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Foreword

E. Lagadec, President of the SF2A

The French Society of Astronomy and Astrophysics (Société Frangaise d’Astronomie et d’Astrophysique -
SF2A) usually holds its annual meeting every spring. It is a great opportunity for all members of the French
community to gather, exchange about different projects and work together on making our community stronger.
Unfortunately, we have all gone through difficult times in 2020 and 2021 due to the sanitary crisis. The 2020
meeting was held online and limited to the general assembly and a career session, always important for the
non-permanent members of our community. For 2021, the sanitary situation was still complicated, but together
with the SF2A council, we decided it was very important to hold a meeting, and we decided to go online. The
2020 and 2021 meetings were scheduled in Paris, and the Local Organising Committee, chaired by Paola Di
Matteo had already done a great job at preparing it, but the uncertainty was too important to prepare an
in-person meeting. We wish to warmly thank Paoloa Di Matteo and the 2020 and 2021 LOCs for the great
work achieved to end up having no meeting in Paris. Thank you Paola Di Matteo, Misha Haywood, Kevin
Baillié, Danielle Briot, Sylvain Cnudde, Florence Durret, Guillaume Hébrard, Frédéric Royer, Zakaria Meliani,
Jaqueline Plancy and Stéphane Thomas.

The meeting was thus held online, and we were soon to face an important challenge: organise an online
meeting and make sure the community enjoys it after more than a year of online meetings. On the bright side,
having an online meeting made it simple to host more parallel sessions than during in-person meeting, where the
main limitation is the number of available rooms. But that meant we had to find a platform enabling exchanges,
to record meetings etc.. while keeping the registration fees as low as possible. Quentin Kral offered us to be
beta-testers for his CarbonFreeConf platform. Carbonfree is designed to organise online meetings, which should
be more and more frequent with the climate crisis we are facing. We thus felt it was a good opportunity to use
this service, offered at its cost price by Quentin Kral. I want to warmly thank him for that and his amazing
reactivity before, during and after the meeting. It was quite some work for us, but at the end it worked well,
and we hope it will be useful for online meetings in the future. The call for contributions to organise parallel
sessions received a lot of answers, which allowed us to propose a very rich program, with meetings of the different
Programmes Nationauz and Actions Spécifiques of INSU-CNRS and scientific meetings proposed by community
members. We also received some very interesting ”societal” proposals, such as the future of French historical
observatories, discussions between scientists and journalists, sociological studies of observatories, well-being of
students and post-docs, and inequalities between men and women.

The meeting, called “Semaine de 'astrophysique frangaise”, or “Journées de la SF2A” (and just “SF2A” by
many colleagues) included the general assembly of our society, plenary sessions aimed at a large audience of
professionals, and 27 parallel sessions dedicated to various scientific and community issues and also the young
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researcher and thesis prize talks. It was a great success, with more than 800 registered participants, and a great
attendance for all the meetings, especially the societal ones. It confirmed us that the 2021 SF2A meeting was
much needed, and that societal issues are very important to our community. SF2A meetings offer a unique
place for such discussions to occur, and we hope it will continue in the future and that it will be important for
the well-being of our community as a whole.

During the plenary sessions, representatives of INSU (G. Perrin), CNES (P. Laudet) and of the “sections”
of CNAP (D. Mourard), CNRS (B. Mosser) and CNU (L. Rezeau) presented an update on the current situation
of astrophysics in France. The discussion about careers is always important for students and post-docs, even if
the small number of positions can be depressing.

The last news from large observatories were given by B. Devost for CFHT and M. Cirasuelo for ESO. The
different Programmes Nationaux and Actions Spécifiques of INSU-CNRS proposed excellent speakers presenting
the latest results from Gravity/MATISSE at the VLTI, Insight on Mars, tensions about the Cosmic Microwave
Background, sample returns from asteroids, the potential of pulsar timing networks for the detection of gravita-
tional waves, the Parker Solar Probe, open access to scientific data and an update on the study of molecules in
molecular clouds. The SF2A council also proposed some talks about ”hot topics” such as the Great Dimming
of Betelgeuse, news about the Perseverance Rover on Mars and Astronomy in Africa. We also decided to have
discussions about three very important topics during the plenary sessions:

e The preservation of our night sky via a presentation by Piero Benvenuti of the IAU action to preserve
dark and quiet skies for astronomy and humanity.

o Well-being for PhD students and post-docs by Natalie Webb, an important topic for the most precarious
in our community, even more after almost two year of pandemics.

e Men-women inequalities in astronomy, with a full session in plenary to introduce the parallel session. This
is a very important topic for SF2A, and we have formed a commission to work on it. The talks were
presented by Isabelle Kraus, specialist of the topic and VP of the Strasbourg University. Guy Perrin
presented the INSU situation and actions that will be conducted.

Because of the pandemics, we could not organise in-person ceremonies for the SF2A prize laureates. They
were thus invited to give talks during the plenary sessions, so we want to warmly thank:

e Anagélle Maury, Priz Jeune Chercheur 2020 laureate
e Doogesh Kodi Ramanah, Priz de These 2020 laureate

¢ Alexandre Santerne an his team for the project Detection and Follow-Up of Exoplanets by Amateur
Astronomers, Priz Gémini 2020 de la collaboration pro-amateur laureate

e Matthieu Béthermin, Priz Jeune Chercheur 2021 laureate
o Lisa Bugnet, Prix de Thése 2021 laureate

e Marc Delcroix and Ricardo Hueso for the project Collaborative Amateur-Professional project for the
detection and characterisation of impacts on Jupiter, Priz Gémini 2021 de la collaboration pro-amateur
laureate

Finally, we held our general assembly where the moral and financial reports were presented. A vote from
the members will complement these presentations by the end of 2021.

Afternoons were dedicated to parallel workshops covering all branch of astronomy. These 27 workshops were
selected among propositions from the Programmes Nationauxz and Actions Spécifiques, but also from individual
members of the society. These workshops thus covered the interests of our whole community, in good accordance
with the topicality of the field.

Every year, the Découvrir I’Univers Prize is awarded during the SF2A. It was awarded to the class of
Mireille Jarlut at the Ecole Maternelle Thérése Roméo in Nice for a very touching work to explain the day/night
alternation and gravity to very young pupils. Congratulations to everyone!

The SF2A council wants to warmly thanks CNRS-INSU for its financial support, which made the organisation
of the meeting possible.

I would like to thank all the members of the SF2A board who were all very active for preparing the meeting,
with a special and warm thank to all the always happy and fast-answering members of the SAV:



Kevin Baillié, Quentin Kral, Nadege Lagarde, Julien Malzac, Jean-Baptiste Marquette, Mamadou N’Diaye,
Johan Richard, Arnaud Siebert, Olivia Venot. They all made this meeting a success. Next year we should
finally meet in person, and I think many people are excited about it.. so see you in 2022 in Besancon!

Eric Lagadec, President of the SF2A
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ASTROPHYSICS IN AFRICA FOR DEVELOPMENT

D. Baratoux™? and the AFIPS, RISE 5A and MATERNA teams

Abstract. Africa is probably the continent with the most assets for Astrophysics and Planetology: skies
without light pollution, meteorites and meteorite impact craters, and geological records of the ancient Earth
and of origin of life. Outside of South Africa, however, there are still few African scientists working in
these fields. This situation can be explained by the dependence of African researchers on the priorities
of external (international) funding together with structural weaknesses of national public funding. Aware
of these assets and challenges, a community of African astronomers and planetary scientists is involved in
increasingly ambitious projects and is distinguished by original scientific works that highlight the African
scientific heritage. This article will highlight some of the recent activities carried out in collaboration between
African and European scientists in astrophysics and planetary sciences: the on-going AFIPS network (African
Initiative for Planetary and Space Science) and AWA project (Astrophysics and Planetary Science in West
Africa), and the Africa-Europe RISE 5A (Astronomy and Astrophysics Arising Across Africa) proposal for
staff mobility between the two continents. The focus will also be placed on specific achievements, such as
the 2 stellar occultation campaigns in Senegal in connection with the NASA’s space program in Senegal,
and the launch of the first popular science magazine on astronomy in Francophone Africa. Through these
achievements, we will show the impact of these activities on African youth and emphasize the role that
African astronomers play in the scientific and cultural development of their countries.

Keywords:  Africa, Development, Education

1 Introduction

Astronomy is not the first scientific discipline that naturally comes to mind when one evokes the African
continent, which faces many challenges concerning health, agriculture, the consequences of climate change, the
exploitation of resources and the environment. However, Astronomy is the oldest science, with its 5000 years of
history, as evidenced by the ”stone observatories” such as the great megalithic circles (Nabta Playa, in Egypt,
Stonehenge in the United Kingdom). Astronomy has largely contributed to the development of humanity, to its
knowledge, and to its technological development (Astronomy and Astrophysics Survey Committee et al. 2001;
Fabian 2010; Povié¢ et al. 2018; Valls-Gabaud & Boksenberg 2009). It is also the only science where amateurs
play an active and very significant role, and where collaborations between professionals and amateurs are often
at the forefront of the discipline (Mousis et al. 2014). Because of the universal subjects it deals with, it is a
science that favors the links between the academic world and society. Astronomy questions our origins and our
place in the universe, and, to address these questions, rely on mathematics, physics, and chemistry. Astronomy
can be cited as an example of multi-, trans and inter-disciplinarity. It is also a science that arouses many
vocations for scientific careers among young people. For all these reasons, astronomy must be considered as
essential to the sustainable development of human societies. The existence of curricula in astronomy at various
levels (from primary schools to universities) and the practice of research in astronomy shall not depend on the
economic development of a country, under the pretext that its applications do not seem as immediate as in
other fields.

Many young Africans are fascinated - as elsewhere in the world - by the observation of the sky during their
childhood, and wonder about the origin of the stars and the functioning of the universe. Often isolated, and
with few opportunities to feed this passion for science, their thirst for learning can dry up. In contrast with these
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unfavorable conditions, Africa is probably the continent with the most assets for astrophysics and planetary
science: skies without light pollution (Netzel & Netzel 2018), meteorites and meteorite impact craters (Reimold
& Koeberl 2014), geological records of the ancient Earth and of the origin of life. Outside of South Africa, which
is the host of a major part of the Square Kilometre Array (SKA) project, there are still few African scientists
working in astronomy or planetary sciences. This situation can be explained by the dependence of African
researchers on international funding and the priorities of these funding bodies, and on the other hand, by the
structural weakness of national public funding, which guarantees a certain academic freedom. Conscious of
these assets, a community of astronomers and planetary scientists is involved in increasingly ambitious projects
and is distinguished by original scientific works that highlight the African scientific heritage. Over the last few
years, the extraordinary motivations of African astronomers and regular meetings with astronomers outside
Africa, and in particular with European and American researchers, had indeed led to a number of new projects
and initiatives that illustrate the growing dynamics of the continent in this field. In 2017, the launch of the
” African Initiative for Planetary and Space Sciences” (Baratoux et al. 2017a,b), which can now be followed
at https://africapss.org, contributed to break the isolation of some African astronomers and planetary
scientists and brought more researchers from countries where astronomy is practiced at the highest level to
engage with their African colleagues for the scientific development of their countries. The idea of this initiative
was rooted in particular in the long-term collaboration between France and Morocco in the field of planetary
science (Bouley et al. 2012; Ait Moulay Larbi et al. 2015; Chennaoui Aoudjehane et al. 2016). A few years later,
the new projects and success stories mentioned below illustrate the growing interest for astronomy in Africa
and the contributions of these initiatives to the sustainable Development of the continent.

2 Observations of occultations in Senegal in relations with missions of exploration of the Solar System

In 2018, Senegal enters the history of space exploration of the Solar System. For the first time, 21 Senegalese re-
searchers, members of the Senegalese Association for the Promotion of Astronomy (ASPA), along with American
and European researchers, participated in an astronomical observation campaign essential for the preparation of
the flyby of the the most distant object ever explored by a human-made spacecraft: Arrokoth (Buie et al. 2020),
in the framework of the New Horizons NASA mission, and following the exploration of Pluto. The deployment
of telescopes in Senegal, to record the last observable stellar occultation by Arrokoth before the flyby, was
also the occasion to produce a scientific documentary entitled “A la poursuite d’Arrokoth”, which is publicly
available on the internet (Berger 2018). The impact of this observation campaign was beyond expectations,
with several well-attended outreach events, exchanges between scientists and the public, and an audience of the
entire team with the President of the Republic of Senegal (Fig. 1).

Two years later (September 2020), in the context of the Covid-19 pandemic, NASA decided to rely on
the skills of the Senegalese astronomers, acquired during the deployment of telescopes in 2018, to pursue its
occultation program. Maram KAIRE, president of ASPA, was appointed as the coordinator of a new campaign
of astronomical observation. The necessary equipment was shipped by NASA to Senegal for a short period of
time. The goal of this new deployment was to observe the stellar occultation by (15094) Polymele, an asteroid of
Jupiter, which will be visited by the space probe Lucy (NASA), to be launched in October 2021. 14 telescopes
were deployed in the region of Fatick (south-east of Dakar, Senegal) in order to attempt the recording of a few
positive occultations. The telescopes were spatially distributed around the trajectory of the occultation. Good
strategic decisions made by the team, taking in account the very difficult weather conditions in September 2020
(end of the rainy season), led to a successful observation of one chord.

To celebrate these achievements and the past activities of the president of ASPA, an asteroid, orbiting
between Mars and Jupiter, now bears the name of Maram KAIRE - the first Senegalese scientist to receive
this distinction. The Asteroid (35462) Maramkaire (by the WG Small Bodies Nomenclature 2021), a main belt
asteroid, represents now a source of pride and of inspiration for the many students and young researchers in
Senegal and beyond the borders of this country. A new observation campaign will take place in October 2021,
in order to constrain the size and shape of the satellite of Jupiter Orus, again in preparation of its flyby by the
Lucy spacecraft.

Through these missions, the participants had the opportunity to reinforce their skills in astronomy, but not
only in astronomy. The preparation of the observation campaign was also an opportunity to approach notions of
optics, mechanics, mathematics, physics. The instrumentation/software aspect is a key element of the training
(Fig. 2). The success of these campaigns requires teamwork, with participants from different fields, with different
positions (students, professors, engineers) who unite their motivations in the field during the training phases,
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Fig. 1. The group of Senegalese, U.S.A and French astronomers in the front of the Presidential palace of Senegal, after
an audience with the President of the Republic of Senegal, Macky Sall.

and during the final phase of night deployment of the telescopes on the Senegalese territory.

Fig. 2. Training session in the gardens of the Hotel Royal Malango In Fatick. Participants are trained for telescope
deployment and use of the software to record to the occultation using a GPS and camera. Credit : Senegalese Association
for the Promotion of Astronomy.
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3 Education and outreach

In parallel to these missions, the first Astronomy on-line magazine for French-speaking Africa, available at
https://lastronomieafrique.com/ has been launched, in the framework of a collaboration with ASPA, the
Société Astronomique de France (SAF), and with other partners, including the SF2A. This on-line magazine
presents astronomical phenomena that it is possible to observe from several capitals of African countries. It
also connects African researchers with amateurs, and favors the dissemination of scientific knowledge in society.

A school has also been organized in May 2021 with the support of the Office of Astronomy for Devel-
opment (OAD) of the International Astronomical Union. This school, entitled ” Astronomy and Python”
was an opportunity to train students with this programming language used in most scientific disciplines
https://astrosenegal.org/. Here again, this experience illustrates how astronomy can be used to contribute
to sustainable development. It is indeed unlikely that all of these students will become astronomers, but it is
certain that most of them will now be able to use the Python language in their respective fundamental or applied
research projects. The Python language is freely available, and used in many scientific and engineering fields.
Learning Python through astronomy is an innovative educational experience that has given to the participants
undeniable advantages for their future careers.

In the wake of the activities, the members of the AFIPS network have often contributed to the emergence
of associations and events in several African countries, for instance, the launch of the Ivoirian Association for As-
tronomy (https://lastronomieafrique.com/naissance-de-lassociation-ivoirienne-dastronomie-aia/,
the Mauritanian Association for Astronomy (https://www.facebook.com/nmauritanienastronomie.astronomie.
7, the Days for Introduction to Astronomy in Togo, organized by the Togolese Association for Astronomy
(https://www.facebook.com/AstronomieTogo/). These events, and many others, that we cannot mention
here, together with institutional efforts and projects of astronomical observatories in several African countries
(Povié et al. 2018) indicate a growing maturity, and favorable conditions for the emergence of high level academic
research in astronomy and planetary sciences in Africa.

4 Conclusion and perspectives for Africa - Europe collaborations in Astronomy and Planetary Sciences

In this context, it appears timely to strengthen Africa-Europe collaborations in the field of astronomy and
planetary sciences. For 2021 — 2022, a group of scientists in France, Senegal, Burkina Faso and Cote d’ivoire
are funded by CNRS for a project entitled “Astrophysics and planetary Science in West Africa” (AWA) — this
project focuses on astronomical observations of the solar systems (occultation campaigns), stellar and galatic
physics, and search on existing and new meteorite impact craters in Africa (with a focus on the field of tec-
tites in Cote d’Ivoire). A geophysical campaign of the potential meteoritic impact craters of Velingara will be
organized by AWA in 2022. AWA will also strengthen existing collaborations between the University Ki-Zerbo
of Ouagadougou and the Observatoire de la Cote d’Azur, which includes the co-supervision of PhD students
between the two teams. AWA is co-funded by the French National Research Institute for Development (IRD)
and the Agate project https://agate-project.org/. To implement the long-term vision for development of
Astronomy on the continent, a group of African and European Astronomers are currently working on the prepa-
ration of large proposals, to be submitted to the Horizon Europe program in 2022. One of these proposals is
entitled Astronomy and Astrophysics Arising Across Africa (RISE 5A) (Fig. 3). This proposal aims at offering
new opportunities for staff and students exchanges between Europe and Africa. It is organized in 7 work pack-
ages, management (WP1), planetary sciences (WP2), stellar physics (WP3), Galactic and extragalactic science
(WP4), instrumentation on and site testing (WP5), inclusion in astronomy (WP6), outreach dissemination on
and communication (WPT).

This article of proceeding reports the efforts of large group of scientists including the members of the Africa Initiative for Planetary
Science, the members of RISE 5A team, the members of the MATERNA (Mobility in Africa for Training, Education and Research:
Network for Astrophysics) team, and the members of the different occultation campaigns in Senegal. The projects and achievements
mentioned in this paper received funding from the French National Research Institute for Sustainable Development, the Centre
National de la Recherche Scientifique (France), the Ministry of Research, Higher education and Innovation of Senegal, the French
embassy in Dakar, the Organization of Women in Science, and the Agate Project. The University Cheikh Anta Diop (Sénégal), The
Université Félix Houphouét-Boigny (Coéte d’Ivoire), The University Jospeh Ki-Zerbo (Burkina Faso), the University of Cote d’Azur,
and the University of Toulouse III Paul Sabatier are particular acknowledged for constant institutional support. The support of
the Hoétel Royal Malango in Fatick for the occultation campaigns in Senegal is greatly appreciated. Marc Buie, Anne Verbiscer
and all the scientists of the New Horizon and Lucy teams (NASA) are acknowledge for exceptional support for the achievement of
occultation campaigns in Senegal, which include in particular the shipment of the necessary equipment and necessary guidance.
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Fig. 3. Flyer summarizing the goal and groups involved in the RISE 5A (Astronomy and Astrophysics Arising Across
Africa) project. Bottom left panel photography: Salma SYLLA MBAYE, first Senegalese PhD student in Astronomy,
with her supervisor Francois COLAS from the Paris Observatory, and Marie Teuw NIANE, former Ministry of Higher
Education Research and Innovation of Senegal, during the 2018 occultation campaign in Senegal. Credit : The RISE 5A
team.
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OPEN ACCESS TO SCIENTIFIC DATA: EXCERPTS FROM THE INSU
PROSPECTIVE
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Abstract. Data is at the heart of the scientific method at INSU, the French national institute for
Universe Sciences. INSU disciplines were engaged in data sharing and data management long before political
acceptance to Open Science and the definition of FAIR principles (Findable, Accessible, Interoperable,
Reusable). This early involvement brought us to the leading edge of data sharing. Open access to scientific
data was therefore a natural topic for the first INSU inter-displinary prospective organized in 2019-2020. The
discussion was organized on different points: the FAIR context, scientific data management and services,
data models and metadata standardisation, and the certification of data repositories (CoreTrustSeal). The
current paper provides an excerpt from the discussions, conclusions and recommendations, with an intended
bias toward astronomy and astrophysics. The aim is to trigger interest and give extra motivation to read
the full online document with the conclusions from the prospective on open access to scientific data.

Keywords: open science, data sharing, FAIR, data models, metadata, certification

1 Introduction

INSU (Institut National des Sciences de 1’Univers) is the French national institute of CNRS on Universe Science
and includes 4 different research domains pertaining to Earth Science as well as Astronomy and Astrophysics.
In 2019-2020, INSU organized its first inter-displinary prospective exercise among these different disciplines.

Data is at the heart of research in all INSU disciplines and we are today at the forefront of data sharing,
thanks to a long history of involvement, long before Open Science was a hot topic. Therefore, open access
to scientific data was easily identified as one of the inter-disciplinary challenges to be discussed as part of the
INSU prospective. A workshop on these questions was organized in Strasbourg in January 2020. A recording
of the discussions (in French) is available online*. The conclusions and recommendations that stemmed from
the prospective are gathered in an online documentf. The current paper aims at summarizing some of these
discussions and recommendations, with a bias on those pertaining to astronomy and astrophysics. The intent is
to trigger interest for researchers in these fields and give some additional motivation to read the full document.

Let’s step back. Why are researchers interested and willing to invest time on Open Science and share data?
Open Science for scientific data is a "hot topic”, with numerous political demands. One pragmatic incentive to
share data is that it is now becoming mandatory in some contexts (e.g. for data obtained as part of H2020,
ERC or ANR projects). Another motivation for data sharing is more general: it gives trust, shows reliability
and accountability. Last but not least, sharing data opens new research fields.

I Observatoire Astronomique de Strasbourg, Université de Strasbourg, CNRS, Observatoire astronomique de Strasbourg (ObAS),
UMR 7550, 67000 Strasbourg, France

2 Observatoire Midi-Pyrenees, Toulouse, France

3 Université de Strasbourg, CNRS, Institut Terre et Environnement de Strasbourg, ITES UMR 7063, Strasbourg F-67084,
France

4 Université Grenoble Alpes, CNRS, IRD, Grenoble-INP, IGE, 38000 Grenoble, France

5 LERMA, Observatoire de Paris, PSL Research University, CNRS, Sorbonne Universités, 75014, Paris, France
6 Institut de Recherche pour le Développement, Marseille, France

7 Univ. Grenoble Alpes, Univ. Savoie Mont Blanc, CNRS, IRD, IFSTTAR, ISTerre, 38000 Grenoble, France

8 Observatoire de Paris, PSL Research University, Paris, France
*http://www.canalc2.tv/video/15656
Thttps://extra.core-cloud.net/collaborations/ProspectiveTransverseINSU2020/Defi-14/Documents¥20partages/
defil4_final.pdf
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2 FAIR context

Key concepts of data sharing and open science have been condensed in the acronym FAIR (Wilkinson et al.
2016), which stands for Findable, Accessible, Interoperable and Reusable. These FAIR principles describe
criteria that should be met for data to be open. The FAIR concept is evolving in a larger context with a lot
of developments at different levels happening now. The European commission is providing a strong support
to EOSC (European Open Science Cloud European Open Science Cloud 2018). At the international level, the
Research Data Alliance (RDA) provides a neutral forum to discuss all aspects of data sharing and there is a
French RDA node. At the national level, CNRS published a roadmap for open science (Centre National pour la
Recherche Scientifique 2019) and the ministry for research and education have a national plan for open science
(Ministere de I'Enseignement supérieur, de la Recherche et de I'Innovation 2018). The prospective exercise
highlighted that it is important to participate in activities like EOSC to make sure that what comes out of these
initiatives will meet the needs of our communities and that our major services will be included.

At the heart of FAIR principles, the idea is to do science more efficiently. Yet sharing data requires a
significant work at the level of each discipline. In practice, this means being on the same page as far as
formats, metadata or exchange protocols are concerned. Astronomy was a pioneer on these aspects with the
Virtual Observatory standards. An example of such standards, the provenance data model, is being presented
by Servillat (2020) in this same volume. Today, data sharing is in the mindset of all disciplines. FAIR is a
revolution but one has to keep in mind that it comes at a cost. One of the out-coming messages of the prospective
is that not all data is intended to be FAIR. The consequence is that priorities have to be set for which data
should be FAIR. Data from research infrastructures (European Strategy Forum on Research Infrastructures
2018) should be FAIR, as well as the ones from National Services (SNO- Services Nationaux d’Observation) or
data associated to publications. For other data sets, there is a need to put priorities and think about whether
these data should be FAIR or not and for how long. Inter-disciplinary data sharing also has a cost and a
recommendation from the prospective was to start with use cases and existing frameworks (e.g. gravitational
waves).

3 Management of scientific data and services

The discussion on scientific data management was done by considering two distinct yet complementary cate-
gories: data managed by data sharing platforms, observatories or infrastructures on the one hand, and any other
datasets on the other hand (long tail, data attached to publications, data outside SNOs, non-digital data).

Data management is a key aspect of sharing data and enabling open science. In order for scientific data to
be used and used again, one has to assign metadata and use inter-operability standards and frameworks. In this
work, scientists, software engineers and documentalists have complementary roles. In France and for INSU, data
management is done through two research infrastructures working (CDS -Centre de Données de Strasbourg- for
astronomy and DataTerra for earth system) and the structure of OSUs (Observatoires des Sciences de 1'Univers)
and national services (SNOs). Recommendations made by the prospective are that this national structure within
INSU is an asset and it should be used to suggest EOSC services that suit our usage. Another recommendation
is that there is a need for a support of infrastructures, to favor thematic repositories. Finally, to avoid the risk
of duplication of data at different places, repositories should be federated by harvesting metadata.

For data outside observatory services (long tail, non-digital data, ...), the issue is the deterioration of data
with time, even if data is associated to a publication (Pepe et al. 2014). Data management is the responsibility
of data producers. One of the difficulties to take care of these data is to have sustainable funding (for times
longer than the time of the project). One proposition is to have overheads on projects (around 10%), especially
for projects which would require a lot of data management on timescales larger than the project duration.
Another proposition from the prospective is to put priorities on long tail data sets but that the description
should be done beforehand for all data sets. We also recommended to do an inventory of data services in order
to guide researchers and document the need for a long tail repository. Lastly, scientists should continue to
develop their culture on data management (e.g. how important it is to attach metadata on the provenance to
data) and there will be data correspondents or referents within each observatory (OSU).

4 Complimentary professions and skills

Among the different questions we asked ourselves during the prospective on open access to scientific data,
professions and skills were a recurring discussion item. Data sharing involves different people with different
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skills (researchers, engineers, documentalists, information science specialists, legal experts, ...). New professions
are arising (data analyst, data architect, data steward, data scientist, ...) and the definition of these jobs are not
always clear or unequivocal. A recommendation is hence to do an analysis of the different professions needed to
take care of data. There is a need to identify, recognize and value professions associated to data management
and data preservation. A recommendation was made to recognize skills related to data. Working on data is a
specific work that is complementary to works on algorithms or on infrastructures and IT systems.

5 Data description, formats

Standards for formats and metadata are central to interoperability. Standardisation in astronomy and astro-
physics came very early compared to other disciplines. A good example is the FITS standard, which enabled
an easy exchange and usage of astronomical images, spectra, ... This approach widened and formalized through
the concept of Virtual Observatory and the creation of the International Virtual Observatory Alliance (IVOA),
where standards for the virtual observatory are defined. Today, 45 standards exists for formats, protocols, and
data models, covering different aspects of FAIR principles for different types of data. The IVOA framework is
seen as the way to do interoperability and to open data in practice. In France, the Action Specifique Observa-
toire Virtuel (ASOV?) is coordinating the French involvement and sharing good practices. Community training
on these topics is important at all levels.

6 Certification of data repositories and services

All actors want to be assured that the structure giving access to their data is permanent, robust and has
appropriate data management practices. Certification is the way to prove openly the trustworthiness. To do
so, data repositories and services follow a set of principles gathered in the acronym TRUST: Transparency,
Responsability, User Community, Sustainability, Technology (Lin et al. 2020). This certification applies to the
repository, not the data quality nor its value to the community. For scientific services, the best suited certification
is CoreTrustSeal®. Currently, in France, only two services have this certification: SISMER. (sea data, Ifremer)
and CDS. The prospective highlighted that the certification process involves governance. Auto-evaluation is a
useful process, even if the service does not submit the certification.

7 Conclusion

Open science and data sharing are key aspects that are of interest across all INSU disciplines. The prospective
organized by INSU was an occasion to discuss and reflect on the FAIR context, management of scientific
data and services, and data models and meta-data harmonization. One of the overarching messages was that
science should be at the heart of the process and should be the engine of evolution and strategic choices. All
conclusions and recommendations are available online at https://extra.core-cloud.net/collaborations/
ProspectiveTransverseINSU2020/Defi-14/SitePages/Accueil.aspx.
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Abstract. Between November 2019 and April 2020, the second nearest red supergiant Betelgeuse expe-
rienced an historic drop in brightness, called the ‘Great Dimming’ of Betelgeuse. Here we summarize the
findings of our spatially resolved observations with the European Southern Observatory’s VLT /VLTI. The
VLTI/GRAVITY interferometric measurements indicate that between January 2019 and February 2020 the
angular diameter of the star in the K-band continuum did not change significantly. The VLT/SPHERE
images show an obscuration of the Southern hemisphere of the star. Using additional optical photometric
observations from the AAVSO, we conclude that the ‘Great Dimming’ of Betelgeuse is best explained by
both a cool photospheric patch, and a dusty cloud in the line of sight. The former may have triggered the
latter.

Keywords:  Stars: individual: Betelgeuse, supergiants, Stars: mass-loss, Stars: imaging, Techniques: high
angular resolution

1 Introduction

Betelgeuse (o Ori) is the protoypical red supergiant (RSG) star. Located at 222f§i pc (Harper et al. 2017;
Joyce et al. 2020), it is the second closest RSG, and probably the most observed. Like most RSGs, it is
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a semi-regular variable with primary and secondary periods of ~ 400 — 420 and ~ 2100 days respectively
(Stothers 2010). During the last months of 2019, as it was heading towards its February 2020 light minimum,
the brightness of the star decreased rapidly (Guinan et al. 2019). It reached its historic minimum in the visible
with V' = 1.614 £ 0.008 mag, on 7-13 February 2020 (Guinan et al. 2020 and Fig. 1).
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Fig. 1. V band light curve of Betelgeuse between 2015 and 2021 from the American Association of Variable Star Observers
(AAVSO) measurements. The blue vertical lines correspond to the dates of the VLT /SPHERE-ZIMPOL images.

2 Observations and data reduction

Betelgeuse was observed a year before the ‘Great Dimming’ with VLTI/GRAVITY (Gravity Collaboration
et al. 2017) in the compact configuration of the auxiliary telescopes (A0-B2-D0-C1), and with VLT/SPHERE
(Beuzit et al. 2019), respectively on 20*" January 2019, and 1% January 2019. The SPHERE observations were
performed with two of its sub-units. The infra-red dual imaging and spectrograph (IRDIS, Dohlen et al. 2008)
in its sparse aperture masking mode (SAM, Cheetham et al. 2016) was used to supplement the GRAVITY
measurements with short baseline points sampling the inner part of the first lobe of the visibility function. The
Zurich Imaging Polarimeter (ZIMPOL, Schmid et al. 2018) obtained spatially resolved images of the photosphere
in the visible domain, using the P2 polarimetric mode. During the ‘Great Dimming’, the observations were
obtained on 14*" February 2020 with VLTI/GRAVITY, 27" December 2019 with VLT /SPHERE-IRDIS, and
27" December 2019 (before the light minimum), 28" January 2020 (at the light minimum), and 18**, 19*" and
215¢ March 2020 (after the light minimum) with VLT /SPHERE-ZIMPOL.

The details on the data reduction, calibration and description is available in Montarges et al. (2021).

3 VLTI/GRAVITY and VLT /SPHERE-IRDIS: angular diameter measurements

We estimated the angular diameter of the star, as a change in size could be linked to the physical reason for
the ‘Great Dimming’ event. This parameter is also a mandatory input of the models developed in Sect. 4.

We fitted the first lobe observations in the K band continuum (2.22 — 2.28 pm for GRAVITY with the
exclusion of several weak atomic and molecular lines, and Cnt_K2 filter for IRDIS) with a uniform disk (UD)
model. We obtained the angular diameters values of yp = 42.61 £ 0.05 mas (reduced x? = 26.5) before the
Dimming, and fyp = 42.11 £ 0.05 mas (reduced x? = 46.3) during the Dimming. An attempt to fit the data
with a power-law limb-darkened disk gave similar reduced x? values without significant changes to the angular
diameter.

The difference in angular diameter is within the variations observed over the previous decades (Ohnaka et al.
2009), and far from the 30% variation that would be required to explain the ‘Great Dimming’.
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4 VLT/SPHERE-ZIMPOL: spatially resolving the photosphere

4.1 The VLT/SPHERE-ZIMPOL image series

The pre-dimming image (January 2019) shows an almost spherical photosphere with a slight elongation in the
North-East to South-West direction. The three images acquired during the Dimming (December 2019, January
2020, and March 2020) are much different with a Southern hemisphere that appears obscured or hidden. In
Sect. 4.3 and 4.4 we model these observations using a cool photospheric patch and a dusty clump, respectively.
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Fig. 2. VLT/SPHERE-ZIMPOL observations of Betelgeuse after deconvolution in the Cnt_Ha filter. North is up; east
is left. The beam size of ZIMPOL is indicated by the white disk in panel a. We used a power-law scale intensity with
an index of 0.65 to enhance the contrast. a: January 2019. b: December 2019. c: January 2020. d: March 2020. The
Cnt_Ha filter (one of ZIMPOL’s filters) is centred at 644.9 nm.

4.2 Estimation of the pre-dimming circumstellar extinction

Previous observations of Betelgeuse have revealed that it is surrounded by a dusty circumstellar envelope (eg.
Verhoelst et al. 2009; Kervella et al. 2011). Before looking at the ‘Great Dimming’, we estimated the extinction
caused by this circumstellar dust. We estimated the parameters of a Cardelli extinction law (Cardelli et al.
1989) that would be required to reproduce our VLT/SPHERE-ZIMPOL photometry and the contemporary
American Association of Variable Stars Observers (AAVSO) measurements in January 2019 (pre-dimming).
Further details on this modeling are available in Montarges et al. (2021). In the following results, the Cardelli
extinction law with Ry = 4.2 and Ay = 0.65 is always implemented in order to focus on the effect of the
Dimming.

4.3 Modeling: a photospheric cool patch

To reproduce the ZIMPOL images (Fig.2), we first constructed a stellar disk with a cool patch, using PHOENIX
spectral energy distributions (SEDs, Langon et al. 2007). The cool patch was defined by three parameters: its
center position on the stellar disk (z,, yp), and its size r,. The modeling details are available in Montarges
et al. (2021). The best-match parameters are summarized in Table 1. The images are shown in Fig. 3. We wish
to emphasize that the goal was not to estimate precisely the effective temperature of the photosphere and of
the patch, but to rather assess the compatibility of the model with the ‘Great Dimming’.

4.4 Modeling: radiative transfer with a dusty clump in the line of sight

To test the dust clump hypothesis we used 3D radiative transfer simulations produced with the code RADMC3D
(Dullemond 2012). In the following the z axis is oriented West to East, the y axis is South to North and z
axis points towards the observer. In front of the star, we put a spherical dust density centred at (x. , y. , 2c),
with 7. as its radius, and constant dust density pg. We adopted a canonical silicate composition for the dust
(MgFeSiOy4, Jaeger et al. 1994; Dorschner et al. 1995). We set the grain size to have maximum absorption of
the dust clump in the visible; ranging from 0.18 to 0.24 pm. The modeling details are available in Montarges
et al. (2021). Unfortunately, the procedure did not converge towards simulations reproducing the images for
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Fig. 3. Best matching models for the ZIMPOL images in the Cnt_Ha filter (644.9 nm). The upper images correspond
to the cool spot PHOENIX model, the lower images to the dusty clump RADMC3D simulations.

Table 1. Result of the match between the synthetic cool patch PHOENIX models and the ZIMPOL observations

Parameter December 2019 January 2020 March 2020

xp (mas) -7.1 -2.4 -28.4

yp (mas) -14.2 -2.4 -35.6

r, (mas) 23.7 19.0 45.0

Thot (K) 3,700 3,700 3,700

Teool (K) 3,400 3,400 3,200
log £ —8.8 x 108 —5.5x 107 —4.0 x 107

January and March 2020. Instead, we tuned the parameters manually to obtain best guesses. The results are
summarized in Table 2, and the images are shown in Fig. 3.

5 Discussion

Both the cool photospheric patch model and the dusty clump simulations are able to reproduce the morphology
of the ZIMPOL images. However, the SED of both type of models fail to properly reproduce the near infrared
AAVSO measurements (Fig. 4). The cool patch models reproduce better these measurements. However, it
should be noted that while the parameter space exploration is complete for the cool photospheric patch models,
it is not the case for the dusty clump simulations. Indeed, we did not consider other grain size distributions,
nor did we explore alternative dust compositions, since we were mostly interested in reproducing the visible
obscuration. Therefore, we considered both type of models being equally able to match the observations, since
with more time and more computation resources, we could have likely found a more favorable dust model.
Comparison with other observations of this event obtained with various techniques are performed in Mon-

Table 2. Result of the match between the RADMC3D clump simulations and the ZIMPOL observations

Parameter =~ December 2019  January 2020 March 2020
Xc (au) -1.9 -0.8 -1.9
ye (au) -3.0 -0.6 -1.8
z. (au) 12.5 20.0 20.0
i (au) 6.5 5.0 4.5
o (gem=3) 3.2 x1071° 4.0 x1071 2.0 x10718
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Fig. 4. Observed photometry and modeled SEDs for Betelgeuse before (a), and during the ‘Great Dimming’ (b, c,
and d). The black dots correspond to the ZIMPOL photometry, the gray triangles to the AAVSO measurements. The
orange curve represents the SED of a PHOENIX 15 My RSG with Teg = 3700 K. The blue curve corresponds to the best
matching PHOENIX cool patch model, and the purple curve to the best dusty clump RADMC3D simulation.

targes et al. (2021).

6 Conclusion

We presented observations of Betelgeuse obtained before and during its ‘Great Dimming’ in 2019-2020. The
VLTI/GRAVITY interferometric observations and VLT/SPHERE-IRDIS sparse aperture masking measure-
ments showed that the angular diameter of the star did not change. The VLT/SPHERE-ZIMPOL spatially
resolved imaging of the photosphere revealed that the Southern hemisphere of the star was obscured.

Using PHOENIX model atmospheres to build a composite synthetic image of the stellar surface, we tested the
hypothesis of a cool photospheric patch as the cause of the Dimming. We also build a dusty clump simulation
using the radiative transfer code RADMC3D. Both scenarios are able to reproduce the morphology and the
photometry of the event. In agreement with observations by other teams, with other techniques, and to fit the
‘Great Dimming’ within the general pulsation pattern of Betelgeuse, we conclude that both events happened
consecutively. A cool patch formed on the photosphere perhaps consistently with the primary light curve period
and the periodic outflow velocity, that caused dust to form from plasma ejected months before in the line of
sight. This caused an unusual light minimum for the red supergiant.

This ‘Great Dimming’ calls for a more frequent monitoring of the photosphere and close circumstellar
environment of nearby RSGs that can be spatially resolved.

MM thanks the council of the SF2A for the invitation to present these results at the plenary session of the meeting. Based on ob-
servations collected at the European Southern Observatory under ESO programs 0102.D-0240(A), 0102.D-0240(D), 104.20UZ, and
104.20V6.004. We acknowledge with thanks the variable star observations from the AAVSO International Database contributed
by observers worldwide and used in this research. This project has received funding from the European Union’s Horizon 2020
research and innovation program under the Marie Sklodowska-Curie Grant agreement No. 665501 with the research Foundation
Flanders (FWO) ([PEGASUS]? Marie Curie fellowship 12U2717N awarded to M.M.). EC acknowledges funding from the KU
Leuven C1 grant MAESTRO C16/17/007. LD and MM acknowledge support from the ERC consolidator grant 646758 AEROSOL.
SK acknowledges support from the ERC starting grant 639889 ImagePlanetFormDiscs. The material is based upon work supported
by NASA under award number 80GSFC17M0002. We are grateful to the ESO staff for their fast response in accepting the DDT
proposal and carrying out the observations. The authors would like to thank Betelgeuse for having undergone this peculiar event
more than 700 years ago in the appropriate solid angle. This work has made use of the SPHERE Data Center, jointly operated by
OSUG/IPAG (Grenoble), PYTHEAS/LAM/CeSAM (Marseille), OCA/Lagrange (Nice) and Observatoire de Paris/LESIA (Paris).
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This research has made use of the Jean-Marie Mariotti Center Aspro and SearchCal services*. We used the SIMBAD and VIZIER
databases at the CDS, Strasbourg (France)T, and NASA’s Astrophysics Data System Bibliographic Services. This research made
use of GNU Parallel (Tange 2018), IPython (Pérez & Granger 2007), Numpy (van der Walt et al. 2011), Matplotlib (Hunter 2007),
SciPy (Virtanen et al. 2020), Pandas (pandas development team 2020; Wes McKinney 2010), Astropy?, a community-developed
core Python package for Astronomy (Astropy Collaboration et al. 2013), and Uncertainties®: a Python package for calculations
with uncertainties.
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PROVENANCE OF ASTRONOMICAL DATA

M. Servillat?!

Abstract. In the context of Open Science, provenance has become a decisive piece of information to
provide along with astronomical data. Provenance is explicitly cited in the FAIR principles, that aims
to make research data Findable, Accessible, Interoperable and Reusable. The IVOA Provenance Data
Model, published in 2020, puts in place the foundations for structuring and managing detailed provenance
information, from the acquisition of raw data, to the dissemination of final products. The ambition is to
provide for each astronomical dataset a sufficiently fine grained and detailed provenance information so that
end-users understand the quality, reliability and trustworthiness of the data. This would ensure that the
Reusable principle is respected.

Keywords: Provenance, Astronomy, Virtual Observatory

1 Introduction

The idea behind Open Science® is to allow scientific information, data and outputs to be more widely accessible
(Open Access) and more reliably harnessed (Open Data) with the active engagement of all the stakeholders
(Open to Society). Open Science is defined as ”an inclusive construct that combines various movements and
practices aiming to make multilingual scientific knowledge openly available, accessible and reusable for everyone”
(UNESCO 2021). The aim is ”to increase scientific collaborations and sharing of information for the benefits of
science and society, and to open the processes of scientific knowledge creation, evaluation and communication
to societal actors beyond the traditional scientific community” (UNESCO 2021).

Open science is a policy priority for the European Commissiont and the standard method of working under
its research and innovation funding programmes as it improves the quality, efficiency and responsiveness of
research. One of the ambition of this policy is to build a European Open Science Cloud (EOSC), i.e. an
environment that cuts across borders and scientific disciplines to store, share, process and reuse research digital
objects (like publications, data, and software) that are Findable, Accessible, Interoperable and Reusable (FAIR).

In the astronomy domain, the FAIR principles (Wilkinson et al. 2016) have been a matter of concern since
more than 20 years, primarily within the International Virtual Observatory Alliance* (IVOA), that provides
standards to foster interoperability and enable the production of Open Data. Several astronomical research
infrasctructures are involved in the European Horizon 2020 ESCAPE project® (European Science Cluster of
Astronomy & Particle physics ESFRI research infrastructures) that brings together the astronomy, astroparticle
and particle physics communities and puts together a cluster with aligned challenges of data-driven research.

The Virtual Observatory ecosystem already provides robust solutions to Find and Access astronomical
data in an Interoperable way. However, the Reusable principle is more subjective and requires dedicated rich
metadata to demonstrate the quality, reliability and trustworthiness of the data. Detailed and structured
provenance information is then key information to provide along with the astronomical data.

In this context, and with the implication of several members of the French ASOV (Action Spécifique Observa-
toire Virtuel), a series of meetings and workshops took place over the last years to model provenance information
(Servillat et al. 2020b) and implement related tools (Servillat et al. 2021c). A provenance management system
has then been proposed for astronomical facilities (Servillat et al. 2021b).

1 Laboratoire Univers et Théories, Observatoire de Paris, Université PSL, CNRS, Université de Paris, 92190 Meudon, France;
e-mail: mathieu.servillat@obspm.fr
* See the dedicated UNESCO web page: https://en.unesco.org/science-sustainable-future/open-science
T See the dedicated EU web page: https://ec.europa.eu/info/research-and-innovation/strategy/strategy-2020-2024/
our-digital-future/open-science_en
¥ https://www.ivoa.net
$ nttps://projectescape.eu
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20 SEF2A 2021

2 Requirement for structured provenance

There are clear advantages to retain provenance information as structured, machine-readable data, in particular
in the context of Open Science:

e Quality / Reliability / Trustworthiness of the products: the simple fact of being able to show its
provenance is sufficient to give more value to a product, and if the provenance information is detailed, the
value is higher.

e Reproducibility requirement in many projects: provenance details are essential to be able to rerun
each activity (maybe testing and improving each step); Having this information, it may not be necessary
to keep every intermediate file that is easily reproducible (hence a possible gain on storage space and
costs).

e Debugging: with detailed provenance, it is not necessary to restart from scratch, as one can locate in the
provenance graph the faulty parts or the products to be discarded, and reprocess only from the identified
failing steps.

We often realize too late that there are missing elements or links in the provenance. The capture of the
provenance should thus be as detailed as possible. It should also be as naive as possible: provenance should
trace what happened, which is different to the workflow approach where one anticipates what should happen.
The good practice would thus be to record provenance events directly when they occur, with the relevant links
to what happened before, and not considering what will happen after.

3 A Provenance data model

The IVOA validated in April 2020 a Provenance Data Model (Servillat et al. 2020b) to structure the provenance
information. It is based on the World Wide Web Consortium (W3C) PROV core concepts of Entity, Activity and
Agent (Moreau et al. 2013) with a dedicated set of classes for the activity description (e.g. method, algorithm,
software) and the activity configuration (e.g. parameters).

Provenance is related by definition to the origin of a product (where does it come from?), but also the path
followed to generate this product (what has been done?). Provenance is thus seen as a chain of activities and
entities, used and generated. With the core data model, basic objectives are achieved: use of unique identifiers,
traceability of the operations, connection with contacts for further information, citation or acknowledgement.
By following the full IVOA data model, more advanced questions are answered: What happened during each
activity? How was the activity tuned to be executed properly? What kind of content is in the entities?

The data model is a basis for the development of tools and services, see e.g.: Servillat et al. (2021a);
Sanguillon et al. (2021); Landais et al. (2021); Servillat et al. (2020a); Sanguillon et al. (2020).

The data model and related implementations provide a standard formalism to write and exchange the
provenance information. This is illustrated in Figure 1, where the voprov Python package¥ was used to generate
a graph of three activities, executed with the OPUS job manager (Servillat et al. 2021a).

4 Provenance in practice

4.1 Full provenance

It is tempting to limit the provenance information to a list of keywords associated to a data product. However,
the full provenance is to be seen as a global graph of activities and entities up to the raw data, which cannot
be embedded in the entities themselves. This consideration led to the development of an advanced provenance
management system, with the concepts of capture ”inside” (i.e. during the execution of a processing pipeline),
storage of all provenance events in a central database, and visualization and exploration of the full provenance
through database queries (for more details, see Servillat et al. 2021b).

To ease the capture of provenance inside a pipeline, a Python package, Logprovl, is in development along
with the pipelines and science tools developed for the Cherenkov Telescope Array (CTA). This capture tool

9 nttps://github.com/sanguillon/voprov
| https://github.com/mservillat/logprov
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Fig. 1. Example of an IVOA Provenance graph using the main concepts of the IVOA Provenance Data Model (Servillat
et al. 2020b). The graph shows a sequence of 3 activities. Each activity performs an operation for which the description
and the configuration are available and explicit.

was initially implemented for gammapy** and its high level interface. The usage of logprov requires to insert
decorators before the Python functions or classes one wish to trace. Provenance events are then written to a
structured log. In addition, a definition file of the activities can be added to record more detailed descriptions
of the activities and entities. To make this capture efficient, it is highly recommended to structure the code and
pipelines in well defined functions, with identified inputs and outputs (i.e. not contained in local variables, but
globally accessible).

4.2 Last-step embedded provenance

Along with the definition of the full provenance, the idea of an optimized subset of provenance that could
be embedded in an entity has emerged. We defined the last-step provenance as a minimal list of keywords
that gives information on the last activity (general process/workflow, software versions, contacts...), including
links to used and generated entities (Servillat et al. 2021¢). Such a list is a restriction of the full provenance
information, that can be stored in a file header (e.g. using the FITS file format) or a flat table.

The last-step provenance is composed of attributes that refer to several items in a provenance graph basic
template. For example, the entity itself is described by attributes like entity_id, entity_location... The
template graph is shown in Figure 2. The main node in the graph is the entity that transports this last-step
provenance, which is attached to the activity that generated the entity. The context is provided by attributes
that describe the entity (e.g. entity_content_type) and the activity (e.g. software name, software_version,
software_docurl), and parameters that configure the activity. The activity may be part of a general workflow,
itself described, and maybe linked to an instrument. Finally, the identifiers of used entities, and the generated
ones during the same process allow for the exploration of the previous, or next, or parallel steps. By resolving
those identifiers and combining chained last-step provenance records, one could thus explore or reconstruct the
full provenance.

** https://github.com/gammapy/gammapy
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Fig. 2. Provenance graph template that defines the prefixes of last-step provenance attributes.

4.3 Provenance access protocols

Two access protocols are being discussed within IVOA, in order to be able to query the provenance information:

e ProvSAP: a Simple Access Protocol that returns a W3C PROV file from a regular GET query on an
HTTP endpoint, where the main argument is ID with the identifier of the entity or activity for which the
provenance graph is queried. This system is for example implemented in the OPUS job manager (Servillat
et al. 2021a) and in other tools (Sanguillon et al. 2020).

o ProvTAP: IVOA Table Access Protocol (TAP) using a schema based on the IVOA Provenance data
model (Bonnarel et al. 2019). It’s a reverse mechanism to locate data through queries on its provenance.
This approach also enables queries to test the data quality, based on the analysis of parameters of activities.

The solutions developed here for provenance management (full provenance capture and storage, last-step em-
bedded provenance, and provenance access protocols) thus provide several efficient and standardized approaches
that can be adapted to various astronomy projects of different sizes.

We acknowledge support from the ESCAPE project funded by the EU Horizon 2020 research and innovation program (Grant
Agreement n.824064). Additional funding was provided by the INSU (Action Spécifique Observatoire Virtuel, ASOV), the Action
Fédératrice CTA at the Observatoire de Paris and the Paris Astronomical Data Centre (PADC).
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PULSAR TIMING ARRAYS AND GRAVITATIONAL WAVES : THE FIRST STEPS
TOWARDS DETECTION?

G. Theureau®®3, S. Babak?, A. Berthereau', A. Chalumeau*, S. Chen'?, I. Cognard"?, M.
Falxa?, L. Guillemot"? and A. Petiteau?

Abstract. PTA (Pulsar Timing Array) experiments use the natural clock properties of pulsars as a detector
of gravitational waves. In practice, perturbations in the regularity of pulse arrival times are analysed and
a quadrupole signature is sought that spatially correlates all the measurements amongst the pulsars. The
PTAs are sensitive in the frequency domain ranging from 107° to 10™% Hz, which targets in particular the
population of supermassive binary black holes. In January of this year, the US consortium NANOGrav
announced the first detection of a common signal across all the pulsars in the network, but without showing
evidence for spatial coherence, closely followed by the other two consortia, Australia (PPTA) and Europe
(EPTA). I will review these results, focusing on the methodology and on the analysis of foregrounds, and I
will detail the astrophysical constraints expected in the years to come.

Keywords: pulsars, gravitational waves, black-holes, galaxy formation

1 Introduction

In France, Pulsar Timing Array (PTA) activities are hosted in two laboratories, LPC2E and APC, and are
closely connected to the Nancay Radio Observatory where the dedicated instrumentation is developed and the
timing observations are performed at high cadence with the decimetric Nangay Radio Telescope (NRT). There
are also connexions with people in Femto-ST and Geoazur, for the link to clock metrology and Solar System
Ephemerides. This long term program has been jointly supported for many years by PNCG, PNHE and Paris
Observatory Scientific Council and has also received recently funding from DIM-ACAV+ and ANR. This year,
there has been a renewed interest for PTA experiments, with the publication and forthcoming press releases
by the North American consortium NANOGrav in January 2021 (Arzoumanian et al. (2020)) announcing that
they found ”possible first hints of low-frequency gravitational wave background”. Indeed what happened is
that the three international consortia, European Pulsar Timing Array (EPTA), Parkes Pulsar Timing Array
(PPTA) and NANOGrav, contemporaneously and independently detected a red noise component shared by all
the pulsars in their respective timing array (see respectively: Chen et al. (2021, submitted), Goncharov et al.
(2021) and Arzoumanian et al. (2020)). As we will see, this signal has the main caracteristics in amplitude
and spectral index of what we expect from the emission of a Super Massive Binary Black Hole population,
but the three groups are still missing the detection of a spatial correlation of the signal, which would be the
irrefutable proof that it is indeed of gravitational origin. Note that there are also other identified sources of
gravitational background emission in the PTA frequency range, which are e.g. the emission from a network
of cosmic string loops (Kibble (1976), Sanidas et al. (2012)), relic emission produced by quantum fluctuations
of the gravitational field in the inflationary era (Caprini et al. (2010)), or the signature of a first-order phase
transition in the primordial universe (Lasky et al. (2016); Grishchuk (2005)). At the time of the SF2A 2021
conference, more that three dozen of articles about the interpretation of this ”possible” gravitational wave signal
have been submitted to astro-ph since the first claim early this year.

1 Université d’Orléans, CNRS, LPC2E UMR?7328, F-45071 Orléans, France

2 Observatoire de Paris, PSL University, CNRS, Université d’Orléans, USN, 18330 Nancay, France
3 Université PSL, CNRS, Université de Paris, LUTh, 92190 Meudon,France,

4 Université de Paris, CNRS, APC, F-75013 Paris, France
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At the world wide level, continental PTA consortia are organised under a common umbrella organisation
named the International Pulsar Timing Array. In addition to the three founding groups mentioned above, the
Indian consortium InPTA recently formed and joined the collaboration, and one expects the South Africa and
China to join as well in the coming years. There are eight radio telescopes presently participating in the data
collection. Five in Europe : Effelsberg (Germany), WSRT (Netherlands), SRT (Italy), Lovell (United Kingdom)
and NRT (France) ; one in Australia : Parkes, and two in North America : Arecibo and Green Bank. Arecibo
recently collapsed and is being replaced by contributions from VLA and CHIME. GMRT (India) has started
a high precision timing programme 3 years ago and MeerKAT (South Africa) has been gathering high quality
data since 2.5 years and both are preparing their own first release to participate in the common effort. China
will join with three radio telescopes : QTT, JRT and the giant FAST.

The PTA experiment has a long history. The first reference is certainly from Sazhin (1978), who proposed
that ”ultralong gravitational waves” could be detected by their perturbation on electromagnetic pulses propa-
gation. A bit more than a year later, Detweiler (1979) showed that given published pulsar data, one can set an
amplitude upper limit of 10~!! to the energy density of a stochastic gravitational wave background with periods
1 year. In 1982, Hellings & Downs (1983) further updated this limit and for the first time they calculated the
expected spatial correlation of the signal as a function of the angular separation of pulsar pairs. PTA science
was born.

2 Pulsar Timing Arrays: principles

What do pulsar timers measure exactly 7 We measure at the telescope a series of pulsations with an observed
period P due to the rotation of the neutron star, and we observe a variation J P of this period or of rotation
frequency v with time. The integration of this dv all along the signal pathway from the pulse emission to its
reception is called the timing residual.

r(t) = /Ot v(#) = v gy (2.1)

In practice we assume that we know sufficiently well the pulsar, its environment, the material present along
its line of sight and the Earth motion, that we can model any Doppler shift and dispersion of the signal, so that
only the unknown, e.g. the gravitational perturbation we are looking for, remains. One writes:

v(t) —vo 1 L nd,

o 21+ ﬁa.l%Ah” 22)
where n, is the direction of the pulsar ¢ or j, k is the direction of a gravitational source, and Ah;; =
hi;(tp) — hi;j(tg) is the wave amplitude difference at the pulsar location (¢,) and at the Earth (¢g).

Let us summarize: the Earth and the distant pulsar are considered as free masses whose position responds
to changes in the local metric of space time. The passage of a gravitational wave produces fluctuations in the
arrival times of the individual pulses, so that with timing uncertainties d¢ (~100 ns), a cadence of a few days
and total observation time spans T’ (~25 years), PTA are sensitive to amplitudes ~ dt/T ~ 1.3 10716 and to
frequencies f ~ 1/T ~ 1079 - 1075 Hz (see Fig. 1, left panel).

3 The recent results by NANOGrav, PPTA and EPTA

3.1 A first detection of the stochastic background?

Fig. 1 (right panel) shows the free spectrum of the PTA residuals along gravitational wave frequencies, as
measured respectively by NANOGrav (blue violins, from Arzoumanian et al. (2020)) and EPTA (orange violins,
from Chen et al. (2021, submitted)). The power is measured in frequency bins centered successively on 1/T,
2/T, ... Nyin/T, where T is the total time span covered by the PTA observations. The EPTA has longer
time series, thus it reaches lower frequency bins. The full lines show the actual power law describing the red
noise fitted from respectively the lowest 5 (NANOGrav) and 30 (EPTA) frequency bins. The European results
show a shallower spectral index (-0.39 vs -1.26) and a bit higher amplitude (e.g. 2.95 10715 vs 1.92 1071%, at
fixed @ = -2/3) with respect to NANOGrav. Both experiments use completely independent data. They use
also different analysis pipelines, different MCMC samplers and different models for Solar System Ephemerides
uncertainties. Considering our own results from the EPTA analysis, we obtained a robust estimation of the
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significance of the common red noise detection by comparing bayesian evidences for different models. The Bayes
factor is around 1000 in favor of a common red noise or gravitational wave background, with respect to a simple
model considering only individual pulsar timing noise. By comparison, the false detection resulting from a clock
reference error or a Solar System Ephemerides bias is granted a Bayes factor of respectively 5 and 100 only with
respect to the simple model.
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Fig. 1. Left: We illustrate here the principles of PTA stochastic gravitational wave background detection. On the
vertical axis, hc is the strain amplitude and the frequencies along the horizontal axis range from 107° to 2 1077 Hz. The
blue line shows the expected power law spectrum he(f) = A(f/yr~)* with slope a = -2/3 for a population of super
massive black hole binaries with circular orbits and energy loss dominated by gravitational emission. The red curve
shows the same spectrum for a more realistic population, including eccentricity of the orbits and energy loss contribution
from interactions with central stars and gas. The dotted line shows the PTA sensitivity curve. Above ~ 1078 Hz, the
signal is not detected and PTA measurements only provide us with an upper limit. At lower frequencies instead, the
signal is detected and one could even start to differentiate the two models of population. Right: We show here the
recent PTA measurement from Arzoumanian et al. (2020) (red violins, NANOGrav) and Chen et al. (2021, submitted)
(blue violins, EPTA). Below ~ 10~ Hz, we actually detect a clear signal in the form of low frequency correlated noise
in the timing residuals. Straight full lines represent the respective fitted power law to the lowest 5 (NANOGrav) and 30
(EPTA) frequency bins.

In Fig. 2 (left), one compares the measured power law parameters (common red noise amplitude and index)
from PTA experiments to the prediction from astrophysical models. These models describe a population of
Super Massive Black Hole Binaries emitting low frequency gravitational waves in the context of hierarchical
galaxy and large scale structure formation in a ACDM universe (prediction from Middleton et al 2021). One
considers here the astrophysical parameters describing: the galaxy stellar mass function, the galaxy pair fraction,
the merger time scale, the black-hole to bulge mass ratio, the binary BH eccentricity and the galaxy central
stellar density. Among those, it is the merger rate, the merger time scale and the normalization of BH-bulge
mass relation, which will be the first parameters to be constrained by a sensitivity limit or a robust detection
of the GW background.

3.2 An essential diagnostic: the spatial correlation of the signal

However, the quadrupole nature of gravitational wave emission implies that the Earth term of the stochastic
signal is necessarily spatially correlated between all pulsars and follows a well defined signature. Hellings &
Downs (1983) showed that the overlap reduction function, which depends both on the sky position of the sources
and on the antenna pattern (i.e. the relative position of the pulsars in the array) writes in a unique way as a
function of the pulsar angular separations. This signature is an essential diagnostic. Let us emphasise here that
up to now, none of the PTA experiments has detected such a spatial correlation, which would be the
actual smoking gun of a gravitational wave background (see Fig. 2, right panel, for the NANOGrav result). So
no-one can yet claim a detection. In order to get a detection, each consortium needs to extend its data set:
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Fig. 2. Left: Contour plot corresponding to the posterior chains for the common-spectrum amplitude and spectral
index obtained by the three regional consortia (NANOGrav in blue, EPTA in red, PPTA in green). The vertical dotted
line corresponds to the spectral index expected for the emission from a population of Super Massive Black Hole Binaries
in circular orbits. The grey area is obtained from Middleton et al. (2021) and shows the 95% confidence contour from
astrophysical model predictions for the same population. Right: Hellings & Downs (HD) angular correlation measured
from the NANOGrav 12.5 years sample (Arzoumanian et al. (2020)). The blue curve shows the expected quadrupolar
signature. The orange horizontal line shows the fit of a monopole expected e.g. from clock reference systematics.

NANOGrav and PPTA to have essentially longer time spans, EPTA to add more pulsars in the analysis (i.e.
include at least 25 pulsars instead of the 6 best timers only) in order in particular to better sample the spatial
correlation. The data set should be completed and analyzed by mid-2022. After that, the full combination of
the international data set will bring the ultimate confirmation, allowing to enhance both sensitivity and sky
coverage.

3.3 Dealing with foregrounds and systematics

Of course, there are plenty of foreground noises that need to be characterised and correctly modelled before
being able to access the GW signal in the timing residuals. Those noises are of different nature. We need
to consider first the white or time un-correlated noise in each pulsar residual time series. Its origin can be
instrumental (e.g. receiver gain instability, calibration uncertainty) or astrophysical (e.g. pulse jitter, related
to the statistics of emission in the pulsar magnetosphere). We then have to deal with various time correlated
or "red” noises that mimic or hide the gravitational emission signature at low frequencies. These ones come
primarily from the dispersion measure (DM) variations (a secular change in electron content along the line of
sight due to the relative motion of the Earth and the pulsar) and from long term variations of the neutron
star rotation (either due to small bodies gravitational perturbations, variations in radiated energy or series of
micro-glitches, presence of an unknown long orbital period companion). The former is chromatic with observed
radio frequency and can be distinguished from the latter by using multi-band or multi-telescope observations.
It can be modeled by a simple power law, but often requires custom modelization to take into account peculiar
events (e.g. a lense effect due to a plasma bubble along the line of sight) or secondary variations due to multi-
propagation changes or scintillation. The intrinsic or rotation noise is specific to each pulsar and can span
a wide range of amplitudes. Fig. 3 shows an example of single pulsar noise analysis, with posterior plots for
amplitude and spectral indices of both intrinsic red noise and chromatic DM noise.

Finally, Solar System planetary Ephemerides (SSE) play a crucial role in the timing process as they are
used to transpose the timing residuals measured at the telescope to the barycentre of the Solar System (SSB),
i.e. to correct for the Roemer delays. Any inaccuracy in such Roemer delays will impact all the pulsars of the
array and will induce a spatial correlation that insidiously mimics the imprint of a GW background. To deal
with this, the various consortia carefully compare the results from different SSE solutions (using JPL - Folkner
& Park (2018) - , INPOP - Fienga et al. (2019) - or PMOE - Li et al. (2008)) and some have developed their
own bayesian model of SSE uncertainties to be included in the full GW analysis. The difficulty is that SSE are
built from space probe data to optimize the measurements of planets’ positions, orbital velocities and masses,
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Fig. 3. Posterior distribution of intrinsic red noise (RN) and chromatic noise (DM) for the EPTA pulsar PSR J1600-3053.
Each red noise component is modelled with a power law as S ~ A%(f/1yr~')~7. Courtesy of Aurélien Chalumeau (PhD
student at LPC2E, Chalumeau et al 2021 in prep)
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Fig. 4. 2D sky continuous wave sensitivity map at the fixed frequency of 10 nHz, derived from the analysis of EPTA
first data release (Desvignes et al. (2016)), extended with 9 years of recent wide band NRT data. Red stars show the
positions of the EPTA pulsars. The color scale denotes the span in strain hc in logarithmic scale. Courtesy of Mikel
Falxa (PhD student at APC, Falxa et al 2022 in prep)
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but not to accurately constrain the position of the SSB.

3.4 The search for individual sources

One expects that PTA measurements will also detect in the near future a few nearby or massive individual binary
black-holes, which will show up as continuous wave sources at a single frequency or as a series of harmonics
depending on the degree of eccentricity of their orbit. Such a detection is expected to occur as a second step,
most probably after the first characterisation of the stochastic background from the whole population. Even
without a detection, one can build a whole sky sensitivity map for each frequency bin, given the sky distribution
and timing characteristics of the pulsars used in the array. A preliminary such map is shown on Fig. 4, for the
GW frequency f = 10 nHz, given the current EPTA pulsar sample (2nd data release, courtesy of Mikel Falxa,
PhD student at APC laboratory).

4 Conclusion

To summarize, all PTA consortia have developed independently a complete methodology to properly analyse
the pulsar timing residuals and disentangle potential GW emission from various instrumental or astrophysical
noise components affecting individual pulsars, as well as consistently taking into account uncertainties coming
from SSE systematics. They all detect in their independent data sets the presence of a common process, which
is comparable in amplitude and spectral index to the signal expected from a population of Super Massive Black
Hole Binaries. However, these convergent results have to be considered with care, since the essential diagnostic
of a spatial correlation following Hellings & Downs (1983) signature has not been successful yet. These results
are preliminary, based on a sub-sample of available data. The next two years should bring a definitive and
robust answer with the extension of the respective data sets and hopefully the global pooling of IPTA data,
bringing the ultimate confirmation with much better sensitivity than the separate programmes.

The Nancay radio Observatory is operated by the Paris Observatory, associated to the French Centre National de la Recherche
Scientifique (CNRS) and the Université of Orléans. We acknowledge financial support from ” Programme National de Cosmologie and
Galaxies” (PNCG), and ”Programme National Hautes Energies” (PNHE) funded by CNRS/INSU-IN2P3-INP, CEA and CNES,
France. We acknowledge financial support from Agence Nationale de la Recherche (ANR-18-CE31-0015) and from ”Domaine
d’Intérét Majeur de la Région ile de France” (DIM-ACAV+), France.
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CMB IN (RELATIVE) TENSION

M. Tristram

Abstract. With Planck’s CMB measurements, we have achieved high precision on the ACDM cosmological
parameters with no need for model extensions. Many measurements are consistent with the predictions of
the ACDM model fitted to Planck data. However, when compared to some cosmological probes, the CMB
data exhibits some deviations which have been examined extensively for the last few years. We will describe
the stability of the CMB results with respect to the fit of cosmological models and review the main so-called
“tensions”.

Keywords: cosmology: observations, cosmic background radiation, cosmological parameters, methods:
data analysis

1 Introduction

The Planck satellite mission provided accurate measurements of the Cosmic Microwave Background radiation
on the entire sky which gives powerful constraints on the Universe’s content and geometry. Indeed, statistics
from the measured CMB anisotropies can be compared to model predictions allowing the free parameters from
specific cosmological models to be determined. The current standard model (so-called ACDM) can be described
by 6 parameters in its simplest version but fits accurately the current cosmological observations.

In this model, we assume purely adiabatic, nearly scale-invariant perturbations at very early times, with
curvature-mode (scalar) power spectrum parameterized by a power law P(k) = A, (k/ko)"* "', where A, is the
initial super-horizon amplitude for curvature modes and n i s the primordial index for scalar perturbations taken
to be constant. The late-time parameters, on the other hand, determine the linear evolution of perturbations
after they re-enter the Hubble radius: QA2 the baryon density today, Q.h? the cold dark matter density today,
Hj the Hubble constant characterising the expansion of the Universe today, and 7 the reionization optical depth.

With the current CMB measurements, the 6 parameters from the ACDM model are known at better than
percent level with the exception of the reionization optical depth 7 (Planck Collaboration VI 2020).

Planck provided the community with angular power spectra of CMB anisotropies in temperature (the so-
called T'T power spectrum) but also in polarisation (E'E power-spectrum) and in cross-correlation temperature-
polarization (TE power spectrum) (Planck Collaboration V 2020). Beyond the CMB anisotropies, Planck was
also able to provide the first full-sky measurement of the gravitational amplitude through the lensing of CMB
photons integrated along the line of side (so-called lensing power spectrum or ¢¢).

Power spectra are plotted in Fig. 1. The uncertainties of the TT spectrum are dominated by sampling
variance, rather than by noise or foreground residuals, at all scales below about ¢ = 1800, the scale at which
the CMB information is essentially exhausted within the framework of the ACDM model. The T'E spectrum is
about as constraining as the T'T" one, while the FE spectrum still has a sizeable contribution from noise.

From CMB data, the constraints obtained on the cosmological parameters are both consistent between the
different mode (TT, TE, EFE, as shown in Fig. 2) and stable with time (over the last decade). Moreover, the
impact of the major instrumental systematic effects have been shown to be lower than 0.50 of the published
statistical uncertainties (Planck Collaboration VI 2020).

The ACDM model provides a good fit to the CMB data as well as to other astrophysical observations
indicating that we have a good understanding of the physics to model cosmic history. Moreover, with the
increase of sensitivity achieved by Planck, we have been able to constrain extensions from the standard model
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Fig. 1. Planck CMB power spectra for the temperature (top left), the temperature-polarization cross-spectrum (bottom
left), the E-mode of polarization (top right), and the lensing potential (bottom right). The blue lines show the best-
fitting ACDM model. Extracted from (Planck Collaboration I 2020).

with high precision (see Table 5 in Planck Collaboration VI 2020). This includes in particular: the flatness of
the spatial hyperspaces; the neutrino masses; the number of relativistic species at decoupling; the running of
power-laws for matter power spectra.

Nevertheless, despite these successes, some puzzling tensions have been highlighted after the Planck 2018
release and discussed in the literature since then. The most popular ones are as follows:

e the amplitude of lensing deduced from the CMB power spectra A, which is inferred to be higher than
the ACDM prediction,

e the Hubble constant Hy from the inverse distance ladder which is discordant with measures of the distance
scale from the nearby supernovae,

e the amplitude of the fluctuations og predicted by Planck which sits high compared to cosmic shear and
cluster count inferred values
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Fig. 2. Constraints on parameters of the base-ACDM model from the separate Planck EE, TE, and TT high-¢ spectra
combined with low-£ polarization (lowE), and, in the case of EE also with BAO, compared to the joint result using
Planck TT,TE,EE+lowE. Extracted from (Planck Collaboration VI 2020).
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2 The lensing amplitude A}

Weak lensing enters the prediction of the CMB spectrum through a convolution of the unlensed spectrum with
the lensing potential power spectrum. The effect of lensing is a smearing of the acoustic peaks as well as a
redistribution of power towards the high multipoles (above ¢ ~ 3000).

As originally proposed in Calabrese et al. (2008), a phenomenological parameter, Ay, that rescales the lensing
potential, is introduced, allowing an internal check of the consistency of the lensing effect with the cosmology.
Indeed, measuring a value of A, deviating from one indicates either a problem with the model (modification of
the gravity), or residual systematics in the data.

When estimated with the ¢¢ power spectrum, this allows the measurement of the significance of the detection
of the CMB lensing and compare to the ACDM prediction (A = 1). In Planck Collaboration VI (2020), the
Planck lensing measurements is perfectly compatible with the model:

Ap =1.011+0.028 (Planck ¢¢)

The lensing amplitude can also be estimated from the CMB anisotropies by looking for the impact on
the angular power spectra. Since its first release, the Planck Collaboration has a reported a value of the Ap
parameter that is discrepant with one by more than 20. The results from the different power spectra (T'7, TE,
EE) are barely compatible (see left panel in Fig. 3 and Planck Collaboration VI 2020). Moreover, as already
discussed in Couchot et al. (2017), the fitted value depends on the CMB likelihood used. Indeed, the three
different likelihoods used on Planck 2018 data (PR3*) give:

Ap = 1.243 £ 0.096 (TT-+lowE [Plik]) (2.1)
Ar =1.246 £ 0.095 (TT+lowE [CamSpec]) .
Ay, = 1.160 £ 0.075 (TT+lowE [Hillipop]) (2.3)

Even if there is still some tension at about 20, this indicates that the A; deviation from unity is sensitive to
the details of the likelihood implementations and in particular to the modelling of the foregrounds. Using the
last release of Planck maps (PR4*, Planck Collaboration Int. LVII 2020), and with a more complete description
of the low multipoles in polarisation, one can recover even lower estimates of Ay (Tristram et al. 2021) with
similar uncertainty reinforcing the impact of systematic residuals in Planck 2018 data.

Ground-based telescopes measuring CMB anisotropies (such as ACT or SPT3g) recover Ay, compatible with
unity (see right panel in Fig. 3):

Ap =1.01+0.11 (ACT, Aiola et al. 2020) (2.4)
Ap =0.9840.12 (SPT3g, Dutcher et al. 2021) (2.5)
10 4 H TT+lowE ACT TT
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Fig. 3. Constraints on the value of the consistency parameter Ay. Left: Results using various combinations of Planck
data. When only power spectrum data are used, A; > 1 is favoured at about 30. The dotted lines show equivalent
results for the CamSpec likelihood. Eztracted from Planck Collaboration VI (2020). Right: Results as measured by
ACT, by the individual TT, TE and EFE spectra from ACT, and ACT combined with WMAP. The Planck measurement
is shown for comparison. Extracted from Aiola et al. (2020).

*available at http://pla.esac.esa.int
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3 The Hubble constant H

With the reduction of the uncertainties on the estimation of the Hubble constant, a notable discrepancy arises
between the local measurements at the very lowest redshifts and the indirect measurements from the early
Universe. There have been, and remain still, many studies around this significant tension which can reach up
to 50.

Figure 4 shows a compilation of the results (in the left panel) as well as a summary of the tension between
early Universe and local distance measurements (in the right panel). So called “early Universe” measurements
do include CMB but also the Baryon Acoustic Oscillations (BAO) in combination with primordial element
abundances whereas “local measurements” refer to distances of Type IA supernovae using different calibrations
such as the Cepheid (Riess et al. 2021) or the Tip of the Red Giant Branch (Freedman et al. 2020).

As discussed in Linder (2021), it is difficult for early measurements to result in a large value of Hy. Indeed,
CMB data tightly constrain Hy within ACDM models. Combining CMB with another cosmic probe, such as
Baryon Acoustic Oscillation (BAO) or Type Ia Supernovae (SNIa), breaks the degeneracy for models where the
dark energy equation of state differs from -1 but still indicates a value of Hy lower than 70.

On the contrary, the local measurements differ by about 20 depending on the calibration method. The
impact of the environment of the SNIa in the Cepheids is debated as a potential explanation for such variations
as well as potential extinction by extra-galactic dust Mortsell et al. (2021).

New independent measurements from strong lensing time delays seem to show a transition between low and
high Hy values (Millon et al. 2020; Liao et al. 2020) but currently the sample is still small and the results may
depend on the lensing object more than reported.
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Fig. 4. Left: Hubble constant results from distance ladder determinations (labeled HST Key Project, Cepheids+SNIa,
Distance Ladder, TRGB Dist Ladder), indirect CMB measurements (WMAP9, Planck PR3, both of which combine CMB
with other data), BAO in combination with baryon abundance (BAO+D/H), the thermal SZ effect (CHANDRA+tSZ,
XMM-+Planck tSZ), strong gravitational lensing (Gravlens Time Delay) and gravitational waves (LIGO/Virgo grav
waves). Extracted from LAMBDA (https://lambda.gsfc.nasa.gov). Right: Comparison of Hy constraints for early-
and late-Universe probes in a flat ACDM cosmology. The early-Universe probes shown here are from Planck (orange;
Planck Collaboration VI 2020) and a combination of clustering and weak lensing data, BAO, and big bang nucleosynthesis
(grey; Abbott et al. 2018). The late-Universe probes shown are the latest results from SHOES (Riess et al. 2019, blue;)
and HOLICOW (red; Wong et al. 2019). When combining the late-Universe probes (purple), we find a 5.30 tension with
Planck. Extracted from Wong et al. (2019).
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4 The amplitude of fluctuations og

From both galaxy cluster counts as well as weak lensing from distant galaxies through large scale structure (also
called “cosmic shear”), one can constrain the amplitude of fluctuations og (or equivalently Sg = og(€,,/0.3)°-%)
and compare to the prediction from the ACDM model fitted on CMB data.

In Planck 2015, using cluster counts, Planck Collaboration XXIV (2016) reported a value of g between 2
and 30 lower than the primary CMB results depending on the mass bias prior. Salvati et al. (2018) showed
that using a more recent value of the reionization optical depth 7 (Planck Collaboration Int. XLVII 2016),
tension was released so that CMB results and combined tSZ results on og agree within 1.30 (see left panel of
Fig. 5). This was then confirmed with the 2018 Planck data (Planck Collaboration VI 2020) in which the subset
of clusters used as a sample for cosmological constraints has been significantly increased (from 439 in 2015 to
more than 1000 in 2018).

Cosmic shear measurements available from several collaborations originally found a modest tension with the
Planck ACDM cosmology, preferring lower values of €, and og. However, the last release of the Dark Energy
Survey (DES-Y3, DES Collaboration et al. 2021) found no significant evidence of inconsistency with Planck
CMB at 0.7-1.50 despite the significantly improved precision of both (see right panel of Fig. 5).
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Fig. 5. Left: Two-dimensional probability distributions for 7 and og for various values of optical depths. We compare
results for SZ number counts alone (pink and purple) and for CMB data alone (blue and light blue). Eztracted from Salvati
et al. (2018). Right: A comparison of the marginalized parameter constraints in the ACDM model from the Dark Energy
Survey with predictions from Planck CMB data (no lensing; green). We show the fiducial 3x2pt (solid black) and the
combined Y3 3x2pt and Planck (orange) results. Eztracted from DES Collaboration et al. (2021).

5 Conclusions

We have shown here that constraints from CMB data (essentially Planck) are robust and stable: with time
(from WMAP to the last release of Planck); for the various spectra (the anisotropies TT, TE, EE and the
lensing ¢¢); with respect to extensions to the simple ACDM model, when adding extra parameters one at a
time. There are many measurements that are consistent with the predictions of the ACDM model fitted to
Planck data. The remaining areas of discordance have been discussed in this paper.

Internal consistency (amplitude of lensing A;) As we have seen, the value of Ay, is sensitive to choices
made in the Planck CMB likelihoods and the tension is significantly reduced with the latest Planck release
(PR4). Ground-based measurements are fully compatible with ACDM predictions. There is no evidence for
new physics or statistical fluctuations. However, if the remaining impact of A;, # 1 on ACDM parameters is
negligible, it can play a role in allowing model extensions as for example the reionization history, the curvature
(Q), or the sum of the neutrino masses (> m,).

Expansion rate (Hubble constant Hy) CMB data gives tight constraints on the Hubble constant in the
context of the ACDM. The constraints are also compatible for dark energy models when combined with BAO
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data. In both cases, it is very hard for “early Universe” data to result in a value of Hy higher than 70, even
in the case of model extensions (such as non-flat Universe, or when fitting neutrino masses). In order for the
CMB data to match Hy > 70, one needs to rely on very exotic models such as non-standard thermal history
or radiation, existence of early dark energy (e.g. Poulin et al. 2019), or non-standard neutrino interactions (e.g.
Kreisch et al. 2020). Local measurements show large variations depending on the first distance ladder which
suggest there is still some physics to be understood in order to reach precision at the percent level on Hy.
Independent measurements coming from time delay with strong lensing might help to further understand the
current situation but the sample is still small. Measurements from gravitational waves are also interesting to
consider but the need for a detected electromagnetic counterpart in order to estimate the redshift makes it
difficult to increase the number of samples.

Amplitude of matter fluctuations (og or Sg) The estimation of the fluctuation amplitude og with CMB
data shows a large degeneracy with the dark energy sector. However, even in the case of models with free dark
energy equation of state (wWC'DM), the last release of DES data (DES Collaboration et al. 2021) finds all three
independent data set combinations (DES 3x2pt; BAO, RSD, and SNe Ia; and Planck CMB) to be mutually
consistent within ACDM. Tension with the estimation from cluster counts was also released after updating the
value of the reionization optical depth 7 while increasing the sample of clusters used for cosmology.

Given the uncertainties on cosmological parameters (at the percent level for most of them), error bars on
the observational data need to be very accurate and to include systematic effects. Systematics arise from the
instrument but can also be of astrophysical origin (such as the Galactic emissions for the CMB). In order to
propagate correctly the systematics up to the cosmological parameters, one need reliable Monte-Carlo simula-
tions. From those, one can extract the remaining bias from residual systematic effects (if there is one) but also
estimate the increase of the uncertainties, including the correlation between the different effects involved. For
Planck data, a huge effort has been made in the last release (PR4, Planck Collaboration Int. LVII 2020) to
provide Monte-Carlo simulations associated to the released data and including all relevant systematic effects
of Planck. However, CMB simulations make use of fixed template for foregrounds as we still miss a realistic
stochastic description of the foregrounds.
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WELL-BEING IN FRENCH ASTROPHYSICS

N. A. Webb!, C. Bot2, S. Charpinet!, T. Contini', L. Jouve!, F. Koliopanos', A. Lamberts?3, H.
Meheut?, S. Mei, I. Ristorcelli! and G. Soucail!

Abstract. It has become clear that early career astrophysics researchers (doctoral researchers, post-docs,
etc) have a very diverse appreciation of their career, with some declaring it the best job that you can have
and others suffering from overwork, harrassment and stress from the precarity of their job, and associated
difficulties. In order to establish how astrophysics researchers, primarily in France, experience their career,
we sent out a survey to understand the impact that their job has on their well-being. 276 people responded
to the survey. Whilst around half of the respondents expressed pleasure derived from their career, it is clear
that many (early career) researchers are suffering due to overwork, with more than a quarter saying that
they work in excess of 50 hours per week and 2% in excess of 90 h per week. Almost 30% professed to having
suffered harrassment or discrimination in the course of their work. Further, whilst only 20% had suffered
mental health issues before starting their career in astrophysics, ~45% said that they suffered with mental
health problems since starting in astrophysics. Here we provide results from the survey as well as possible
avenues to explore and a list of recommendations to improve (early) careers in astrophysics.

Keywords: careers, well-being

1 Introduction

Astrophysics is an exciting subject that attracts many young people, as there are many rewards to be had in
research in this field, such as enjoying intellectual challenges, interacting with knowledgeable and fascinating
colleagues, the possibility to be creative and discover new things and travelling, to name but a few. However, in
recent years a general feeling of discouragement has been observed in a significant fraction of doctoral researchers
and post-docs (e.g. Woolston 2019; Auerbach et al. 2018). In some, the feelings are tending towards distress,
which can lead to terrible consequences.

To understand the situation in France, we put in place an anonymous survey using the platform Framaforms.
The survey was open from 29th March - 3rd May 2021 and the questions were provided in English and French.
It was announced via the French national astronomy and astrophysics society (SF2A) newsletter, in French
astrophysics laboratories, as well as a couple of Swiss/Canadian institutes and some French nuclear and particle
physics institutes with groups working on astrophysics. The questionnaire covered five main areas, namely
general questions about work, such as favourite aspects of astrophysics research, the number of hours worked,
perceived external constraints and future plans for remaining in the field. We also asked about relationships with
colleagues, notably any issues concerning harassment or discrimination. We questioned about mental health
issues, both before and since working in astrophysics. We requested suggestions for improvements that could
be made as well as positive feedback and finally we inquired about some demographics, such as the respondents
age, position, country where they are working, nationality and gender. None of the questions were obligatory.
The results and a discussion are presented in the following sections, taking into account the small number
statistics and eventual bias. Our aim was to identify reasons for any suffering, identify improvements that can
be made, propose solutions to laboratories, doctoral schools and gouverning bodies and ultimately improve the
PhD, post-doc and career experience.

1 IRAP, Université de Toulouse, CNRS, CNES, Toulouse, France

2 CDS, Université de Strasbourg, CNRS, Observatoire astronomique de Strasbourg, UMR 7550, 67000 Strasbourg, France
3 Université Cote d’Azur, Observatoire de la Céte d’Azur, CNRS, Laboratoire Lagrange, Laboratoire Artémis, France

4 Université de Paris, CNRS, Astroparticule et Cosmologie, F-75013 Paris, France
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2 Results from the survey

276 people responded to the survey, but as none of the questions were obligatory, not everyone responded to each
question. 57.8% of respondents identified as male, 40.6% as female and 1.6% identified as other. The survey was
open to anyone from planetary science/astrophysics or connecting areas, but targeted doctoral researchers and
post-docs. As a result, the majority of the respondents were doctoral researchers (108 respondents) and post-
docs (99 respondents). 9 respondents were undergraduates and 62 in a permanent position (27 with (teaching)
duties and 35 with no formal duties). The large majority of respondents (232) worked in France, with only
46 working outside of the France. Two thirds (190 people) were French and one third (86 people) were of a
different nationality.

When asked about what was the best aspect of the job, almost all respondents replied that they enjoyed
the intellectual challenge (243 people), discovering new things (209), the independence they had in their work
(192) and interacting with colleagues (188). About half of the respondents enjoyed the creativity of their
work (147 respondents), travelling (119) and sharing their discoveries (114 people). Less people cited the
University /academic environment as their preferred aspect of their job (97 people), 54 appreciated the fact that
their acquired skills will be useful for a future position, 39 cited the social life and just 6 evoked their salary as
one of their favourite things. Other things that were occasionally cited were the prestige of the position, the
international environment and supervising students.

Figure 1 shows the number of hours worked per week estimated by the respondents. In France, the working
week is 35 hours and doctoral researchers sign a contract stipulating this volume. 44% of respondents felt
external pressure to work outside legal hours, whilst 49% did not feel that pressure (7% did not know whether
they felt external pressure). 55% felt that they should work outside of legal hours (37% that they shouldn’t
and 8% did not know). The reasons cited as to why long hours were worked were to be competitive/obtain a
permanent position, because they enjoyed working more hours, because they can’t achieve the work required
without working longer hours, they are unable to switch off, they felt that more work is expected from post-
doc/PhDs than permanent staff and some felt that as others work outside legal hours, so should they.
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Fig. 1. The number of hours worked per week by the respondents.

With regards to job satisfaction, more than half agreed with the statement Research is the best job that you
can have and almost three quarters felt that their work gave them a sense of purpose and just over a half agreed
that they looked forward to going to work every day. 61% felt well integrated in their institute.

With regards to work-life balance, 62% said that they got sufficient sleep most nights. 35% felt that their life
was balanced with respect to work, outside activities and sleep. 55% were satisfied with their living conditions
and 48% were satisfied with their financial situation. 54% felt that the environment in which they work inspires
them, 61% agreed that senior colleagues are there for them when needed and 48% agreed that they handle
setbacks and disappointments in their work well. Just 36% agreed that they were satisfied with their career
progression. 64% planned to stay in academia, with 11% planning to leave and 25% unsure. However, when
asked if they would stay in academia if they were guaranteed a permanent position, 81% said they would stay,
5% said that they would leave and 14% were unsure. Difficulties cited were precarity (most highly cited), the
geographical instability due short term contracts, the pressure felt to publish both frequently and high impact
papers, feeling undervalued, the general disregard for well-being in the domain, supervisors with (very) poor
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management skills, difficulties in competing with child-free colleagues, a perception that people in positions of
power may misuse their privilege, a lack of information provided for non-academic areas of research (how to
access resources, etc) and the large amount of bureaucracy, especially when entering a new institute.

With regards to people’s living situations, 13 people said that they had taken on a second job to supplement
their salary and 30 people were struggling with debt. 23 post-docs had children or family members to care
for, while 6 doctoral researchers had family members to care for. 20 doctoral researchers and 35 postdocs were
living apart from their partners and/or children. 10 permanent staff were also living apart from their partners
and/or children. 30% of the women were living apart from their partners and/or children but only 18% of men.

29% of the people responding to the survey had experienced harassment or discrimination since working in
the domain. A further 4% were unsure whether they had experienced harassment or discrimination. Only 26%
of those that had experienced harassment or discrimination reported the incident(s). Reasons why the incidents
were not reported were because the respondents were embarrassed by the situation (20%), they didn’t feel that
someone would listen (37%), they felt that other people have worse problems (25%), they didn’t know where
to go for help (16%) or due to a language barrier (2%). The types of harassment or discrimination encountered
are shown in Figure 2. Respondents who chose other cited discrimination based on nationality, discrimination
based on hierarchy, discrimination due to having kids (or not), language discrimination and discrimination due
to research subject. Whilst the data is incomplete for the gender of respondents having experienced gender
discrimination, 32 were female, 2 male and 0 other.

Other E——
Prefer not to say B
LGBTQ discrimination/harassment B
Disability discrimination ®
Sexual harassment I
Age discrimination I
Religious discrimination Bl
Racial discrimination/harassment I—
Gender discriminatiorn |
Shaming by a superior or a colleague I
Harassment by supervisor/superior |

0 5 10 15 20 25 30 35 40 45
Number of people impacted

Fig. 2. The nature of the different types of harassment/discrimination encountered by respondents and the number
of people experiencing the different types of incidents. Respondents who chose other cited discrimination based on
nationality, hierarchy, due to having kids (or not), language discrimination and discrimination due to research subject.

We asked how often people felt overwhelmed by their situation at work over the course of the last year. 10%
felt overwhelmed all of the time and 34% had often felt overwhelmed. Just 6% had not felt overwhelmed at all
over the last year. Of those that felt overwhelmed all of the time, none of them were permanent staff. 43% of
all respondents agreed that they were happy with their health and well-being.

Concerning mental health, 20% of respondents stated that they suffered from depression or other mental
health problems before starting in research, however since starting their career, 44% of respondents suffer from
depression or other mental health problems. The types of health issues suffered by the respondents both before
starting research in astrophysics and since starting are given in Figure 3 . 41% have sought help for these issues.
The other 59% have not sought help because they were embarrassed by the situation (15%), they didn’t feel that
someone would listen (13%), they felt that other people have worse problems (51%), they didn’t know where to
go for help (12%) or due to a language barrier (not speaking the local language, 9%). The problems experienced
since starting astrophysics have caused some of the respondents to turn to alcohol abuse (23 people), drug abuse
(8 people), other substance abuse (2 people), disordered eating (32 people), self-harm (9 people) and one suicide
attempt in an aim to deal with their problems.

We also questioned about possible solutions. 81% of respondents agreed that PhD and post-doc supervisors
should get training in supervision and 73% agreed that academic staff in general should get training in mental
health issues, while 76% felt that more discussion of well-being should take place. Other suggestions from
respondents included, longer temporary contracts (> 3 years), mentoring or general help to construct a future
either in or out of research, improving relations between permanent and temporary staff, improving communica-
tion by having more open discussion on working hours, racism, sexism, etc, providing a realistic outlook about
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Fig. 3. The nature of the different mental health issues suffered by respondents and the number of people experiencing
them, before starting in astrophysics research (blue) and since starting in the domain (red). Respondents who chose
other cited post-traumatic stress syndrome, burnout, gender dysphoria, sleep disorder and imposter syndrome.

research jobs etc before the PhD, improving the welcome and provision of information for new hires, providing
information on how to access psychological support (in English), improving transparency in decisions made and
minimising (or helping with) administrative tasks.

Finally, we also asked about the most positive experiences in astrophysics research. These were plentiful and
included: publishing work, international connections, international recognition, launching satellites/instruments,
making new discoveries, attending international conferences, working abroad, getting a PhD, doing outreach,
teaching, collaborating, interdisciplinary work, meeting people, learning, supervising, receiving constructive
feedback, having scientific discussions, observing, changing domains, having great ideas, having proposals ac-
cepted, promotions, press releases and sharing success and contributing to big projects.

3 Discussion

Whilst the majority of respondents were male, the percentage of female respondents (see Section 2) was far in
excess of the number of female astrophysicists in France (~25%). This is a well known phenomenon, where
more women than men respond to online surveys e.g. Cull et al. (2005). Women may also feel more concerned
by the topics discussed, enhancing the percentage of respondents, as more women than men have suffered from
gender discrimination (see Section 2) and more of the women stated that they suffered from depression and/or
mental health issues (54% of the women that responded) compared to 34% of men that responded, similar to
numbers found by Evans et al. (2018). 100% of those who replied to the gender question as ’other’ also stated
that they suffered from depression and/or mental health issues.

68% of respondents worked significantly in excess of the legal number of hours per week prescribed in France,
primarily due to external pressure. These were almost all non-permanent staff, the same group that felt that
they were either often or constantly overwhelmed. The proportion of men and women working more than the
number of legal hours was similar. It is clear that working in excess of 90 hours per week leaves no time for any
other activity during the week outside of work, sleeping and eating, which is clearly unhealthy. However, only a
third of those working long hours were the same people that felt that they did not get enough sleep, indicating
that it was often not long working hours that reduced sleep. Stress could be a factor preventing people from
sleeping. The pressure felt to publish and/or be competitive/obtain a permanent position were frequently cited
in the reasons for working long hours. The figures indicate that temporary staff are working longer hours than
permanent staff, putting them more at risk of poor (mental) health.

One of the major sources of stress is the precarity in astrophysics research, as seen from the number of people
that plan to leave academia, but would stay, if they could be guaranteed a job. Precarity was also the most
highly cited difficulty encountered in astrophysics, along with related issues such as geographical instability.
However, a fifth of respondents would not definitely stay in academia even if they were guaranteed a permanent
job. Of those that are definitely planning to leave, one third had experienced harassment or discrimination in
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astrophysics or had experienced mental health issues since starting, which could explain part of their motivation.
A further third is due to precarity issues, leaving a final third who are leaving for other reasons.

The number of people suffering with mental health issues since starting their career in astrophysics has more
than doubled compared to prior to starting their career. This is a startling rise, but numbers recorded are
commensurate with the study of graduate students in biosciences at the University of Berkeley (Evans et al.
2018) only slightly higher than in other studies e.g. Woolston (2019) who polled >6000 doctoral researchers
from all subjects in various countries around the world or the study by Auerbach et al. (2018) carried out by
the World Health Organisation that revealed that 31% of students showed signs of major depression, general
anxiety disorder or panic disorder etc, in the previous 12 months. It is clear that there is a major problem,
not just in France, but all over the world and this needs to be resolved to restore people’s mental health and
well-being. The problem needs to be tackled at the source and many of the suggestions proposed or agreed on
by the respondents could go someway to help, namely training PhD and post-doc supervisors in supervision and
training academic staff in mental health issues, along with more open discussion on well-being, working hours,
racism, sexism, sexual harrassment, bullying, etc. Lengthening temporary contracts and providing mentoring
or general help to construct a future either in or out of research could also help (see Section 4).

Finally, this survey was planned for release on March 30th 2020, but was delayed for a year because of the
outbreak of the COVID-19 pandemic. It is clear that the unprecedented situation over the year before releasing
the survey has added stress to everyone’s lives and thus had an impact on well-being and mental health. It is
difficult to fully decorrelate the impact of the COVID-19 pandemic on the long-term well-being. However, has
evident from other publications (e.g. Woolston 2019; Auerbach et al. 2018) and our own observations, suffering
in (early career) research has been prevalent for many years before the COVID-19 pandemic outbreak and the
pandemic appears to have simply exacerbated existing problems.

4 Recommendations

Following the survey and numerous discussions amongst the authors of this paper, a dedicated workshop on the
issue at the 2021 French National Astronomy meeting, along with further discussions with other groups which
aim to improve well-being in astrophysics, we have drawn up a list of recommendations for institutes, masters
programmes,/ doctoral schools and gouverning bodies. Some of the points may seem minor, but implementing the
recommendations would go a long way to helping people feel included, accepted and happy in their job. We are
aware that some of these recommendations have been put into place in some institutes, or some specific areas,
but applying them across the board could help significantly to improve the day to day life of our colleagues.
During our discussions, it became clear that there is a lot of help and information already available, but it
is often dispersed, making access complicated. We propose a single, highly visible webpage (e.g. as a part of
the SF2A webpages) which regroups all of the relevant information (well-being, support for harassment, mental
health support, etc) so colleagues and organisations know where to locate it. In addition, a working group is
being put into place to help maintain the webpage and help implement current and future recommendations.

4.1 Recommendations at the institute level

A common source of stress for younger colleagues on short term contracts is that they are frequently required
to move institutes, often in different countries where they don’t necessarily speak the local language, and this
requires a lot of administrative activities with many papers to fill out, often available in the local language only.
This makes a short and simple job, long and complicated. Providing paperwork in English would facilitate this
aspect. Further, a lot of new recruits find that no provision for an office space, a computer or other basics have
been organised at their arrival. Putting these things into place in advance and introducing the new arrivals to
key people immediately, can make new arrivals feel welcome and appreciated. Further, providing information
booklets (with information on opening a bank account, finding an appartment, organisation within the institute,
how to access the intranet, mailing lists, etc) along with introductory meetings (introducing key people, key
structures, etc) will also help their integration. Up to date information on the local website (in English) and
mailing lists (with specific mailing lists for students and post-docs) would also facilitate integration. More (non-
)scientific events should be organised to facilitate colleagues meeting and creating a team spirit. This would
also help bridge the perceived gap between permanent and temporary staff. Institute messages should ideally
be written in the local language as well as English to be inclusive, as part of an effort to reinforce inclusivity.
Many (international) mentor programmes exist, but institutes should also provide a mentoring programme
to be able to provide local information (recruitment possibilities in the area, specificities for applying for local
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jobs, applying for funding etc). Whilst finding mentors in an institute with a broad knowledge of working in
astrophysics within France and abroad as well as working in industry, for example, will be difficult to find,
having a pool of mentors identified (and their expertise) would mean that colleagues will know who to consult
about which issue. Regular or occasional mentoring should be provided. Open discussion of common problems
encountered (e.g. imposter syndrome, well-being, hours worked, racism, sexism, etc) are recommended. This
could be through a weekly or bimonthly coffee or dedicated seminars, for example.

Not all students and post-docs will stay in academia. More information should be provided to younger
colleagues on moving to other domains and to remove the perceived stigma that leaving academia is shameful.
Institutes should aim to keep contact with previous researchers that have moved into industry. They could be
invited once a year, perhaps during the PhD day, to provide information on finding jobs outside of academia.

4.2 Recommendations for masters programmes and doctoral schools

Several respondents to the survey felt that they did not have a clear picture about their chances of getting a
permanent job in astrophysics before deciding to start a PhD and as a result felt that they wouldn’t have chosen
such a career path if they had had a proper understanding of the requirements. Masters programme should
therefore provide information to all students spelling out the difficulties, to allow students to take an informed
decision, however, labouring the point can be a source of stress to others. Doctoral schools should also try to
form alumni associations, if one does not already exist at that particular University, so that current students
can contact previous students to get feedback and tips on staying in research or moving into industry. More
talks/information should also be provided about bad practice (supervisors requiring replies to emails late at
night or at the weekend, long working hours, etc). In general, we recommend that the training during Masters
and PhD programmes should take into account the fact that the majority of the students will not work in
academia over the long term.

4.3 Recommendations for gouverning bodies

To avoid the stress of frequently changing jobs, and losing friends, support networks, etc, post-doc positions could
be increased in length (ideally beyond three years). Where possible, post-doc salaries should be harmonised and
provide for an evolution of the salary over the time the post-doc is employed. This could be done for example
through salary recommendations when applying for national funding, if it is not yet implemented.

Everyone working in astrophysics should be trained in well-being, harassment, discrimination etc. This will
enable them to be aware of problems and be familiar with the language associated with these issues. This
training should be obligatory and done using online courses with tests, which need to be passed every few years.
A proto-type demonstrator is currently being drawn up, to provide a basis for a nationally deployed platform.
Every institute should have a clearly identified person that is properly trained to deal with harassment. This
person should not be the direct superior of anyone within the institute to avoid a conflict of interest.

5 Conclusions

Through this short paper, we aimed to share results from our survey and provide some discussion and recom-
mendations that could help improve the day to day lives of colleagues. By being aware of the problems and
implementing solutions, we can all help to improve our colleagues lives and make our environment a better place
to work in and above all preserve the (mental) health of all.

We thank the people that answered the survey, those who will take on board what has been said and those that will help improve
research careers in the future. We are grateful to Benoit Mosser for insightful discussion and helpful comments on this paper. We
acknowledge Framaforms, Topcat and Ezcel in the production of this work. We remember our colleagues that departed too soon,
your memory will help us strive towards a better tomorrow.
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EVIDENCE FOR SCALLOPED TERRAINS ON 67P

A.Bouquety!, O. Groussin', L. Jorda!, A. Séjourné?, F. Costard? and S. Bouley?

Abstract. The Rosetta mission of the European Space Agency (ESA) provided detailed data of the surface
of the nucleus of comet 67P/Churyumov-Gerasimenko (hereafter 67P). In a previous study we performed
a comparative morphometrical analysis on two depressions in the Ash region. The results indicated that
these depressions are either shaped by the sublimation and/or by landslides. We continued the analysis on
this kind of depression at the cometary scale. We analysed 131 depressions on 67P, exclusively located on
the fine particle deposit (FPD) unit, and compared them with thaw depressions on Earth and Mars. The
studied depressions have the same morphometrical characteristics than their planetary counterpart. They
have the same area/perimeter evolution and present the same slope asymmetry that is characteristics of
obliquity driven insolation. This study allowed to highlight that the depressions on 67P are analogs with
thaw depressions on Earth and Mars. Moreover, we proved that the FPD is thicker (4.7 m) than predicted
in models. The FPD layer is similar to an icy-rich planetary permafrost, in a cometray periglacial system
where cometary thaw depressions are shaped by sublimation.

Keywords: 67P, Morphometry, Scalloped terrain, Comparison

1 Introduction

The Rosetta mission provided detailed data of the surface of the nucleus of comet 67P /Churyumov-Gerasimenko.
The analysis of these data, and especially the images of the Narrow Angle Camera (NAC) from the Optical
Spectroscopic and Infrared Remote Imaging System (OSIRIS instrument; (Keller et al. 2007)), revealed the
morphological diversity of the nucleus surface (El-Maarry et al. 2019). Among these morphologies, depressions
have been observed in several regions (Fig.1, left panel).

N20160930T084653763

Fig. 1. Left: Example of studied depression located on Ma’at region (NAC image, 1 m/pixel). The white arrows indicate
the depressions. Right: Example of thaw depressions. (a) Thermokarstic lakes in Alaska on Earth (Digital Orthophoto
Quadrangle DOQ, 5 m/pixel). (b) Scalloped terrain in Utopia planitia on Mars (HiRISE image, 50 cm/pixel).
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The origin of these structures remains unclear and several hypotheses have been proposed: (1) the depressions
could be indicative of scarp retreat (Vincent et al. 2016; El-Maarry et al. 2017), (2) they mark the location of
future cliff collapses (Pajola et al. 2016), and (3) they are seasonal structures shaped by the changes induced
by perihelion approach (Groussin et al. 2015). In a previous study, we studied two of these depressions, located
in the Ash region, by a comparative morphometrical analysis (Bouquety et al. 2021). We observed that the two
depressions grew by several meters during the last perihelion passage, and that this growth is not necessarily
linked with cliff collapses. Thus, in that case, the sublimation of ices certainly played a key role in shaping
these depressions. On Earth and Mars, there are similar depressions with the same shape and geometry that are
controlled by thaw processes. These depressions are called thermokarstic lakes on Earth and scallops depressions
on Mars (Fig.1, right panel).

On both planets, these periglacial structures result from the degradation of an ice rich permafrost (Costard
& Kargel 1995; Morgenstern et al. 2007; Séjourné et al. 2011). Due to their processes and morphological
similarities, we decided to compare the depressions observed on 67P’s surface with thermokarstic lakes on Earth
and scallops depressions on Mars to constrain their origin.

2 Data and method

We used the same method as in Bouquety et al. (2021). This comparative morphometrical analysis (CMA)
allows to study surface features via a morphological and geometrical approach, with a great level of detail,
in order to build an interplanetary database which can be used for comparison. All our measurements were
made with the ArcGIS software. In order to perform the comparison, we established, from literature, a list
of parameters and criteria that can be applied on Earth, Mars and 67P. For each depression we measured 10
parameters: the length, width, area, perimeter, depth, slope (max, min, mean), elongation and the circularity
index(Ulrich et al. 2010; Séjourné et al. 2011; Morgenstern et al. 2011; Niu et al. 2014). Based on different dataset
and their associated DTM (Earth: DOQ/3DEP; Mars: HiRISE/HIiRISE DTM; 67P: NAC/SPC method Jorda
et al. (2016)), we measured a total of 432 depressions, namely 200 on Mars (Utopia planitia), 101 on Earth
(Arctic coastal plain) and 131 on the whole 67P’s surface. The database which was used for the comparison
contains 4320 exploitable parameters values (Fig.2).

Lenght(m)

Fig. 2. Example of measurement. (a) Gravitational slopes and (b) gravitational height draped on NAC images. (c)
Topographic profile extracted from gravitational height.

3  Results and interpretations

The depressions are distributed all over the comet. Among the 19 regions of the comet, 12 have at least one
depression. The depression are exclusively located in terrains covered by fine deposit particules (FDP), and
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seems to be present in all topographical contexts (flat terrain, cliff edge).The highest depression densities are
located on the body, where FPD covers the majority of the region (Thomas et al. (2018); Fig.4, left panel).

The analysis also revealed that the set of measured parameters is consitent with the references known in
the litterature. Remarkably, all the measured parameters on 67P depressions are included in the range that
characterized scallops terrains on Mars and thermokarstic lakes on Earth (Ulrich et al. 2010; Séjourné et al.
2011; Morgenstern et al. 2011; Niu et al. 2014). Moreover, depressions from 67P follow the same area/perimeter
trend as scallops on Mars and thermokarstic lakes on Earth (Fig.3).
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Fig. 3. Area versus perimeter for all the measured depressions on 67P, Mars and Earth. The points in shade of blue
indicate the circularity index for each depression and the colored shape inside the body that the depression come from.

Finally, more than 90% of 67P depressions topographic profiles show a slope asymmetry (Fig.2c). This
slope asymmetry have been observed on thermokarstic lakes on Earth and scallops on Mars and interpreted
to be characteristic of depressions shaped by the obliquity-driven insolation (Morgenstern et al. 2007; Séjourné
et al. 2011) These three results indicate that: (1) the depressions from 67P follow the same growth ratio than
the scallops and the thermokarstic lakes while keeping their characteristic circularity, and (2) the sublimation
induced by perihelion passages is the main erosion process that shaped these depressions on the comet (Bouquety
et al. (2021)).

4 Discussions and conclusions

Our morphometrical analysis allowed to conclude that depressions on 67P are analogues to scalloped terrain on
Mars and thermokarstic lakes on Earth. The FPD layer, on which depressions are formed, could be considered
as an active layer where sublimation creates an erosion to shape the depressions. Despite the mean depth of
the depressions (4.7 m), it was not possible to observe the underlying consolidated material. Thus, the depth
of the depression is the minimum thickness of the FPD. We constructed a map of the minimum thickness of
the FPD layer according to the region (Fig.4, right panel). This FPD layer is thicker than predicted in models
(between few millimeters to 2 m; Hu et al. (2017); Oklay et al. (2017)).

This study bring evidence that the FPD could be considered as an active layer, icy rich, similar to a planetary
permafrost, where sublimation occurred, and that this layer contains enough water ice to explain the surface
erosion.
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MOLECULAR HYDROGEN IN CO,-DOMINATED ATMOSPHERES OF
TERRESTRIAL EXOPLANETS : IMPACT ON THE PHOTOCHEMICAL FORMATION
OF WATER

T. Drant', N. Carrasco', Z. Perrin', L. Vettier!', S.-M. Tsai? and K. Heng?

Abstract. As for the rocky planets of the Solar System, the atmosphere of terrestrial exoplanets is affected
by volcanic outgassing. Significant emissions of molecular hydrogen are expected in the early stage of their
evolution. In the upper atmosphere, molecular hydrogen becomes photochemically active along with COx.
Laboratory experiments conducted highlight a significant formation of water which strongly depends on the
concentration of molecular hydrogen.

Keywords: atmosphere, terrestrial exoplanet, photochemistry

1 Introduction

Volcanic emissions are known to impact the composition of the atmosphere and its evolution by photochemistry.
This explains the need to consider them in photochemical models as done by Hu et al. (2012) or James & Hu
(2018). Recent modelling of volcanic outgassing by Liggins et al. (2020) shows that a few percent of molecular
hydrogen is expected in early CO5 or Ny atmospheres. The exact mixing ratio of Hy in the atmosphere depends
on surface parameters : surface pressure, redox state of the mantle, volcanic flux of the planet.

The hypothesis of a CO2-Hy atmosphere has been introduced by Ramirez et al. (2014) as a possible scenario for
the early Martian atmosphere. The presence of CO5 with high amounts of Hy in the atmosphere would lead to
a significant radiative effect through collision-induced absorption of light (Ramirez & Kaltenegger 2017). The
photochemistry of these CO5-Hs early atmospheres is the focus of the present study. Laboratory experiments
are conducted to understand the photochemical processes occurring in these atmospheres.

2 Experimental method

The PAMPRE (French acronym for aerosol production in micro gravity by reactive plasma) experimental setup
is used to simulate photochemical processes occurring in the upper atmosphere. A CO3-Ho-No mixture is
injected in the reactor chamber with a flow rate of 55 scem (standard cubic centimeter per minute). The mixing
ratio of carbon dioxide is set at 0.7 and the Hy to No abundance ratio is varied in two experiments : 0.5% of Hy
for the first scenario and 5% of Hy for the second scenario. The mixing ratio of Hy is changed to highlight its
role in the photochemistry of these early atmospheres. A rotary vane vaccum pump is connected to the reactor
chamber creating a continuous flow which stabilizes the pressure at 1 hPa. Experiments are conducted at room
temperature. A radio-frequency (RF) capacitively coupled plasma discharge is used to initiate dissociation
reactions with electron impact (Szopa et al. 2006). The chemical evolution of the mixture within the reactor is
monitered using the EQP200 Hiden quadrupole mass spectrometer.

I LATMOS, CNRS, Guyancourt, France
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3 Experimental results

The only parameter changed in both scenarios is the mixing ratio of molecular hydrogen. The first scenario
with 0.5% of molecular hydrogen shows a formation of oxygen and water by photochemistry (Fig. 1). The
formation of oxygen is dominant with an intensity around 18,000 counts/s measured by the mass spectrometer
at a permanent regime. This production of oxygen is expected in these COs-dominated atmospheres from the
photolysis of the main gas and the combination of atomic oxygen. The second scenario with 5% of molecular
hydrogen shows a significant and dominant formation of water with an intensity of 34,000 counts/s reached at
a permanent regime (Fig. 2). These two different scenarios highlight the importance of Hs in the chemistry
of these atmospheres. These results indicate that the formation of water increases with the concentration of
molecular hydrogen.

Similiar to the formation of oxygen, the formation of water starts with the photolysis of carbon dioxide and the
production of the O(1D) radical (R1).

CO, +hy — CO+O(1D) (R1)

The O(*D) radical then reacts with molecular hydrogen to produce the OH radical (R2). This reaction highlights
the role of molecular hydrogen in the formation of water. Hy is a reactant which means that the production
rate of OH is higher in the second scenario with 5% of Hy in the mixture.

O('D)+Hy, — OH+H (R2)

The products of (R2) can then react with a stable abundant molecule M (CO5 or N3) to form water (R3).

OH+H+M — H0+M (R3)

The OH radical generated by (R2) can also react with the abundant molecular hydrogen (R4) or another OH
radical (R5) to produce water as identified by Fleury et al. (2015) for the case of the early Earth.

OH+Hy, — H,O+H (R4)

OH+ OH — H,0+ 0 (R5H)

4 Conclusions and perspectives

Laboratory experiments simulating low pressure chemistry show that the production rate of water increases
with the mixing ratio of Hs. This suggests the presence of water vapor in early COs-Hs atmospheres of
terrestrial exoplanets. The chain of reactions leading to the production of water vapor could also occur in an
Hs-dominated atmosphere and contribute to the formation of liquid water. This needs to be further explored
using a photochemical model.

References

Fleury, B., Carrasco, N., Marcq, E., Vettier, L., & Maattanen, A. 2015, ApJL, 807
Hu, R., Seager, S., & Bains, W. 2012, ApJ, 761

James, T. & Hu, R. 2018, ApJ, 867

Liggins, P., Shorttle, O., & Rimmer, P. 2020, EPSL, 550

Ramirez, R. & Kaltenegger, L. 2017, ApJL, 837

Ramirez, R., Kopparapu, R., Zugger, M., et al. 2014, Nat. Geos., 7

Szopa, C., Cernogora, G., Boufendi, L., Correia, J., & Coll, P. 2006, PSS, 54



Molecular hydrogen in COs-dominated atmospheres of terrestrial exoplanets

17500

15000

12500

intensity [counts/s)

— Water
Oxygen

120

140
time (5

49

Fig. 1. Temporal evolution of the intensity (in counts/s) measured by the mass spectrometer for water (blue curve) and
oxygen (orange curve). This first scenario is associated with 0.5% of molecular hydrogen in the mixture.

35000 1

:

intensity (counts/s)

§

i}
8

:

5

— Water
—— Oxygen

o

140
time (s)

160

180

40 60
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oxygen (orange curve). This second scenario is associated with 5% of molecular hydrogen in the mixture.
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A NEW GENERATION OF STATISTICAL METHODS FOR EXOPLANET
DETECTION WITH RADIAL VELOCITY

N. C. Haral

Abstract. Radial velocities are essential to estimate the mass of exoplanet, and have the potential to
detect Earth-like planets around Sun-like stars. However, radial velocity data are corrupted by instrumental
systematics and complex stellar noises, which currently inhibit the detection of Earth analogs. We present
new statistical and computational tools for the analysis of time-series, which show greater detection power
than previous methods. We then discuss the scientific impact of the improvement of radial velocity precision.

Keywords:  Exoplanets, radial velocity, statistics

1 Introduction

Since the discovery of the first extra-solar planets around a pulsar in 1992 Wolszczan & Frail (1992), and a Solar
type star in 1995 Mayor & Queloz (1995) over four thousands exoplanets have been detected. Most of these
detections have been obtained by two techniques: transits, which consist in searching for periodic dimming of
the stellar light, indicating that a planet passes between the observer and the star, and radial velocities (or RV),
where one searches for periodic variations of the star velocity along the line of sight. As of sept. 6 2021, over
seven hundred planets have been discovered thanks to the RV technique.

RVs are essential for several reasons. First, they provide a direct measurement of the planetary projected
mass. Combined with the planetary radius, a mass measurement yields the density and surface gravity, which
are essential to study internal structures and planetary atmospheres (Batalha et al. 2017). One of the core
science cases of the space mission PLATO is to provide a population of exoplanets with known masses, and
thus, unlike Kepler (Borucki et al. 2011) will focus on bright stars, and aims at a 10% precision on the mass
of planets. Secondly, RVs provide a crucial insight on the architecture of planetary systems. As the orbital
period grows, the transit probability decreases. The RVs detection bias is less strong in that parameter space,
they were used in particular to study giant planet demographics beyond the ice line Rosenthal et al. (2021);
Fulton et al. (2021). Furthermore, transit surveys do not allow the detections of planetary systems with high
mutual inclination such as HD 158259 (Hara et al. 2020). Finally, RVs cannot be circumvented for the detection
and characterisation of Earth-like planets, as primary detection technique or follow-up of transit candidates.
Instruments such as NIRPS and ESPRESSO (Pepe et al. 2021) are conceived with the goal of detecting Earth-
like planets in the habitable zone (as a detection technique or to validate transit detections). The atmosphere
of these planets will be probed either with transit spectroscopy, or direct imaging for objects within 15 parsecs
from the Sun, and this for the best case scenarios of PCS (Kasper et al. 2021), LUVOIR*, and HabEx' (Bouchy
et al. 2017).

An Earth-mass planet in the habitable zone of a K dwarf produces a RV signal of the order of tens of
centimeters per second, and the last generation spectrograph ESPRESSO demonstrated a stability of 25 cm/s.
However, stellar features (granulation, plages and faculae) cause complex, poorly modelled radial velocity signals
of the order of at least 50 cm/s (1 m/s for the Sun), which are added to potential instrument systematics (see
Hara 2017). As low frequency noises, stellar and instrumental effects are particularly problematic in a parameter
space where RV has an excellent potential: small planets at long periods. If not mitigated, these effects inhibits
detections of terrestrial planets in the habitable zone of K and G stars, and population studies of planets of
Saturn mass and below with periods (2 300 d)

1 Observatoire de Geneve, Chemin de Pegasi 51, 1290, Versoix, Switzerland
*https://asd.gsfc.nasa.gov/luvoir/resources/
Thttps://www.jpl.nasa.gov/habex/documents/
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2 Radial velocity data

Radial velocities are acquired as follows: the observer takes spectra of a star at different epochs. If the star has
a non-zero velocity in the direction of the line of sight, the spectra will be shifted in frequency thanks to the
Doppler effect. From this shift, one extracts the radial velocity. If a planet orbits the star, this one has a reflex
motion so that the radial velocity of the star exhibits a periodic pattern at the orbital period. In Fig. 1, we
show as an example 190 RV measurements of HD10180 made with the HARPS spectrograph (Lovis et al. 2011),
which have a typical nominal uncertainty of 0.6 m/s, but in practice there are other sources of astrophysical and
instrumental noise, showing complex structures (e. g. Saar & Donahue 1997; Meunier et al. 2010; Dumusque
et al. 2015).

In the case where several planet orbit the star, if the gravitational interaction between the planets can
be neglected on the observation timespan — which is true most of the time — the RV signals of the different
planets add up. Searching for planets in radial velocity essentially comes down to a classical time series analysis
problem: finding parametric periodic signals in an unevenly sampled timeseries, embedded in complex noises.
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Fig. 1. 190 HARPS radial velocity measurements of HD10180 (Lovis et al. 2011).

3 New statistical tools

3.1 Detection criterion

Exoplanet d etections are typically claimed based on the computations of a statistical significance metric, which
often are either the “Bayes factor” (e. g. Gregory 2007; Tuomi 2011; Diaz et al. 2016) or a p—value associated
to a periodogram (e. g. Baluev 2008, 2009; Zechmeister & Kiirster 2009). If the significance is greater than a
certain thresold, a detection is claimed. In Hara et al. (2021b), we define a new metric called the true inclusion
probability (TIP) (Hara et al. 2021b). The TIP is defined as the probability to have a planet whose frequency
lies in a certain frequency interval. We then define the probability of absence of a planet as the False inclusion
probability (FIP) = 1 - TIP.

In Fig. 2, we show a comparison of the different detection criteria. We generate a thousand mock RV
datasets and, for different metrics, compute the number of false detections and missed detections as the detection
threshold varies. The x axis of Fig. 2 shows the number of false detections, and the y axis shows the sum of false
and missed detections. The FIP (in purple) shows a smaller number of missed detections for a given number
of false detections, and it can be mathematically proven that, provided an accurate model of the data, the FIP
outperforms other detection criteria. However, stellar and instrumental noises models might be inaccurate. To
further test the reliability of detections, one can test whether the candidate planetary signals have a constant
phase, amplitude and frequency — as they should exhibit — or display significant variations, indicating a non
planetary origin of the signal (Hara et al. 2021a).

3.2  Numerical methods

The classical tool to model stellar activity is Gaussian processes. Manipulating them requires heavy computa-
tions, in particular matrix inversions. For some forms of the noise models, the computations can be brought
from O(N?) to O(N), which is the principle behind the CELERITE package (Foreman-Mackey et al. 2017).
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The data corresponds to a simulation of 1000 datasets, where a random number of planets (0,1 or 2) are injected with,
white and correlated noise. Mistakes are defined as the sum of missed and false detections. See Hara et al. (2021b) for
details.

In Delisle et al. (2020), the CELERITE model is generalised to a wider class of noise models, which can in
particular model simultaneously instrumental and stellar effects.

3.3 Extracting velocities

The previous techniques concern the time series of radial velocity. In those, the information contained in the
spectrum is reduced to the RV as well as a few activity indicators. While planets affect identically all the
spectral lines as a pure Doppler shift, activity and instrumental effects might have different effects depending
on the wavelength. To exploit fully this property, one has to analyse the time series of spectra, which is the
approach taken in Cretignier et al. (2021).

As we can see in Fig. 3, the map of spectra residuals after YARARA (bottom) is significantly cleaner than
before its application (upper panel). Different recipes in YARARA allows a strong mitigation of the impact
of cosmics, telluric and micro-telluric effects (e.g. Cunha et al. (2014)), ghosts (Dumusque et al. 2021) and
HARPS detector stitching (Dumusque et al. 2015).

4 Conclusion

By combining the new processing of the spectra with the new numerical tools and detection criteria, we are
able to significantly improve the capabilities of the radial velocity method to detect terrestrial planets in the
habitable zone. To test our methods, we applied them to a hundred bright stars of the HARPS spectroscopic
data, showing a nominal precision of 0.7 - 1 m/s. We are able to retrieve with high confidence three new
candidate signals with minimum masses below 2 Mg and periods greater than 30 days, while there was only
one known so far (7 ceti h, Feng et al. 2017). This analysis is still in progress. We have seen in section 1
that RVs are essential for mass measurements, probing outer regions and for the detection of planets in the
habitable zone. It will play for instance a major role in the follow-up of the PLATO photometric mission. With
the improvements made and further refinements, the use of RV for demographics studies will gain in precision
and give access to Neptunes beyond the ice line., and eventually the detection and characterisation of terrestrial
planets in the habitable zone.

This work has been carried out within the framework of the NCCR PlanetS supported by the Swiss National Science Foundation
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