career gaps due to maternity
(about which no information is available): this would tend to increase the average scientific
age of female hired scientists. 2) A gender discrimination in hiring would tend to reduce the
average scientific age at hiring of scientists with the favoured gender. 3) A gender difference in
abandonment rates would tend to reduce the average scientific age at hiring of scientists with
the higher abandonment rate.®

A warning is necessary about the two next plots, which extend the analysis to authors which
have not been hired. Our analysis is restricted to authors identified by INSPIRE, that misses
many authors who leave the field after writing a few papers. This generates an extra systematic
issue, which presumably tends to be gender-neutral, such that gender ratios presumably are
more reliable than absolute rates.” Indeed information for M and F authors presumably is
similarly incomplete, as INSPIRE does not collect data about gender, especially of unknown
authors.

Fig. 6 shows the abandonment rate per year as function of scientific age. It is maximal

"Experimentalists who work in large collaborations tend to have similar bibliometric indicators. The average
Niciy at hiring can be lower for F' authors if they are hired younger than M authors.

8The temporal distribution of 245 hires of astronomers in the US after 2010 was studied in [Flaherty (2018)]
finding that F' authors are hired on average 1.1 & 0.6 years earlier than M authors (considering the time after
receiving the PhD; astronomers are hired on average 5 years later). We find a similar difference of 0.95 + 0.5
yr restricting to astro/cosmo authors (considering the time after the first paper; authors are hired on average
9 years later). According to [Flaherty (2018)] the hiring time distribution is better fitted assuming a 3-4 times
higher F' abandonment rate, rather than assuming a 10:1 bias in favour of F' astronomers. However this claim
is only based on a very simplified model of hiring that neglects important effects (some authors are better than
others; quotas would not be overfilled, etc). We do not attempt modelling hiring, as we do not see how models
can be made realistic. Rather, we have extra data about papers and citations which do not support neither a
10:1 bias (see fig. 4) nor a 4:1 difference in abandonment rates (see fig. 6).
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Figure 9:  Mean number of fractionally-counted papers (left) and of individual citations (right)
as function of scientific age (time after the first paper) of scientifically active authors now.

among elder authors that retire, minimal among senior authors, and intermediate among junior
authors (as warned above, we under-estimate the abandonment rate of very young authors that
leave the field after writing just a few papers). F' authors show, on average, an abandonment
rate 30% higher than M authors. Such difference is present at all scientific ages and restricting
to hired authors. Within uncertainties; the excess abandonment rate at junior ages (possibly
due to hiring issues) is equal for M and F' authors. In conclusion we see a mild ‘leaky pipeline’
effect apparently unrelated to hiring issues. This is consistent with [Ceci et al.(2014)] that finds
large gender differences at PhD level in STEM, and mild differences in the subsequent progress;
see also [Miller et al.(2015), Allen-Hermanson (2017)].

Fig. 7 shows the fraction of authors hired among those that started writing papers in given
time periods. We do not see significant gender differences. We used 10-yr hiring because
coverage is here more important than timing. Thereby the plot stops 10 yr ago, and absolute
numbers would be different using incomplete INSPIRE hiring. Furthermore, as warned above,
extra un-hired authors not in INSPIRE would lower the hired fraction.

3.3 Productivity

Fig. 1 and 2 show a possible gender gap in the fractionally-counted number of papers at a few
10% level consistent with earlier findings in the literature (see e.g. table 2 of [Ceci et al.(2014)]
and [Abramo et al.(2009), Abramo et al.(2015)]), and a larger gap in the number of received
individual citations.
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As M and F authors have different average seniorities, the left panel of fig. 9 shows the
mean number of fractionally-counted papers written by M and F authors as function of their
scientific age (time since their earliest paper). We restricted to scientifically active authors:
those who wrote at least one paper after 2013. The average is shown separately for hired and
not-hired authors, using 10yr-hires (in order-to have a more complete coverage). The right
panel of fig. 9 similarly shows the mean number of received individual citations. In both cases
we see that junior M and F' authors have similar productivity, and that a gap develops with
their scientific age. A higher scientific age means going backwards in time, to authors that
started earlier when the field was different and when the F' percentage was smaller.

Appendix A.2 discusses other possible confounders, without finding anything that can re-
move the gender gap in productivity. We then discuss its possible causes.

In various countries F' authors have earlier retirement ages. But gender differences show up
in fig. 9 before retirement. Furthermore many physicists tend to remain scientifically active after
retirement (although the productivity of most physicists tends to decline before retirement).

A possible reason for the gender gap observed in various fields is children and maternity,
see [Ceci et al.(2014)] for a recent summary of the literature, which is not univocal. Some studies
find no or small effect [Cole et al.(1987),Sax et al.(2002), Xie et al.(2003), Stack (2004)], other
studies find a negative impact (on women [Fox (1995), Ginther et al.(2009)], on men and women
equally [Hargens et al.(1978)]), other studies found a positive impact (on men [Ceci et al.(2014)],
possibly due to selection effects). Results vary depending on field (with physical sciences
sometimes being an outlier, possibly a fluctuation) and are mostly focused on the situation in
the US and on the number of produced papers or worked hours. [Ceci et al.(2014)] conclude:
“the presence of children cannot explain the overall gender productivity gaps”. While maternity
would deserve a dedicated study, our INSPIRE data do not provide any personal information so
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authors.

we can only proceed indirectly. Fig. 9 indicates a gap that opens at an age roughly consistent
with maternity (but also consistently with the transition to scientific independence), and that
does not close at older ages. We searched for a possible gender difference in career gaps: for
each author we computed the longest time gap between consecutive papers, using arXiv dates
to have precise information about publication dates. Fig. 8 shows the distribution of longest
gaps among M and F authors: it does not show significant gender differences. A similar null
result is found restricting to hired authors. The M/F gap seems strong in Germany, UK, Italy;
weaker in USA, France, null in Japan (maternity laws are different in different countries; but
single-country statistics is poor).

As we restricted to active authors, the averages computed in this section are not affected
by the mildly higher abandonment rate of F' authors found in fig. 6 at any scientific age.

Stopping writing papers might however be the extremum of a tendency towards reduced
productivity. A gender difference in career gaps or abandonment rates (possibly due to mater-
nity issues) might reduce the cumulative number of papers and of received citations of authors.
We thereby avoid summing over author careers, in order to see if a productivity gap persists.

Each year we determine the scientifically active authors that produced papers, and show
in fig. 10 their average productivity, separately for M and F' authors. We see that F' authors
produce on average roughly 30% less papers than M authors, and receive roughly half citations.
We adopted fractional counting: without it hyper-authored publications would lead to a recent
boom, roughly equal for M and F' authors. Alternatively, we observe the productivity gap by
restricting to theorists and avoiding fractional counting.
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Furthermore, fig. 11 (left panel) shows the gender contribution to single papers, finding a
smaller F' percentage among authors of top-cited papers, especially restricting to single-author
papers (see also [West et al. (2013),Jagsi et al. (2006)]). The right panel shows that F' authors
tend to work in larger collaborations.

3.4 Distribution of individual citations

The left panel of fig. 12 shows the distributions in the number of individual citations N
received by female and male authors in fundamental physics, considering the whole INSPIRE
data-base and without applying any correction nor cut. The bell-shaped distributions spread
through a few orders of magnitude in Ni;. The dotted curves show that each bell is well
approximated, at least in its upper side, by a log-normal as function of Ny, (namely, by
a Gaussian as function of log Ny, the variable used on the horizontal axis of fig. 12; log
is the logarithm in base 10). A log-normal, already observed in bibliometrics [Thelwall et
al.(2014)], arises when many positive independent random variables contribute multiplicatively.
We find that the number of citations received by authors.in physics tends to grow linearly or
quadratically rather than exponentially with their scientific age, and that papers written by
elder authors receive, on average, less citations than papers written by younger authors. This
suggests that the dominant random variables are unlikely to be of social type (e.g. the possibility
that some authors get more visibility and funds that boost their citation counts [Ruocco et
al.(2017)]).

The difference between the F' and M distributions in fig. 12 is statistically significant.

The black curve in fig. 12 shows the ratio Nz /Ny, of female vs male authors (left axis) as
function of the number of received individual citations (horizontal axis).” The gender ratio is
not constant: the M fraction progressively grows when going from average to top authors in
terms of individual citations. In the raw data, both averages and variances differ.

Since we deal with a composite sample of data, we consider whether such difference can be
a byproduct of confounder factors. This issue is discussed in appendix A.3: we don’t find any
confounder that washes away the trend. One confounder gives a correction worth taking into
account: senior authors had more time to receive citations and, for historical reasons, male
authors are presently on average more senior than female authors. This confounder cannot
remove the difference, given that fig. A.12 finds the same difference within sub-samples of
authors with same scientific age, and that fig. 1 shows a productivity gap present within papers
with same publication dates. Correcting for this confounder is however needed to precisely
quantify the difference. We compensate for the different time evolution N33 () (number of F
and M authors that produced their first paper during year t) by assigning to each male author
A a weight proportional to N (t4) /N5 (t4), where t,4 is the date of his/her first paper.
This is equivalent to select every year a random sub-set of new male authors such that M and
F" authors are numerically equal, and averaging over the possible choices. The result is shown
in the right panel of fig. 12. No significant gender differences are now seen in the lower sides of
the distributions, controlled by social phenomena such as hiring thresholds (such sides would

9In precise mathematical notation this is dNr/dNys, and the bells are N(;lng/d log Nt
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Figure 12:  The bells show the probability distributions of authors in fundamental physics as
function of their number of individual citations, separately for Male (blue) and Female (pink)
authors and plotted with a common normalization (right axis). The numbers in the figure show
the logarithmic average and standard deviation; the dots below the bells show individual authors
separately for M and F authors; the dotted curves show how well a log-normal approrimates the
upper side of the bells. The black smoothened curve (left azis) shows the ratio Ng/Ny between
the absolute numbers of female and male authors who received the amount Ny of individual
citations indicated on the horizontal axis. Error bars on data points are one standard deviation
statistical uncertainties. Lieft: raw data. Right: compensating for gender history.

be mostly removed restricting to hired authors). The difference in variances among the upper
sides persists.

We can account for different ages using a complementary strategy: we consider a new
bibliometric index Niq:/At) that approximatively compensates for the scientific age Aty =
tnow — ta of each author. Since N averaged over authors approximatively scales as At", with
p ~ 1.8 within all main topics, we choose this value of p. The left panel of fig. 13 shows that
the trend persists, and that the distributions become narrower, having removed one source of
their spread. The right panel of fig. 13 shows that applying both corrections has negligible
extra effect.

The difference in variances in the upper side is seen in any case.

The M fraction is largest among top authors, as clear from the dots below the bells in
the left panel of fig. 12, which show the individual authors. A physicist might focus on the
sub-set of top authors, read their names (the top 50 authors are listed in table 7 of [Strumia
et al.(2018)] and received 7% of the individual citations, like all women), and consider their
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Figure 13: Asin fig. 12, adopting a measure that, on average, does not depend on the scientific
age of authors. The M distribution still has a longer upper tail.

scientific results, concluding that no sociological confounder can wash away most of them. It is
thereby interesting to show that the gender difference is statistically significant even restricting
to top authors. In the raw data, the [ author with most individual citations is in position
F} = 69. Assuming that gender has no effect, the probability of being in this or lower position
is o1 = mf1~t ~ 3 107%, where m = 1 — f ~ 0.83 is the male fraction of the large sample (or
m = 0.87 restricting to theorists). Under the same assumption, the k-th F* author should be
on average position (F}) = k/f, with probability distribution f*mf=* (};’fll) [Knapp (2010)].
The observed positions are F, = 147 (the probability of being in this or lower position is
2 ~ 31071, F3 = 191 (p3 ~2 10713), etc., roughly fitted by F} =~ 69k. As discussed
above, the time evolution of f = Ng/(Ny + Np) is a confounder: it is however not enough
to remove the difference, sinee f > 1/69 at all relevant times. More precisely, performing the
correction described above, the positions become Fy = {22,61,84,...} ~ 27k. Considering the
age-corrected metric Ny /AtL® the positions are Fy, = {18,89,145,...} ~ 37k. An excess of
male top-authors is found in any case.

A varying gender fraction that culminates in a small group of extremely productive, mostly
male, ‘star authors’ has been observed in [Bordons et al. (2003), Abramo et al.(2009)b, Abramo
et al.(2015)] (see also [Kwiek (2016)]). As we find that the non constance of Ng/Ny, survives
to confounders, it is interesting to investigate its quantitative shape.

A look at fig. 12 or 13 suggests that the M bell has a longer tail of top-authors (raw
data show also a difference in averages, mostly due to confounders, that makes the difference
in variances less easily visible). Appendix B shows that the difference in upper variances is
statistically significant. This can be visually appreciated trough analytical approximations
based on the observation that the distributions of individual citations received by M and F
authors separately are approximatively log-normal (Gaussian as function of £ = In Ny ) in their
upper side. A common standard deviation o and different averages uy, # pup for M and F
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Figure 14: In the left panel the points with Gaussian 1o statistical errors are data about the
Npg /Ny female/male ratio as function of the number of individual citations received. Points
with Nyy > Np = 0 are shown as down arrows. The blue points are raw data, the red points
are corrected compensating for the different time evolution of the overall number of M and F
authors. In the right panel we consider a different bibliometric index which approximatively
compensates also for the scientific age of each author. Data are not well fitted by a linear
function in log-log scale (which corresponds top =1 in eq. (6)) and can be fitted by a quadratic
function (which corresponds to p = 2). This can be interpreted as different male and female
variances, as in eq. (4), rather than as different averages, as in eq. (3).

authors would produce a Ng /Ny, of the form

Np e Wme)2e? R, fins + BF [ — B
NM X e—(f—MM)Q/QUQ =exXp| — 7 l— T s RU = ZT (3)

Different standard deviations o), # or would produce

Np e (=w?/20% R, ) 1 1
Ny & e, ~ 0|~y U] Re= g = o @)

Thereby a dominant difference in averages (standard deviations) would produce a line (a
parabola) when Ng/N)y, is plotted as function of Nig in log-log scale. Such plot is shown
in fig. 14, finding a parabolic shape along the upper sides of the bells, where the log-normal
approximation is accurate enough (adding higher-order terms in the exponent would not change
the above conclusion, because fits to the observed distributions find small higher-order terms).

Is this statistically strong preference an artefact of the complexity of the full data-sample?
To answer, we repeat the analysis within the independent sub-samples of fig. A.12: plotted in
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log-log scale they independently tend to show a parabolic (rather than linear) trend in Ng/Nyy;.
The dotted curves in fig. A.12 show how well each sub-sample can be fitted in terms of R, ~ 2
and p &~ 2. Furthermore, the probabilities @; that test the hypothesis of no gender difference
restricting to top-authors are small within the sub-samples of fig. A.12 (where the top authors
are plotted as points), consistently with [Bordons et al. (2003), Abramo et al.(2009)b].

A similar difference in upper variances is find using different bibliometric indicators, see
appendix A.3.

4 Conclusions

We performed a bibliometric analysis of gender issues in fundamental physics world-wide from
~ 1970 to now, with the following results:

1. First, we see the well-known initial gender difference in representation: among new au-
thors that appear at PhD-level, there are roughly 4 males for each female. The initial
female fraction is not positively correlated with the Global Gender Gap Index of the
countries,' and evolves little in the subsequent career stages.

2. Citations exhibit no or small gender asymmetry and thereby encode the common opinion
of male and female authors about whatis interesting in fundamental physics (fig. 3).
M and F authors give themselves a similar fraction of self-references (fig. A.1); the M
fraction is higher in single-authored papers (fig. 11).

3. Female authors do not have, at hiring moments, higher average bibliometric indicators
based on individual citations or fractionally-counted paper than male authors (fig. 4
and 5). Among authors identified by INSPIRE (that misses authors that write very few
papers) we do not find a gender difference in hired percentages (fig. 7); F' authors show a
~ 30% higher abandonment rate at all ages (fig. 6) and do not take longer breaks among
papers than M authors (fig. 8).

The above results are in line with the literature, as summarized in [Ceci et al.(2014)]: “the
overall picture is one of gender neutrality”, “no evidence of women having harder time getting
tenure”. The literature finds a second gender difference, in productivity: “women on average
publish fewer papers than men”, “there are no sex differences in citations per article” [Ceci et
al.(2014)]. We find:

4. A productivity gap both in the fractionally-counted number of publications and in their
citational impact (fig. 9), which does not appear to be concentrated in specific countries,
topics, periods, bibliometric indicators, journals (fig. A.2), etc. The gap is also found
without integrating over careers (see fig. 10, 11).

10Gimilar studies about students (less mobile than researchers) found an anti-correlation known as “gender
equity paradox” [Stoet et al.(2018)].
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5. A gradually increasing male fraction when going from average to top authors in terms
of individual citations (or other indices). The quantitative shape of this trend appears
dominantly due to male and female distributions with different variances in their upper
sides rather than to different averages (see fig. 14, eq. (3), eq. (4)).

While many social phenomena could produce different averages, producing different variances
would need something that specifically disadvantages top female authors. Thereby, it is in-
teresting to point out that the gender differences in representation and productivity observed
in bibliometric data can be explained at face value (one does not need to assume that con-
founders make things different from what they seem) relying on the combination of two effects
documented in the scientific literature: differences in interests [Su et al.(2009), Lippa (2010),5u
et al.(2015), Thelwall (2018)b] and in variability [Halpern et al.(2007), Hyde (2014), Stevens
et al.(2017), Wang et al.(2013)]. Difference in interests dominantly accounts for the initial
difference in representation. Difference in variability accounts for the difference in productiv-
ity.!’ The small amount of higher male variance suggested by bibliometric data in fundamental
physics is roughly consistent with independent observations of presumably relevant traits, as-
suming that top-cited physicists correspond to a ~ 5o upward fluctuation, as expected from a
pool of ~ 10? persons.

Needless to say, “for every complex natural phenomenon there is a simple, elegant, com-
pelling, wrong explanation”. Dealing with complex systems, any simple interpretation can
easily be incomplete, including a hypothetical gender discrimination. In any case, it is inter-
esting that data can be explained without invoking such hypothesis.

We conclude addressing ethic and social values, given that a gender difference in variances is
seen by some as offensive, like otherideas originally proposed by Darwin [Hill (2017)] (modestly
keeping things in proportions in this comparison). The interpretation in terms of different vari-
ances implies that we should keep giving gender-neutral equal opportunities to everybody by
considering each person based on his/her individual qualities, not as member of a demographic
group (gender, nationality or whatever). The refusal to consider population level differences in
distributions when trying to understand gaps in representation is a politically-charged choice
that can lead to discriminations (allegedly aimed at establishing equal outcomes) and to intol-
erance against diversity in ideas.

Acknowledgements [ thank Guy Madison and many others for discussions and sugges-
tions; Riccardo Torre for (among many things) having implemented the WGND name-gender
association; Sabine Hossenfelder for having independently replicated the results in fig. 9b and
section 3.1 using arXiv data [Hossenfelder et al.(2018)].

UThis is consistent with [O’Dea et al.(2018)], that confirms the difference in variabilities looking at grades,
and observes that this difference alone cannot reproduce the representation gap.
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Figure A.1:  Left: distribution of authors as function of their self-citation rate. Right:
distribution of authors as function of their self-reference rate.

A Checking possible confounders

We here show that the gender differences discussed in the main text remain after accounting for
possible confounder ‘backgrounds’. To start we consider generic confounders, and in the following
sections we consider confounders specific to the various analyses.

A first generic worry is the effect of self-references. We count a reference as self-reference whenever
the citing and cited paper have at least one author in common. The fraction of self-references is
20 — 30% higher in the sub-sample of papers written by solo M authors,'? who tend to have more past
papers. We define the self-citation (self-reference) rate of each author as the fraction of self-citations
among all individual citations he/she received (gave). Considering all papers, fig. A.1 shows the
distribution of M and F' authors as function of their self-citation and self-reference rates. The narrow
peak in the self-reference distribution is due to large experimental collaborations. Gender differences
are small. We see an excess of M authors (mostly top authors) among those with a small fraction of
self-citations. Similar results are found restricting within the main topics.

Next, we consider a possible gender bias in the publishing system. Studies generically find gender-
fair refereeing processes [Borsuk et al.(2009), Ceci et al.(2014), Edwards et al.(2018)]. Fig. A.2 shows
roughly the same gender percentage among authors of main journals, up to small variations related to
the gender percentage of their topic (e.g. more F' authors in astrophysics). Furthermore, our analyses
are not restricted to published papers, as the current main publishing tool in fundamental physics is
the pre-print bulletin arXiv.

12This agrees with [Hossenfelder et al.(2018)] that considered single-authored papers.
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by the average individual citations received by their published papers. Dot areas are proportional
to the total biblio-metric impact.

A.1 Hiring

We here study whether confounders can produce the gender difference in the average number of
individual citation at hiring found in fig. 4 of section 3.2. We explore the following possibilities:

e The fraction of female authors is mildly higher in countries with lower hiring requirements. The
top-left panel of fig. A.3 shows that the gender difference persists restricting to hiring in EU
and US, which have similar gender fractions among authors in fundamental physics (see fig. 1).

e The middle-left panel of fig. A.3 shows the averages restricted to hiring in top-institutions, where
research weights more than teaching [Ceci et al.(2014)]. We consider the 100 institutions with
the highest number of individual citations received by all their present affiliates (see table 12
of [Strumia et al.(2018)]). Similar results are found with different criteria.

e The top-right panel of fig. A.3 shows averages computed separately within the main areas of
fundamental physics: despite the somehow different hiring practices, they show similar gender
patterns.

e Rare outliers could affect the mean number of individual citations at hiring. The top-right panel
of fig. A.3 shows the result obtained after removing the top and the bottom 10% of authors.
This affects M and F averages in similar ways.

e The bottom panels of fig. A.3 show averages computed restricting to single-author papers or
dropping hyper-authored papers, possibly affected by gift authorships.

Furthermore, qualitatively similar results are found using 5yr or 10yr-hiring; including successive
hires and/or removing first hires; using different bibliometric indices such as fractional counting or the
‘citation coin’ [Strumia et al.(2018)] proposed to discount circular citations including self-citations.
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Restricting to EU (dashed), US (dotted)
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Figure A.3: Top-left: as in the left panel of fig. 4, restricting to hiring in EU and US in-

stitutions. Top-right: computing means separately among authors with most papers in theory
(dotted), astro/cosmo (dot-dashed), experiment (dashed). Middle-left: considering only au-
thors hired by 100 top institutes. Middle-right: recomputing the mean after dropping every
year the 10% of hired authors with most and with least individual citations at hiring. Bottom-
left: considering only single-author papers. Bottom-right: considering only papers with less
than 10 authors.
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Figure A.4:  As in fig. 4, as function of scientific age at hiring (years passed since earliest
paper).

Finally, fig. A.4 shows the bibliometric indicators at hiring ‘as a function of “scientific age” at
hiring (defined as the time passed since the earliest paper of each author): the gender difference shows
no notable dependence on this variable.

A.2 Productivity

We here study whether the productivity gap found in fig.s 9 could be due to confounders.

Fig. A.5 shows checks similar to what performed in fig. A.3: we restrict to institutions in the
EU and US; to main topics; to 100 top institutes; to papers with few authors; we drop top and
bottom authors. We find a productivity gap among theorists and astrophysicists but not among
experimentalists, who work in large experimental collaborations inside which bibliometric indicators
cannot recognise individual merit (indices of experimentalists are significantly correlated). The gap is
present even using non-fractional citation counts (namely, assigning a paper with Ny, authors fully to
each author) provided that the analysis is restricted to theorists and/or to papers with less than O(10)
authors; otherwise average citation counts are dominated by large collaborations.!® Furthermore, a
gap in the same direction is observed computing the median, restricting to authors with more than
5 papers; removing single-author papers (possibly affected by a hypothetical collective gender bias);
replacing individual citations with fractional counting or PageRank-based metrics.

A.3 Distribution of individual citations

We here study whether the trend found in fig. 12 of section 3.4 (a higher M fraction among top-authors)
is faked by confounders. The higher average seniority of M authors has been already considered in
the main text.

1I3We thank Sabine Hossenfelder for discussions.
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Figure A.5: Top-left: as in fig. 9, restricting to authors in EU and US institutions. Top-
right: computing means separately among authors with most papers in theory (dotted), as-
tro/cosmo (dot-dashed). Middle-left: considering only authors mainly affiliated to 100 top
institutes. Middle-right: recomputing the mean after dropping the 1% or 10% fraction of
hired authors with most and least individual citations. Bottom-left: considering only pa-
pers with few authors. Bottom-right: considering the average number of fractionally counted
citations per fractionally-counted paper.
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Figure A.6:  As in fig. 12, but restricting to single-author papers (left) or to papers with less
than 10 authors (right).
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Figure A.8: As in fig. 12, but considering the Clitation Coin.
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Figure A.9:  As in fig. 12, but considering the average number of individual citations received
by each author, Nicit/Npap-
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Figure A.11:  As in fig. 12, but considering the number of fractionally-counted papers.
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One can worry that papers with many authors might contain gift authorships, or that the trend
might be a byproduct of gender differences in co-authorship. The trend becomes stronger restricting
to papers with less than 10 authors, as well as restricting to single-author papers, see fig. A.6. With
these cuts, the trend is visible also considering simple citation counting, see fig. A.7. Furthermore,
fig. 11 shows the percentage female contribution to papers as function of the number of citations
received by papers: we see that F' authors contributed to high-impact collaboration papers, but not
yet to high-impact single-author papers.

One can worry that the trend is due to our specific choice of bibliometric index, individual citations.
We thereby repeat the same analysis using different bibliometric indicators:

e Fig. A.8 show the result using the CitationCoin [Strumia et al.(2018)]: we again find a gender
difference among top authors, that persists after compensating for the different gender history
as at point 1.

e Fig. A.9 considers the mean individual citations per paper received by each author, Nicit/Npap-
Like the CitationCoin, this metric combines the information on the number of citations and of
papers. However, it is a less effective figure of merit, as it leads to lists of top authors that

contain authors who abandoned the field after writing one or few well-cited papers.'4

e Fig. A.10 show the result using the AuthorRank computed as in [Strumia et al.(2018)] and
shifted such that its lowest value is 0. The trend is again visible.

e Fig. A.11 shows that a similar conclusion applies considering the fractionally-counted number
of papers written by each author, even dividing by the scientific age. The number of papers
(published or not) written by each author isa bibliometric indicator less correlated with scientific
merit than the number of received individual citations, but more objective (for example, one
might think that citations are affected by a gender bias).

We next check that not only the trend, but also its specific quantitative shape discussed around
eq. (6) is not due to confounders. Fig. 14 shows that this is the case when correcting for different
author ages. Fig. A.12 shows that the trend is present in independent slices of the data-base selected
according to possible confounders:

e The top-left panel of fig. A.12 shows that the trend is independently present when the data-base
is splitted into the main topics of fundamental physics (experiment, theory and astrophysics,
as deduced from arXiv categories available after ~1995). A hint of the trend is present among
experimentalists, despite their large recent collaborations.

e The top-left panel of fig. A.12 also shows that the trend is independently present among hired
(dashed) and non-hired (dotted) authors. As expected, this distinction only affects the ‘lower’
side of the log Nj.t distribution. We here used 10yr-hires. Furthermore the trend is indepen-
dently present restricting to authors hired (or not hired) by top institutions, defined in various
ways along the lines of [Strumia et al.(2018)].

M This metric has 0.36 correlation with Ni.. The related metric Nig /Nipap (mean individual citations per
fractionally-counted paper, 0.04 correlation with Ni.;) magnifies the problem up to the point that top authors
are unknown authors who wrote one or few well-cited papers in collaborations [Strumia et al.(2018)].
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By topic and by status

By main country of authors
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Figure A.12: Top-left: We compute the numbers Ng and Ny of female and male authors in
fundamental physics who received a given amount Ni of individual citations, and plot the ratio
Npg /Ny (vertical axis) as function of log Nieyy (horizontal azis). The papers are here spitted ac-
cording to their arXiv topic (all, experiment, theory, astrophysics) and the authors as all, hired,
not hired (using 10yr-hires). Top-right: same quantity splitting authors according to the most
frequent country in their affiliations. Bottom-left: same quantity splitting authors according
to their scientific birth (publication year of the earliest paper), restricting to scientifically active
authors up to the present decade. Bottom-right: same quantity splitting papers according to
their publication date. Data points with zero female or male authors are not shown; however
in the latter 3 panels the points below the labels show the positions of the 300 top authors (M
are blue, F' are pink). The dotted curves show how eq. (6) with p ~ 2 and R, =~ 2 can fit the
observed Ng/Nyy.
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e The fraction of M and F' authors is approximatively constant within the countries that mostly
contributed to fundamental physics: see the right panel of fig. 1. Thereby we do not expect
that national differences are a confounder. Indeed, the top-right panel of fig. A.12 shows that
the trend is independently present dividing authors in non-overlapping samples according to the
most frequent country in their affiliations (at least for countries with enough statistics).

The plots above have been corrected for the generation effect as described in section 3.4; the plots
below are restricted to time periods so that such correction is not necessary:

e The bottom-left panel of fig. A.12 shows that the trend is independently present dividing authors
in non-overlapping samples according to their scientific birth date (year of their first paper).
We restricted to authors still scientifically active in the present decade (this restriction makes
a little difference). This plot means that the trend is not due to physicists preferentially citing
famous older authors who built their scientific reputation in years around 1970 when progress
was faster and when the female fraction was lower. On the contrary, the trend is present also
restricting to recent authors.

e The bottom-right panel of fig. A.12 shows that the trend is independently present dividing
papers in non-overlapping samples according to their publication date, since 1970 (when the
INSPIRE data-base started being complete) up to now (recent papers are still accumulating
citations).

B Statistical significance of the difference in variances

We here quantify the statistical significance of the difference between the M and F' binned distributions
in fig. 12 or 13 through

Ny + Np,
X2 =2 WP, i) P(pri, Nio),  pai = N§' — ot (5)

Z G N]t\?[t + N}t?ot
where P(u, N) = uVe™#/N! is the Poissonian probability of observing N events when p are expected.
We use Poissonian probabilities because some bins have zero or few authors.

We compute the x? as a function of two fit parameters that artificially shift the mean and rescale
the upper width of one of the two bells. We sum over bins ¢ in the middle and upper parts of the
bells, ignoring the lower tails. The middle part of the bells is included to reduce the uncertainties on
the means, allowing to better see the difference in variances. We marginalise over the shift in means
doing statistical inference in the common Gaussian limit of Bayesian and frequentistic techniques: in
this limit marginalisation over parameters reduces to minimisation of the y?2, and the final Ax? is
approximatively distributed as a x? with one degree of freedom. We find that the x? decreases by
a statistically significant amount (Ax? =~ 50 — 100 depending on how much of the middle region is
included) when the width of the M distribution is artificially reduced by 10 — 15%.

We can also quantify the statistical significance trough the approximated analysis that relies on
eq. (3) and eq. (4) by fitting the Nr/N)s distributions plotted in fig. 14 to the following analytic form

Ra Nicit
R = Ryexp ( — —In” ) (6)
2 N
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where In is the natural logarithm and Ry, Rs, p, N&t are free parameters. We can then fit the
observed Np;, Nps; to the theoretical R = Np/Njs by defining a 2 = —2 > ;I P(R;, Npi, Nari)
statistics, where the sum runs over the bins i, excluding the lower tails of the the N distributions.
Furthermore

P(R,Np, Ny) oc RPN (14 R) 2Nt Nan) (7)

(written up to an R-independent multiplicative factor) is the maximal probability of observing Ng
authors with gender G assuming a given expected gender ratio R. We find that the fit parameter
Ry depends on the overall number of M and F authors in the given sample; the fit parameter Ni?:it
depends on the overall amount of citing literature relevant for the given sample. Different sub-samples
are fitted reasonably well by common values of the extra fit parameters: p =~ 2 and R, ~ 2 — 3.

Compensating for gender history the preference for p = 2 is again X;12;=1 — X;%:z ~ 50 — 100, again

depending how much of the middle region is included.
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